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Foreword

The demand for rice worldwide has increased dramatically over the last 
50 years because of increases in population. In many regions, the supply 
of rice has generally kept pace with the increase in demand, largely due to 
the introduction of modern high-yielding varieties, expansion of irrigation, 
and the use of synthetic nitrogen fertilizers. Rice is now grown globally on 
about 150 million hectares, with an annual production of about 600 million 
tons. It is the staple food for more than half of the world population, and its 
production is a source of income and livelihood for millions of people across 
the world. In Asia alone, where nearly 90% of the world’s rice is produced 
and consumed, more than 2 billion people obtain 60% to 70% of their energy 
intake from rice and its products.
 As the population of rice-growing regions of the world increases, demand 
for rice becomes higher. It is estimated that the rice grain requirement by 
2020 in the region will be almost 30–50% more than now. The additional 
quantities will have to be produced from the same land resources, or less, 
because of the increase in competition for land and other resources by 
nonagricultural sectors. There is growing evidence of a gradual deterioration 
in natural resources, a decline in soil fertility, changes in water-table depth, 
deterioration in the quality of irrigation water, and rising salinity. This 
situation is further complicated by global climate change, which is likely 
to lead to reduced yields and increased production instability. As these 
proceedings were going to press, the climatic calamities of drought and 
cyclones were taking their toll on global rice supplies. The world faces sharply 
rising rice prices and global stocks are plummeting to levels not seen for 
nearly 30 years.
 Many nations today thus face the second-generation challenge of 
producing more rice at less cost in a deteriorating environment. Rice 
research and development therefore need to address the Millennium 
Development Goals on poverty alleviation, food and nutritional security, 
and environmental conservation. Opportunities are emerging from recent 
technological developments in space, information, communication, and 



xii     Foreword

biotechnology for tackling these goals. The 2nd International Rice Congress, 
IRC2006, was organized to discuss these developments and to provide a 
common platform for sharing knowledge and expertise on research, extension, 
production, processing, trade, consumption, and related activities with all 
stakeholders of rice. The Congress was organized by the Indian Council of 
Agricultural Research and the National Academy of Agricultural Sciences 
(India) and sponsored by the International Rice Research Institute, 
Philippines, and Government of India. A comprehensive event for the world’s 
most important crop, this Rice Congress had simultaneous conferences, 
symposia, workshops, and exhibitions based on the theme “Science, technology, 
and trade for peace and prosperity.” The main events of the Congress were 
the 26th International Rice Research Conference, 2nd International Rice 
Commerce Conference, 2nd International Rice Technology and Cultural 
Exhibition, and 2nd International Ministerial Round-Table Meeting. The 
deliberations of the Asian Ministers led to a Delhi Declaration that highlighted 
the need to establish a comprehensive partnership among the participants 
through strengthened dialogue on a regular basis for the development of rice 
research and trade with greater emphasis on the social, cultural, and human 
dimension.
 The International Rice Research Conference (IRRC), organized every 
two years by the International Rice Research Institute, is the world’s premier 
rice research event. This 26th Conference in 2006 focused on “Innovations for 
efficiency enhancement” in view of the increasing need to conserve resource use 
in rice. All important aspects of rice research and related environmental and 
economic impacts were covered in several sessions by plenary lectures, invited 
lead papers, poster papers, and workshops by the experts. These proceedings 
provide a summary of the key plenary and invited papers presented during the 
IRRC on various themes. We hope the knowledge base in these proceedings 
will help address the challenge of producing more rice with greater ecological 
efficiency and profitability in a changing global environment. 

 M.S. Swaminathan Mangala Rai Robert S. Zeigler
 Chair Co-Chair Co-Chair
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According to the Food and Agriculture Organization (FAO) of the United 
Nations, the global rice requirement in 2025 will be on the order of 800 

million tons. Now, production is less than 600 million tons. The additional 
200 million tons needed will have to be produced by increasing productivity 
per hectare. The average productivity may have to go up to 8 tons per 
hectare from the present near 5 t ha–l (yield figures relate to paddy or brown 
rice). Land is a shrinking resource for agriculture and rice cultivation is also 
becoming uneconomical. Therefore, a three-pronged strategy will have to 
be promoted for ensuring the security of adequate rice availability. 
 1. Enhancement of the productivity, profitability, and sustainability of rice 

yields. This will call for new technological developments, including 
higher-yielding hybrids, super rice, and rice varieties possessing 
resistance to/tolerance of a wide range of biotic and abiotic stresses. 
The use of new technologies, including biotechnology and genetic 
engineering, becomes important in this context. 

 2. Promotion of rice farming systems based on the principles of economics, 
ecology, and nutrition. Rice farming systems involving crop-livestock-
fish integration would help to enhance not only household nutrition, 
but also income and work security. At the same time, they will help 
to promote integrated nutrient supply systems. 

 3. Adding value to every part of the rice biomass such as the straw, husk, 
and bran through the establishment of Rice BioParks, so as to enhance 
the income of rice farming families. 

 The pathways to improving productivity should be both environmentally 
and economically sound. Breeding for high yield and feeding for higher 
productivity should go together. It is important that crop feeding practices 
do not lead to the pollution of groundwater as well as soil. The goal should 
be to achieve an “ever-green revolution” in rice that could help to improve 
productivity in perpetuity without associated ecological harm. We could 
then witness a situation in which there is not only adequate rice in the 
market but also happiness on the faces of both farmers and consumers. In 
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the case of new technologies, farming families should be fully involved in 
both participatory research and knowledge management. Sustainable rice 
farming needs location-specific varieties and economical water management 
procedures. Farmer-scientist partnership is essential for mainstreaming 
environmental concerns in the ever-green revolution strategy for rice. 
 The importance of rice will grow in the coming decades because of 
potential changes in temperature, precipitation, and sea-level rise, as a result 
of global warming. Rice grows under a wide range of latitudes and altitudes 
and can become the anchor of food security in a world confronted with the 
challenge of climate change. 

THE POWER OF INTERDISCIPLINARY SCIENCE 

The power of interdisciplinary science and of a clear vision on goals and 
objectives is exemplified by the history and achievements of the International 
Rice Research Institute. Within 6 years of its establishment, IRRI helped 
to change the history of rice in Asia. Robert Chandler has described in his 
book “An Adventure in Applied Science” how, with single-minded devotion 
to the cause of achieving a yield breakthrough in indica rice, IRRI scientists 
raised the yield ceiling in indica rice from about 3 t ha–l to 9 t ha–l. Scientists 
involved in developing priorities and strategies in agricultural research should 
read this book. 
 The seeds of progress in yield improvement in indica rice were sown 
soon after World War II, by Dr. K. Ramaiah, who proposed the transfer 
of genes for fertilizer response from japonic rice to indica rice through a 
well-designed indica-japonica hybridization program. FAO and the Indian 
Council of Agricultural Research organized this program at the Central Rice 
Research Institute in Cuttack in the early 1950s. The advent of the Dee-
gee-woo-gen dwarfing gene from China hastened the process of breeding rice 
varieties that could respond well to good soil fertility and water management. 
Chinese scientists, led by Dr. Yuan Long Ping, showed that the commercial 
exploitation of hybrid vigor was possible even in a self-pollinated crop such 
as rice. 
 In India, rice is grown below sea level in Kuttanad in Kerala and at 
above 3,000 meters in Kashmir and Himachal Pradesh. The importance of 
rice as the mainstay of a sustainable food security system will grow during 
this century because of climate change. No other cereal has the resilience 
of rice to grow under a wide range of growing conditions. Both cultural and 
agro-climatic diversity have helped to introduce rich genetic diversity in rice. 
The first reference to Basmati rice was in the famous poem “Heer Ranjha” 
by poet Wazir Shah. There is a beautiful portrait of a woman credited with 
first introducing rice into cultivation in a temple in Arunachal Pradesh. In 
recognition of the pivotal role played by women in rice culture, IRRI started 
(more than 20 years ago) the Women in Rice Farming Network. The social 
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dimensions of rice farming should receive as much attention as the scientific 
dimensions in any strategy to improve the productivity, profitability, and 
sustainability of rice farming systems. 

PATHWAYS TO AN EVER-GREEN REVOLUTION IN RICE 

An ever-green revolution implies the enhancement of productivity in 
perpetuity without associated ecological harm (Swaminathan 1996). If farm 
ecology and economics go wrong, nothing else will go right in agriculture. 
The pathways to an ever-green revolution are indicated in Table 1. The major 
threats to an ever-green revolution are 
  Invasive alien species
  Abiotic and biotic stresses  
  Market factors 
  Climate change 
  Constraints in the exchange of genetic resources 
  Intellectual property rights and access to technologies 
  Diminishing support to research on public goods 

Table 1: The Green Revolution and ever-green revolution: pathways. 

Green Revolution: commodity-centered  Ever-green revolution: increasing
   increase in productivity  productivity in perpetuity without 

associated ecological harm 
Change in plant architecture and harvest  Organic agriculture: cultivation without 
   index  any use of chemical inputs such as mineral 

fertilizers and chemical pesticides
Change in physiological rhythm—  Green agriculture: cultivation with the help 
   insensitive to photoperiodism  of integrated pest management, integrated 

nutrient supply, and integrated natural 
resource management systems 

Lodging resistance Eco-agriculture: based on conservation 
of soil, water, and biodiversity and the 
application of traditional knowledge and 
ecological prudence 

 EM agriculture: a system of farming using 
effective microorganisms (EM) 

 White agriculture: a system of agriculture 
based on the substantial use of 
microorganisms, particularly fungi

 One-straw revolution: a system of natural 
farming without plowing, chemical 
fertilizers, weeding, and chemical pesticides 
and herbicides 
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Impact of Climate Change on Rice 

  The results of recent international modeling exercises suggest a mixed 
future of doubled CO2 for rice production in Asia, with some countries 
benefiting and others losing production. 

  Overall Asian rice production, based on present varieties and systems, 
could decline by about 4% in the climates of this century. 

Indirect Effects of Global Climate Change on Rice 

  Altered timing and magnitude of precipitation can induce drought or 
flood injury.

  Increased temperatures, and/or changes in precipitation, could have 
dramatic effects on rice diseases and insects. 

  Enhanced UV-B, enriched CO2, and increased temperature may all 
alter competition between rice and major weeds, and the contribution 
of other organisms to nitrogen fixation in rice fields. 

Effects of CO2 and Temperature on the Rice Ecosystem 

  Increasing atmospheric CO2 stimulates plant growth; the beneficial 
effects on rice growth have been observed for amounts only up to 500 
ppm. Some plant species respond positively to CO2 amounts up to 
1,000 ppm. 

  The benefits of increased CO2 would be lost if temperatures also rise 
because increased temperature shortens the period over which rice 
grows. 

 Organic agriculture precludes the use of mineral fertilizers, chemical 
pesticides, and genetically modified varieties of crops. In contrast, green 
agriculture permits the use of the minimum needed mineral fertilizers and 
chemical pesticides in integrated pest management (IPM) and integrated 
nutrient supply (INS) schedules. Green agriculture also permits the use 
of genetically modified crop varieties, if these have been cleared by the 
prescribed regulatory authority from the viewpoints of biosafety and 
environmental safety. Green agriculture is the more feasible pathway for 
achieving an ever-green revolution under conditions in which small and 
marginal farmers without cattle wealth constitute the dominant segment of 
the farming community. It would be useful to introduce separate certification 
procedures for products from organic and green agriculture. 

Raising the Yield Ceiling 

During the 20th century, the following technological innovations helped to 
enhance considerably the productivity of rice varieties: 
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  Indica × japonica crosses 
  Introduction of semidwarf plant stature, accompanied by relative 

photo-insensitivity 
  Indica × indica hybrids 
  Indica × javanica × japonica crosses resulting in super rice strains 
  Oryza sativa × O. glaberrima crosses followed by farmer participatory 

breeding, resulting in the New Rice for Africa (NERICA) 
 Superfine aromatic rice hybrids such as RH10 developed at the Indian 
Agricultural Research Institute, New Delhi, have helped to combine high 
yield with highly prized quality characters. The use of thermosensitive genetic 
male sterility (TGMS) helps to achieve a rapid improvement in grain quality. 
Molecular tests are also now available to ensure the genetic purity of the 
hybrids. 
 Increasingly, specialty rice is being developed. It includes medicinal rice 
and rice that can grow well in coastal areas. This includes rice with medicinal 
properties. 

Rice Varieties of Medicinal Importance 

Ancient Indian scriptures Susrutha Samhita (circa 400 BC), Charakasamhita, 
Astangahri-dayam, and Indian Materia Medica (15th-16th century) mention 
the curative value of certain rice varieties for various ailments: 
  Njavara  Arthritis and body rejuvenation 
  Aalcha  Pimples and skin ailments 
  Baisoor  Epilepsy 
  Laicha  For healthy child delivery 
  Maharaji  For postdelivery recovery 
  Kulikulichan  To increase milk flow in lactating mothers 
  Bhejri  To clear hoarseness of voice and throat problems 
  Pitchavari For treating cattle diarrhea 
 There are also several efforts to improve the nutritive quality of rice, 
with particular reference to the content of beta-carotene (Paine et al 2005) 
and iron (Sivaprakash et al 2006) through recombinant DNA techniques. 
Transgenic rice plants containing the superoxide dismutase gene from the 
mangrove species Avicennia marina have been developed for imparting 
tolerance of salinity (Prashanth et al 2007). This work is significant in the 
context of potential changes in sea level as a result of global warming. 
 Finally, there is a need for scientific and public policy steps for bridging 
the gap between potential and actual yields in rice. The National Commission 
on Farmers (NCF) investigated this question in detail and some of its 
recommendations are summarized in this paper. 
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SHAPING OUR AGRICULTURAL FUTURE—A THREE-
PRONGED STRATEGY 

India will remain during most of the 21st century a predominantly agricultural 
country, particularly with reference to livelihood opportunities. Therefore, 
there is a need for both vision and appropriate action to shape our agricultural 
destiny. Our major agricultural strengths are our large population of hard-
working farm women and men, our varied climatic and soil resources, 
abundant sunshine throughout the year, reasonable rainfall and water 
resources, a long coast line, and rich agro-biodiversity. Converting these 
into jobs and income is the challenge. 
 We should look upon agriculture not just as a food-producing machine 
for the urban population, but as the major source of skilled and remunerative 
employment and a hub for global outsourcing. 
 Just as IT industries have specialized in handling outsourcing assignments 
efficiently, we must enable our farm graduates and farmers to take up 
outsourcing jobs in areas where we have a comparative advantage. Some 
examples are hybrid seed production, tissue culture-propagated plants, 
organic farm products, biological software for sustainable agriculture such 
as biopesticides, biofertilizers, and pheromones as well as herbal products, 
fruits, flowers and vegetables, vaccines and sero-diagnostics, and veterinary 
pharmaceuticals based on medicinal plants. There is also scope for becoming 
a global outsourcing hub in the areas of plant and animal genomics and 
information and communication technology (ICT) for the rural poor. Farm, 
veterinary, fisheries, and home science graduates should be trained to become 
genome and digital entrepreneurs. To start with, a few of our agricultural, 
animal sciences, and fisheries universities could set up bureaus for outsourcing 
business in agriculture to facilitate contact between farmers’ organizations 
as well as agri-business centers operated by farm and home science graduates 
and external agri-business enterprises. Outsourcing should not only be from 
other countries to urban India, but also from urban to rural India, so that 
educated youth can continue to live in villages. 
 We need a new vision for agriculture. That vision should aim to spread 
happiness among farm and rural families. Bio-happiness through the 
conversion of our bio-resources into wealth meaningful to our rural families 
should be the goal of our national policy for farmers. Hidden and unrecognized 
opportunities for creating more skilled jobs and income in the farm and 
nonfarm sectors need to be tapped through appropriate public policies and 
programs. Technology missions should be revamped and revitalized on the 
lines envisaged by Bharat Ratna Rajiv Gandhi when he first proposed them 
as organizational and management tools to help the nation leapfrog in the 
production of essential commodities such as oilseeds and pulses. 
 A structurally progressive economy should reduce the share of people 
dependent on one sector as the share of that sector falls in gross domestic 
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product (GDP). As the share of agriculture in GDP falls, the share of people 
dependent on agriculture is also expected to fall in the same proportion. 
However, in the Indian economy, though the share of agriculture in GDP 
is falling steadily, there is no corresponding decline in the share of the 
population dependent on agriculture. Because of population growth, the 
absolute number of people depending on agriculture is increasing, even if 
there is a decline in percentage terms. This is why a major integrated rural 
nonfarm livelihood initiative is needed, so that both on-farm and nonfarm 
livelihoods become productive and profitable. 
 The technology strategy for an ever-green revolution should have the 
following three components: 
 1. Defending the gains 
  Punjabi farmers provide 60% of the wheat and 40% of the rice to the 

Public Distribution System and national buffer stocks. Net productivity 
increased in the Punjab in rice and wheat from 1.2 t ha–1 and 1.1 t ha–1 
to 4.3 t ha–1 and 3.9 t ha–1, respectively, from 1960-61 to 2004-05. 
However, in recent years, there has been stagnation in productivity 
improvement due to a variety of causes, of which the following are 
important: 

  Declining farm size and income. 
  Depletion of the natural resource base, for example, a steep decline 

in groundwater table and impaired water quality. 
  Increasing input costs, particularly diesel, and adverse economics of 

farming. Deficiency of micronutrients in the soil and deteriorating 
soil health. Inadequate postharvest technology. 

  Uncertain market prospects, except for wheat and rice, though 
a minimum support price is announced for the following 25 
agricultural commodities: 

 — Cereals—paddy, rice, wheat,jowar, bajra, maize, ragi, barley
 — Pulses—gram, fur, moong, urad, masur 
 — Oilseeds—groundnut, soybean (yellow/black), rapeseed and 

mustard, toria, sunflower seed, safflower, nigerseed
 — Sugarcane, cotton, jute, tobacco 
  High indebtedness of farmers—the total debt of Punjabi farmers, for 

instance, is estimated to be about Rs. 240,000 million. 
 Similar conditions prevail in Haryana and Western Uttar Pradesh. Thus, 
the heartland of the Green Revolution is in serious trouble. These areas need 
conservation farming, which will help farm families to conserve and improve 
soil health, water quantity and quality, and biodiversity. Some of the eco-
technologies developed by the Punjab Agricultural University are bed sowing 
of wheat, saving 20% to 25% of water; the leaf color chart, saving 15% of 
N application in rice; tensiometer-based irrigation scheduling; zero-tillage 
technology for wheat; and integrated pest management in cotton, saving 
40% of pesticides. Thus, there is vast scope to both promote green agriculture 



10     Swaminathan

and reduce the cost of production through enhanced factor productivity. 
A course on sustainability science should be introduced in all agricultural 
universities. India will not be able to maintain a stable food security system 
if its "fertile crescent" (i.e., Punjab, Haryana, and western Uttar Pradesh) 
is not saved through adequate support for conservation farming. Defending 
the gains already made in this region is an urgent task. 
 An example of the need for support for conservation farming is provided 
by the situation of rice cultivation in the Punjab. At present, nearly 2.6 
million hectares are under rice in the Punjab. Much of the irrigation water 
used is groundwater. The water table in the central districts of the state 
producing rice and having 70% of the tubewells is receding at an alarming rate 
of 60 to 75 cm annually. At present, about 30% of the tubewells have become 
submersible and it is estimated that during the next 10 years practically 
all the centrifugal pumps will become nonfunctional and will have to be 
converted into submersible pumps. It would therefore be advisable to restrict 
rice cultivation to 2 million hectares in the Punjab, with a yield target of 5 t 
ha–1. The remaining area can come under maize, pulses, and oilseeds, which 
are all at the moment in short supply. Conservation farming in the Punjab as 
well as in other intensive agricultural areas will involve a scientific program 
of restructuring farming systems. Such a restructuring is an urgent need in 
the interests of the long-term livelihood security of Punjabi farmers and food 
security of the nation. The same is true in parts of Haryana, western Uttar 
Pradesh, and many of the early Intensive Agricultural Program Districts in 
the country. 
 In every state, the agricultural "bright spots" and "hot spots" will have to 
be mapped. The state should develop a strategy for enlarging the extrapolation 
domain of bright spots. Similarly, every state should develop a good weather 
code to maximize the benefits of adequate moisture availability, a drought 
code to minimize the adverse impact of drought, and a flood code to both 
prevent excessive distress and damage and promote a postflood production 
plan. In the desert areas of Rajasthan, the good weather code should include 
provision for raising nurseries of appropriate plants, so that, in years of 
excessive rainfall, an extensive tree planting and sand dune stabilization drive 
can be launched. This will help to strengthen the ecological infrastructure of 
the desert, and gradually convert the desert into an oasis. The drought code 
should include the adoption of crop life-saving technologies and contingency 
plans to change the cropping pattern according to moisture availability. "Be 
prepared"—both to take advantage of a good monsoon and to reduce the 
impact of adverse seasons—should be our national motto in agriculture. 
 2. Increasing rice production 
  There is vast scope for increasing rice production in West Bengal, 

Assam, Orissa, Andhra Pradesh, Tamil Nadu, Karnataka, and even 
Kerala during the rabi season. The yield of boro rice is high in Assam 
and West Bengal. More than 27 high-yielding rice hybrids are now 
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available to suit different agro-climatic and growing conditions, as 
well as grain quality requirements. They are from both the public 
and private sectors. Pusa RH-10 is a superfine, aromatic grain hybrid 
suitable for cultivation in northwest India. KRH2 is a high-yielding 
and widely adapted hybrid, and DRRH 2 is an early hybrid with good 
yield potential. States with an unused yield reserve in their agricultural 
production bank should be encouraged immediately to initiate action 
with the guidance of experienced farmers and scientists to use the 
yield reserve wisely to improve production and productivity. A precise 
agronomic package will have to be developed on a location-specific 
basis with the help of agricultural universities. 

   Rabi and boro rice production can be enhanced considerably by 
giving attention to balanced fertilization, particularly to the supply 
of need micronutrients such as zinc, boron, and sulfur. Together with 
plant protection, the enhancement of soil health will help to improve 
productivity by at least an additional ton per hectare. There are nearly 
5 million ha under rabi and boro rice in the country and improved 
varieties are available for all the states where rice is cultivated between 
November and May. Striking progress in improving the yield of rainfed 
maize, soybean, sorghum, green gram, blackgram, pigeon pea, chickpea, 
finger millet, pearl millet, castor, etc., can be achieved through 
balanced fertilization (NPK and needed micronutrients). Seeds of 
improved varieties should be maintained in village seed banks in 
rainfed areas, so that alternative cropping strategies can be introduced 
depending upon monsoon behavior. Improved cultivars alone can 
enhance productivity by 10% to 50%. Varietal choice should be 
based on the likely moisture availability. The short-duration chickpea 
variety Shwetha (ICCV2) has revolutionized chickpea production 
in Andhra Pradesh. Its productivity increased from 470 kg ha–1 in 
1993 to 1,084 kg ha–1 in 2004. Area also increased sevenfold. There 
are nearly 12 million ha of rice fallows in Madhya Pradesh, Orissa, 
Jharkhand, Chattisgarh, and West Bengal. In such rice fallow areas, 
chickpea can be grown by using residual soil moisture. Simple seed 
priming technologies such as soaking seeds in water and micronutrient 
solution for 6 hours and drying in shade will help in establishing a 
good chickpea crop in rice fallows. In Madhya Pradesh, 2 million ha 
remain fallow during the kharif season. Using a broad bed and furrow, 
balanced nutrient management, and a short-duration soybean cultivar 
such as Samrat, farmers in Vidisha District were able to grow a crop 
of chickpea or wheat during rabi and thereby double their income. 
Many such simple steps in soil-water-crop management can lead to 
major advances in both crop output and farmers’ income. This is the 
pathway to making farming economically viable. 
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   A timely and adequate supply of credit, seeds, and electricity, 
together with addressing micronutrient deficiencies in the soil, will 
help to offset losses in production during kharif. Those states that had 
heeded the NCF appeal made in December 2005 that 2006-07 would 
be observed as the Year of the Farmer and Agricultural Renewal will 
be in a much better position to improve rabi production. A 5-pronged 
strategy recommended consisted of soil health enhancement, water 
harvesting and management, credit and insurance, technology and 
inputs, and remunerative marketing. 

   Adaptation to climate change is an urgent task. The Climate 
Management Unit of the National Rainfed Area Authority should 
develop computer simulation models of weather behavior coupled 
with public policy and agronomic responses needed to meet diverse 
possibilities. 

 3. Extending the gains 
  Eastern India (eastern Uttar Pradesh, Bihar, Chattisgarh, Orissa, 

West Bengal, Assam, and northeast states) has a large untapped 
production reservoir even with the technologies now available. In 
these areas, poor water management, rather than water availability, 
is the major constraint. The Indo-Gangetic Plains offer scope for 
becoming the major breadbasket of India through an appropriate mix 
of technology, services, and public policies. In many of these areas, the 
aquifer should be enriched during the southwest monsoon period, and 
extensive groundwater use should be promoted during the October-
April period. With the right strategy, the Ganges Water Machine 
could become the main anchor for our food security system. Bihar in 
particular is a sleeping giant in the field of agriculture. The work of 
the Indian Agricultural Research Institute in Dharbhanga District 
and Sone Command area has shown that wheat yield can be increased 
substantially with good seeds and improved agronomic practices. The 
major bottleneck, however, is the absence of grain machinery, which 
will provide the minimum support price to farmers. 

   Action to extend the gains of higher productivity and profitability 
should cover all rainfed areas. This should be a priority task of the 
National Rainfed Area Authority. The recommendations of the 
Swaminathan Committee on “More income per drop of water (2006)” 
should be converted into action plans by location and farming 
systems. 

MAKING NEW GAINS 

The immediate prospect for making new gains lies in the areas of postharvest 
technology, agro-processing, and value addition to primary produce. NCF 
has made several recommendations in this area in its first four reports. In 
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the longer term, there is a need for new yield and quality breakthroughs in 
major crops through genomics and gene pyramiding. For example, super 
wheat varieties capable of yielding about 8 t ha–1 are now in the breeders’ 
assembly line. Such wheat varieties have a complex pedigree and illustrate 
the importance of genetic resource conservation and exchange. 
 Super wheat varieties are semidwarf with robust stems, broad leaves, and 
large spikes with more grains per panicle and more grain weight. The super 
wheat architecture in the breeders’ assembly line, at both the International 
Maize and Wheat Improvement Center and All India Coordinated Wheat 
Improvement Program, is derived from a blend of Tetrastichon (Yugoslavia), 
Agrotriticum (Canada), Tetraploid Polonicum (Poland), Gigas (Israel), 
Morocco wheat (Morocco), and semidwarf wheat currently grown in India. 
We can produce 100 million t of wheat by 2015, by the following two 
steps: 
  Average yield of 4 t ha–1 from 25 million ha.
  Harnessing the large untapped yield reservoir in eastern, central, and 

western India. 
 Every state should develop a detailed agricultural strategy for its major 
farming zones and systems based on the 3-pronged approach outlined 
above. 
 Irrigation water is going to be a serious constraint since, as pointed out 
earlier, groundwater is being overexploited. Therefore, NCF supports the 
recommendation of the Swaminathan Committee set up by the Ministry 
of Water Resources that the Agricultural Year 2007-08 (1 June 2007 to 31 
May 2008) be observed as the "Year of More Crop and Income per Drop of 
Water." 

MORE INCOME AND CROP PER DROP OF WATER 

The System of Rice Intensification method of rice cultivation results in a 
savings of irrigation water. A committee I chaired has suggested an extensive 
farmer participatory demonstration program to show how more income and 
yield can be obtained for every drop of water. 
 Rice will in the years to come be the flagship of our food security system. 
Therefore, a dynamic research program will be necessary to launch and sustain 
an ever-green revolution in rice. 
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The world has changed enormously since IRRI developed its last strategic 
plan a decade ago. Recent scientific discoveries—particularly in genetics and 
genomics—now open up new opportunities to achieve impact that would 
have been difficult if not impossible as recently as the turn of the century. A 
reduction in poverty and sustainability of the rice production environment, 
through the use of modern technology and the latest communication tools, 
are at the heart of IRRI’s exciting and innovative plan.
 Rice remains the most important staple food on the planet since it feeds 
roughly half the population on a daily basis. Approximately 750 million of the 
world’s poorest people depend on it to survive. So, an agenda for continued 
research on this vital crop is still very relevant.
 This paper spells out how IRRI’s plan (1) brings the best rice technologies 
to all regions of the world that need them, including East and Southern Africa 
where demand is increasing; (2) focuses on health and nutrition; and (3) is 
committed to the long-term conservation and use of rice genetic resources.
 Five strategic goals and seven programs embodied in the plan are described 
as are three Frontier Projects being designed to continue beyond the life of the 
plan in research areas that have the potential to make an enormous impact on 
the lives of poor rice farmers and consumers.
 The new plan endeavors to take IRRI over a modest 9 years so that it can 
join colleagues and partners from around the world to reach the Millennium 
Development Goals by 2015. Nevertheless, much of the work outlined here 
will obviously extend well beyond that date.

Rice feeds roughly half the planet’s population and approximately three-
quarters of a billion of the world’s poorest people depend on the staple 

to survive. A carefully focused agenda for continued research on this vital 
crop is more imperative than ever. And if all goes as planned, in 2010—while 
the International Rice Research Institute (IRRI) is celebrating its 50th 
anniversary—the initiatives spelled out in the Institute’s new Strategic Plan 
(the Plan) will already be starting to have impact. 

Bringing Hope, Improving Lives

Robert S. Zeigler
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 This Plan, Bringing hope, improving lives, which I am publicly unveiling to 
you today, is also designed to enable IRRI to do its part in helping partners 
and nations across the globe to reach the United Nations Millennium 
Development Goals (MDGs) by 2015. 
 Certainly, the world has changed enormously since we developed our 
last strategic plan a decade ago. Recent scientific discoveries—particularly 
in genetics and genomics—now open up new opportunities to achieve 
impact that would have been difficult if not impossible as recently as the 
turn of the century. The reduction of poverty and the sustainability of the 
rice production environment, through the use of modern technology and the 
latest communication tools, are at the heart of our exciting and innovative 
Plan.
 Developing the Plan took nearly 12 months. IRRI consulted widely 
among its partners and stakeholders and sought expert guidance throughout. 
During these deliberations, we concluded that the MDGs related to hunger, 
poverty, environmental sustainability, and nutrition and health formed a 
sound basis and direction for IRRI’s future activities. So, we developed five 
strategic goals and seven research programs to achieve them to reflect this 
thinking.

GOAL 1: REDUCE POVERTY THROUGH IMPROVED 
AND DIVERSIFIED RICE-BASED SYSTEMS

Achieving IRRI’s first goal—Reduce poverty through improved and diversified 
rice-based systems—will take the Institute beyond its traditional focus on rice 
production (increasing productivity or “filling the rice bowl”), which required 
an emphasis on favorable irrigated areas, to “filling the purse,” a major effort 
to improve farmers’ incomes in unfavorable rainfed areas. Nevertheless, rice 
supplies will need to remain plentiful to provide reliable food that even the 
poorest can afford. In Southeast Asia, South Asia, and sub-Saharan Africa, 
rice consumption in 2015 is projected to be, respectively, 13.4 million tons 
(11%), 22.3 million tons (13%), and 9.5 million tons (51%) above 2005 
levels.
 This means relatively less research emphasis for IRRI on yield gains for 
irrigated rice—for which there is now strong capacity among the national 
agricultural research and extension systems (NARES), particularly in Asia. 
Instead, IRRI’s focus on intensive production systems will shift more to 
sustainability. In addition, by targeting the MDG on eliminating extreme 
hunger and poverty as our first strategic goal, we are opening profound new 
opportunities for IRRI to improve the economic and social well-being of 
poor rice consumers and farmers.
 Program on raising productivity in rainfed environments: attacking the roots 
of poverty. Rainfed areas coincide to a large extent with regions of severe 
and extensive poverty where rice is the principal source of staple food, 
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employment, and income for the rural population. Up to now, success has 
been limited in increasing productivity in rainfed rice ecosystems—home 
to 80 million farmers on 60 million hectares. Rice yields in these ecosystems 
remain low at 1.0 to 2.5 tons per hectare and tend to be variable due to 
erratic monsoons. Poor people in these ecosystems often lack the capacity 
to acquire food, even at lower prices, because of poor harvests and limited 
employment opportunities elsewhere. 
 Our primary objective will be to enhance household food security and 
income in these rainfed areas of Asia. With rapid advances in genetics and 
genomics, the chances of developing high-yielding, drought- and flood-
tolerant varieties for the rainfed system—and, consequently, helping farmers 
to diversify their farming systems and thus their income—are much greater 
now than ever before. 
 Program on East and Southern Africa: rice for rural incomes and an affordable 
urban staple. Sub-Saharan Africa is now one of the world’s major poverty 
zones and Goal 1 targets this vast region as well. About 130 million people 
in East and Southern Africa (ESA) alone live in extreme poverty and more 
than 85% of these depend on agriculture. A large number of these people are 
rice consumers and many are small rice producers. A significant investment 
in agriculture is critical to eradicate hunger and poverty in ESA. 
 Rural poverty in the ESA region could be significantly reduced if the 
efficiency of local rice production were improved in the key rice-growing areas 
of Kenya, Mozambique, Tanzania, and Uganda. Our research agenda here will 
also focus on enhancing small farmers’ access and linkage to markets. We 
will collaborate closely with the Africa Rice Center (WARDA), the national 
programs, and advanced research institutes to capitalize on both the existing 
knowledge within the countries and the available international expertise.

GOAL 2: ENSURE THAT RICE PRODUCTION 
IS SUSTAINABLE AND STABLE, HAS MINIMAL 
NEGATIVE ENVIRONMENTAL IMPACT, AND 
CAN COPE WITH CLIMATE CHANGE

It is critical that the stability and productivity of rice agroecosystems in Asia 
and Africa not be taken for granted and that their use by future generations 
not be jeopardized. Rice-growing areas are among the world’s most enduring, 
environmentally sound, and productive agroecosystems, and increased 
rice production in recent decades has had a significant impact on poverty 
reduction. 
 Program on sustaining productivity in intensive rice-based systems: rice and 
the environment. Rice ecosystems provide basic commodities and regulatory 
services, including nutrient and water cycling, and biological control to reduce 
pest and disease outbreaks. Poor people often depend on these “ecosystem 
services” to provide their needs as they are often without infrastructure 
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to obtain clean water, food, and fuel. Environmental sustainability and 
ecosystem services are threatened, however, by the loss of biodiversity, climate 
change, and inappropriate management systems often caused by land, water, 
or labor shortages.
 Strategies are urgently needed to preserve the natural resource base while 
improving productivity in rice agroecosystems in the face of changing physical 
and socioeconomic environments. IRRI will focus on land management, 
biodiversity, water availability and productivity, and the impact of climate 
change to develop and promote technologies and options to sustain rice-
producing environments.

GOAL 3: IMPROVE THE NUTRITION AND HEALTH 
OF POOR RICE CONSUMERS AND RICE FARMERS

Nutritional deficiencies, especially in women and children in both Asia and 
Africa, often go hand in hand with extreme poverty because poverty is a 
major factor limiting diversity in the diet. Reliance on a single staple, such 
as polished rice, does not provide the requisite suite of minerals and vitamins 
necessary for healthy growth and development and leads to widespread 
nutritional deficiency in many of the 1.2 billion people in Asia and sub-
Saharan Africa living in extreme poverty. 
 Program on rice and human health: overcoming the consequences of poverty. 
This program will bring together the multiple rice biofortification projects 
(including the HarvestPlus Challenge Program) and other health-related 
efforts that already investigate germplasm, farm practices, and policy 
options. 
 Underpinning maximum success in meeting many of the MDGs is the 
need to solve the widespread problems of health and nutrition that debilitate 
people and hinder economic growth. Poor nutrition is manifested in invisible 
nutritional deficiencies (hidden hunger) and in malnutrition (visible hunger). 
In addition, poor health in the context of rice cultivation may be related to 
chronic and infectious diseases from water and from vectors such as rodents 
and mosquitoes, as well as illness attributed to the improper handling of farm 
chemicals.
 For much of the work in this program, the delivery chain includes partners 
in NARES for the co-development and deployment of germplasm (seeds 
and the genetic material they contain) and agricultural practices. However, 
IRRI will greatly expand its interactions with the public health sector in 
developing countries, for both policy and delivery effectiveness. 
 This process has already begun in the Golden Rice Network for India and 
the Philippines and this will serve as a model for other products. The existing 
structures in the Golden Rice Network and in HarvestPlus have already 
brought together many of the relevant national and regional institutions 
needed for impact.
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GOAL 4: PROVIDE EQUITABLE ACCESS TO INFORMATION 
AND KNOWLEDGE ON RICE AND HELP DEVELOP THE 
NEXT GENERATION OF RICE SCIENTISTS

Developments that will affect all of the efforts mentioned so far are the rapidly 
increasing availability and affordability of information and communication 
technology, such as the Internet, mobile phones, and powerful computers. 
These new technologies have created important opportunities to allow 
people with common interests to form communities, communicate, and 
collaborate. 
 They have also raised new obligations for IRRI to curate, exchange, and 
share not only its own body of information, data, and experience but also 
that of the world’s knowledge about rice in all its forms. This will not only 
enhance global rice research efforts but also empower developing-country 
rice scientists with state-of-the-art information and knowledge and their 
associated tools. 
 Program on information and communication: convening a global rice 
research community. This effort will build on many global investments in 
information and technology within and outside IRRI’s parent organization, 
the Consultative Group on International Agricultural Research (CGIAR). 
 Through this program, we are formally attempting to consolidate all IRRI 
research and development on information and communication technology 
for rice science and extension under a single coordinated activity. We plan 
to place bioinformatics and communication tools directly in the hands of 
crop scientists, extension agents, and farmers to deliver impact through two 
major pathways, which will enhance the capacity of IRRI’s six other research 
programs to deliver impact more effectively. 
 The first pathway is Internet dissemination via a World Rice Community 
Portal of restructured and cross-linked information on crop science and 
extension. The second pathway is direct engagement of science and extension 
communities using current communication technologies, both new, such as 
Web portals, videoconferencing, and cell phones, and traditional, such as 
radio and television.

GOAL 5: PROVIDE RICE SCIENTISTS AND PRODUCERS 
WITH THE GENETIC INFORMATION AND MATERIAL THEY 
NEED TO DEVELOP IMPROVED TECHNOLOGIES AND 
ENHANCE RICE PRODUCTION

Another ingredient in the mix that will continue to contribute to the impact 
of IRRI’s research agenda is the rice germplasm it has assembled over nearly 
half a century. IRRI now maintains, on behalf of humanity, the world’s most 
complete and diverse collection of rice germplasm and this leads to our fifth 
and final goal. 
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 Program on rice genetic diversity and discovery: meeting the needs of future 
generations for rice genetic resources. There are still significant gaps in IRRI’s 
germplasm collection and, despite the advanced state of knowledge of the 
rice genome, information is scant on what diversity of genes exists within 
the rice gene pool, what these genes do, and how they can help meet the 
needs of rice producers and users. Meanwhile, genetic erosion in the field 
continues.
 We expect a greater demand for specific genetic resources to address 
production and environmental problems in the future. This will translate 
into a greater demand for the genetic knowledge and tools that are needed 
to identify and use resources that meet specific needs. 
 Through genomics (the science of discovering genetic structure, variation, 
and function, and the interrelationships among these), genetic knowledge 
can now be integrated across species, leading to accelerated discovery of gene 
functions. Furthermore, genome-wide analysis has the potential to reveal 
new insights about genetic pathways, and create new opportunities to meet 
both anticipated and unforeseen challenges.
 Bringing together germplasm conservation, diversity analysis, and gene 
discovery under this single program presents a unique opportunity to maximize 
the utility of conserved and customized germplasm. This program will offer 
a comprehensive, well-documented germplasm base, a public research 
platform to enable gene identification, and genetic knowledge for priority 
traits. Building on the investments and achievements made in germplasm 
characterization, functional genomics, and bioinformatics, IRRI is poised 
to play a major role in gene function discovery, applications of genetic 
knowledge, and conservation and sharing of genetic resources. 

POLICY SUPPORT AND IMPACT ASSESSMENT

One last new program, which will be critical to achieving the five Plan goals, 
is Rice policy support and impact assessment for rice research. The impact of rice 
research on poverty reduction and environmental sustainability depends 
on policies and appropriate technologies that address farmers’ livelihood 
needs. 
 To effectively set research priorities, we must understand the broad 
trends in socioeconomic and policy environments that affect the economics 
of rice production. This involves analyzing trends in rice production and 
consumption at national and subnational levels and shifts in comparative 
advantages in rice production relative to other crops across regions and 
ecosystems. 
 IRRI aims to provide sound advice to policymakers, research managers, 
and donors regarding research priorities and the design of agricultural 
interventions through policy analyses, livelihood studies, and impact 
assessments focused on rice-based systems of Asia.



Bringing Hope, Improving Lives     21

 By making regional comparisons of rice economies and associated 
livelihoods, the program will help produce a global view of the drivers of 
change and their impacts. In addition, we will develop research approaches 
and tools that will have wider application for policy research and impact 
analysis. We will also closely partner with NARES to help build their capacity 
for broader socioeconomic and policy analyses of the agricultural sector. 
NARES, sister CGIAR centers, and advanced research institutes will all 
have key collaborative roles in the program.

VISIONARY FRONTIER RESEARCH

IRRI has a 46-year history of investing in visionary “frontier” research–
research that, when successful, has revolutionized agriculture. The original 
frontier project was none other than the incorporation of semidwarf genes 
to create the modern high-yielding varieties that began with the release of 
IR8 in November 1966 and spurred the Green Revolution in rice.  
 Three new Frontier Projects, involving work on drought tolerance, 
climate change, and producing a more productive and efficient rice plant, 
are intended to accentuate the Institute’s commitment to achieving its new 
goals. They will constitute novel and focused research on problems of strategic 
importance to future rice production and the environment. The projects 
will be undertaken by multi-institutional, international research teams, 
and we expect that significant portions of the research will be conducted at 
collaborating institutions in both developed and developing countries. 
 Drought and productivity in unfavorable rice environments (tied to Goal 1). 
Recent IRRI research has shown that the drought tolerance trait is strongly 
influenced by genes and gene networks with large effects. This project 
will scale up their detection, analysis, and delivery for use in marker-aided 
breeding. By incorporating genes for this trait from rice and other species 
into widely grown rice varieties, technologies can be developed with national 
agricultural research systems and provided to farmers to enhance and stabilize 
their rice yields and income.
 Climate change and sustainability (tied to Goal 2). Climate change brings 
new problems for the sustainability of rice production. Further, changes 
in air quality and composition, acid rain, and Asian “brown” clouds will 
produce a new bio-climate for food production systems. Rice cultivation is 
often viewed as a contributor to climate change through the production of 
greenhouse gases. Given the essential role of rice in the food system, solutions 
must be sought that not only minimize the impact of rice production on the 
environment but also sustain productivity and environmental quality. Strong 
science will decipher the causes and effects involved, improve germplasm 
adaptation to expected future climatic conditions, and mitigate the negative 
effect of agriculture on climate.
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 A much more productive and efficient rice plant (tied to Goal 5). Plants like 
maize and sorghum have a more efficient photosynthetic mechanism (called 
C4) for converting energy to biomass than rice (a so-called C3 plant). C4 
plants are also more efficient in nitrogen and water use, and are generally more 
tolerant of high temperatures. Genomic sciences and comparative biology 
may be able to break the yield ceiling of rice and enhance its water- and 
nitrogen-use efficiency by changing the photosynthetic mechanism in rice 
to that of the more efficient plants. IRRI has formed a C4 rice consortium 
of senior scientists from both advanced research institutes and developing 
countries to chart and conduct research to develop a C4 rice plant.

CONCLUSIONS

We have identified five strategic goals, have set targets by which our 
performance can be measured, and have established seven programs to achieve 
them. While the targets are realistic, they still remain challenging for all of 
us. The new Plan endeavors to take us over a modest 9 years so that we can 
contribute significantly to reach the MDGs by 2015. Nevertheless, much of 
the work outlined here today to bring hope to millions and improve their 
lives will obviously extend well beyond that date.
 So, I believe IRRI’s future is certainly something truly to get energized 
about and that, all-in-all, we are well positioned to move forward aggressively 
and take advantage of new opportunities and, most importantly, address some 
very difficult challenges that we only dreamed of meeting not too many 
years ago. IRRI is truly reinvigorated and is clearly relevant to the MDGs 
broadly accepted by the global community. I am excited about what IRRI 
will accomplish over the next years and am sure that you our partners and 
colleagues will join in and support us.

NOTES

Author’s address: Director general, International Rice Research Institute, Los Baños, 
Philippines.
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Rice continues to shape the lives of millions of people. Public policy is therefore 
attracted to all production, distribution, and consumption aspects of rice, as 
well as its environmental implications. Public policy is changing, however, in 
view of developmental and societal change, especially in Asia. The importance 
of rice in the diet of Asia is expected to decline over time with urbanization and 
the increase in incomes beyond the level at which people begin to diversify 
their diets. This pattern is not observed in other parts of the world; in Africa 
and Latin America, rice is becoming increasingly important. Rice is a strategic 
commodity because it is a most important element in the diet of the poor and 
a main source of income and employment for farmers in Asia. Traditionally, 
governments have sought to maintain stable prices for consumers in urban 
areas and to provide input subsidies to farmers. A shift of policies toward less 
intervention in the rice market is noted. Governments are increasingly pulling 
out of managing rice and private enterprises play the main roles. Appropriate 
policies need to facilitate the private actors’ roles in the rice-related food chain. 
Rice is increasingly a “health food” with many characteristics and diverse 
tastes, and can be developed further in such directions. New science on rice 
focusing on the diet quality aspects of rice may actually transform rice into an 
even more important agent of change, especially for the poor. At the same time, 
high-income consumers are expected to increase their demand for specialty 
rice. The expanded supply of rice must be achieved by increasing yields. To 
achieve this, increasing investments in research and development are needed 
in international cooperation, especially to reduce water and energy use in rice 
production. These objectives will need to remain high on the agenda of rice 
research for decades to come. Public policy in support of making the best of rice 
needs adaptation to the new circumstances at national and global levels.

Rice, being the second largest consumed cereal (after wheat), shapes the 
lives of millions of people; over half of the world’s population depends 

on rice for 80% of its food calorie requirements. The “revolutionary” feature 
of rice is its steady, long-term evolution with societal change. Certainly, rice 

Public Policy and International 
Collaboration for Sustaining
and Expanding the Rice Revolution

Joachim von Braun
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has been a good partner to humankind, and adaptive ecological, economic, 
and technological changes around rice facilitated this “partnership between 
humans and rice.” For instance, in times of rapid population growth, soaring 
rice demands were met largely because of the Green Revolution. We must 
therefore continue to nurture this partnership. 
 The rice environment today is more complex than ever before. For one, 
the policy environment for rice is changing. Particularly in Asia, where rice 
is the main staple, public policy has always been attracted to all production, 
distribution, and consumption aspects of rice, as well as its environmental 
implications. Traditionally, governments have sought to maintain stable 
prices for consumers in urban areas and to provide input subsidies to farmers. 
However, now that many Asians are diversifying their diets, a shift in public 
policy is noted; governments have been increasingly pulling out of managing 
rice, thus enabling more engagement from private enterprises. Additionally, 
new science in rice focusing on its diet quality aspects gives rice a “health 
food” aspect, which is enabling rice to become an agent of change in tackling 
the complex malnutrition issues across the developing world. The actors in 
rice research have also become more diversified; for decades, almost all rice 
research was done by the public sector through national and international 
agricultural research centers, but now, with advances in crop technology, 
the private sector, which in the past played only a minor role, is expected 
to engage more actively in rice research. The appropriate mix of incentive-
oriented policies for private-sector orientation and of public investment 
policies in support of agricultural research requires increased attention. 
 The purpose of this paper is to consider the emerging issues in the rice 
policy environment and recognize the risks and challenges ahead, with the 
objective of identifying opportunities for effective collaboration between 
the public and private actors at national and international levels. The 
paper outlines policy challenges and options to sustain and expand the rice
(re-)evolution, given the new demands for rice quantities and qualities and the 
crop’s ecological properties. It starts by elaborating a conceptual framework 
outlining the three key policy domains along the four main segments of the 
rice value chain. Then, using this framework, these main policy domains are 
reviewed. Subsequently, risks and opportunities and the need for international 
cooperation in science and trade policy for rice are highlighted. Finally, the 
conclusions delineate priorities for coherent rice policies. It is important to 
note that policy priorities will differ across developing regions and countries, 
given the diversity in the importance of rice in people’s diets, and the diversity 
in the level of economic development achieved. 
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EMERGING ISSUES FOR RICE 
AND A FRAMEWORK FOR ANALYSIS

Key issues along the current rice value chain, starting from the consumers’ 
end, include
 1. A value chain increasingly driven from its consumption and retail 

ends, rather than the production front. In effect, consumers’ demand 
for higher quality rice and improved standards and regulations in the 
processing and marketing of rice are becoming important determinants 
of the future of rice.

 2. An increasing demand for processed rice products.
 3. The continued relevance of productivity gains, not only in terms of 

“producing the pile of rice” efficiently per unit of land or water, but 
increasingly also in terms of labor productivity.

 4. The predominant concern of natural resource use of rice ecosystems 
and the increasing stress on water resources. 

 In this context of the value chain, sustaining and expanding the rice 
(re-)evolution entails a more comprehensive set of policy objectives that 
go beyond just increasing rice yields. In view of the close linkages between 
production, markets, and consumption of rice, any outlook on rice must take 
a holistic perspective, and the future of rice cannot be assessed without due 
consideration of the broader economic context and developments related 
to other foods, especially other cereals, and the expansion of high-value 
agriculture competing for resources. Moreover, achieving these objectives 
requires action in a wider array of policy areas, and also requires more 
extensive collaboration between the public and private sector, as well as the 
international community. 
 The policy domains affecting the elements of the rice value chain can be 
broadly structured into three categories: 
 1. Market, trade, and price policies, including regulations and 

standards
 2. Environmental and ecosystem policies
 3. Research and development policies for innovations
 As shown in Table 1, this gives us a 3-by-4 framework to analyze policies 
in the context of the value chain. The paper is structured along the lines 
of the four policy domains, and also considers some cross-cutting structural 
issues. The table in the Annex summarizes the suggested policy actions within 
the value chain, as well as those looking at cross-cutting structural issues. 
 Valuation of rice along the value chain becomes more complex when 
sustainability and externality issues are considered. Indeed, the value of 
rice today cannot just be assessed at prevailing market prices; broader 
economic and noneconomic concepts such as the insurance value of rice 
for food security, the “existence” value (e.g., for traditional varieties, even 
for nonconsumers), and the inheritance value (passing rice varieties onto 
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coming generations) should be considered. To the extent these “nonuse” 
values deviate from current market prices, public investment and other policy 
actions may be called for to assure the efficient production of these values. 
The goals of efficiency, sustainability, equity, and poverty reduction to be 
served by the rice-related policy domains in Table 1 may become more 
conflicting, as is generally the case with complex sets of policy objectives. 
Ignoring these conflicts, for instance, by simply postulating short-term 
productivity-oriented policies would be inappropriate and inefficient. Further, 
policymakers are called upon to handle policy processes around competition 
policy goals and instruments that translate into competing group interests in 
society. If anything, rice is bound to be at least as “political” as in the past.

PUBLIC POLICIES AND INTERNATIONAL COOPERATION 
FOR ENHANCING THE NET BENEFITS OF RICE

Market, Price, Trade Policies, and Standards

Market functioning, prices, and trade of rice are a result of demand and supply, 
and of policy interventions in either side of the market (or at borders). With 
approximately 650 million people living on less than one dollar a day in 
Asia,1 any effort to reduce poverty will require attention to rice, as a large 

Table 1: Framework for analyses of policies on rice along the value chain.

 The rice value chain

Policy domains Resource Farm Processing and Retailing and
 management production marketing consumption

Market, price, trade Xa XX XX XX
   policies, including
   regulation, and
   standards
Environmental XX X XX X
   policies and risk-
   coping policies 
Innovation and  XX XX XX X
   R&D policies 

aXX and X indicate the degree of relevance of the policy domain for the respective elements of the value 
chain (XX = strong, X = less strong).

1This represents 64% of the total number of people living on less than a dollar a day.
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share of the income of poor households goes to purchase rice, and many 
poor farmers depend on rice production for their income. However, with 
urbanization and the increase in income beyond the level at which people 
begin to diversify their diets, the importance of rice in diets in most Asian 
countries will continue to decline over time. This pattern is not observed in 
other parts of the world, where rice consumption is increasing rapidly; in the 
Middle East and North Africa and sub-Saharan Africa, the consumption of 
rice increased by about 50% since the early 1990s, while in Latin America it 
increased by approximately 20%. The industrialized world is also experiencing 
an increased demand for rice, particularly for high-quality special rice varieties 
(von Braun and Bos 2004).
 Demand for rice. The key factors affecting demand for rice include 
population growth, income level, urbanization, and changes in taste. In 
terms of the relationship between income and demand, as income rises, rice 
becomes an inferior good because consumers tend to diversify their diet, 
shifting initially toward the consumption of wheat, and later to livestock 
and other products (IRRI 2002, Barker and Dawe 2002). Additionally, as 
income increases, consumers’ preferences move toward higher quality rice 
varieties. These two trends are particularly evident in Asia; although rice 
still accounts for a large share of calorie intake per capita, its share in total 
calorie consumption is rapidly declining (Table 2). 
 Urbanization has had mixed effects on the demand for rice; on the one 
hand, in countries where rice is a staple, growing urbanization has translated 
into changing eating habits, which in turn has resulted in reduced rice 
consumption (IRRI 2002). On the other hand, in places where rice is not 
the main staple, urbanization has meant an increase in rice consumption; in 
Africa, for example, demand for rice grew on average by 3.2% a year from 

Table 2: Contribution of rice 
consumption to total daily calorie intake. 

 1974 2003
Region
 (% of total calories
 per capita per day)

Asia 38.0 29.4
Latin America   9.0   9.0
Africa   5.5   8.2
Near East   7.0   8.3
North America   1.0   2.5
Europe   1.0   1.5

Source: FAO (2006b).
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1990 to 2003. This growth is partly due to growing urbanization (and the 
different lifestyle that it entails, such as the increased participation of women 
in the formal labor force), which has meant that consumer preferences are 
shifting from traditional staples that require more preparation time (such as 
cassava, sorghum, millet, and maize) to rice (Hossain 2006). 
 Other socioeconomic factors such as changing demographics of a country’s 
population can also affect the demand for rice. For instance, growing demand 
in industrialized countries can be partly explained by increases in Asian and 
Hispanic populations, who generally prefer rice. Another factor that may 
be affecting rice demand in the West is increased consumer awareness and 
concern about health and diet quality (von Braun and Bos 2004).
 Rice production and labor market. More than 90% of the world rice 
production takes place in Asia (Table 3). China and India are the two 
largest producers; in 2005, they jointly produced 51% of the world’s rice and 
occupied 47% of the world rice area. In Africa, rice production has increased 
dramatically; from 1970 to 2005, rice production increased by over 130% 
(FAO 2006b). 
 Most rice in the world originates from small farms. Rice-related policies 
are therefore intimately related to the challenge of transforming small-farm 
agriculture, especially in Asia. In general, the next generations of rice farmers 
aim to get bigger, grow through high-value agricultural production, shift to 
part-time farming in combination with other rural employment, or move out 
of agriculture altogether. 
 The income and employment problem of today’s small rice farmers 
cannot be effectively solved through just yield-increasing technologies or 
new forms of cooperation in production and marketing, for example, through 
cooperatives or contract farming. The gap between aspirations and on-farm 
realities is too wide in most of the fast-growing Asian economies and the 
potential contribution of rice-specific interventions is too minor to make a 
difference in the long run. Thus, the small rice farmers’ income problem needs 
broader rural and economy-wide policy actions, including rural infrastructure 
and education policies, in order to facilitate a long-run transformation of the 

Table 3: Total rice production by region, 2005.

Item World Asia Latin America North Africa Europe
   and the Caribbean  America  

Production  618,441 559,350 26,431 10,126 18,850 3,340
   (000 t, paddy)
Percentage of world  100.0 90.5 4.3 2.0 1.6 0.5
   production

Source: FAO (2006b).
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rural sector. Nevertheless, in the coming decade, productivity enhancements 
and more efficient market functioning remain of importance for the income 
of poor rice farmers (Swaminathan 2005). 
 As a result of the economic challenges faced by small farmers, the rice 
market increasingly interacts with the labor market. The growing economic 
prosperity in Asia is reducing the incentives for farmers to engage in rice 
cultivation. The expansion of the nonfarm rural sector and rising labor 
productivity have pushed up nonfarm wage rates, which has motivated labor 
migration—particularly of the youth—from rural areas to cities and from 
farm to rural nonfarm activities. Since traditional rice farming is a highly 
labor-intensive activity, increases in wages have pushed up the cost of rice 
production and reduced farmers’ income and profit (Hossain and Narciso 
2004).
 Besides labor, the energy market and, in particular, rising energy costs 
are increasingly affecting rice production. Among other things (such as 
typhoons, drought, flooding, diseases, and insect attacks), the rising cost of 
energy has contributed to rising production costs, translating into increasing 
prices for rice (FAO 2006a). Additionally, to ensure their energy security, 
many developing countries are undertaking an aggressive growth in biofuel 
production, which has prompted concerns that biofuel production may 
be “crowding out” food production (Rosegrant et al 2006, von Braun and 
Pachauri 2006)
 Rice trade and pricing policies. Developing countries dominate most of 
the rice trade, accounting for over 80% of both imports and exports. The 
five major exporters are Thailand, Vietnam, China, the United States, 
and India, while the main importers are Indonesia, Bangladesh, the 
Philippines, Brazil, Iran, and Nigeria. However, only about 7% of the total 
rice produced is traded internationally. There are numerous reasons for 
this, including the residual nature of trade in national policies pertaining 
to rice; much rice is consumed where it is produced, as many rice-producing 
countries concentrate on meeting local demand (UNCTAD 2006, Gulati 
and Narayanan 2002). Further, both developing and developed countries 
protect their rice markets. During 2002-03, OECD rice producers received 
US$22 billion of support per year, and developing countries’ level of 
market price and producer support is increasing; for example, in India, 
Indonesia, and Vietnam, the level of support has increased by as much as  
30–40% (Orden et al 2006). Additionally, exchange rate appreciation 
in Asia (e.g., China) may be the single biggest force in diminishing the 
competitiveness of rice, and may further increase the call for protection in 
the coming years. 
 Trade liberalization commitments for rice have been minor under the 
WTO. Still, the liberalization of rice trade has potential in terms of economic 
gains, and can play a role in stabilizing rice prices. For example, when major 
floods hit Bangladesh in 1998 and negatively affected rice production, the 
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government’s reaction was to relax restrictions on rice imports. This paved 
the way for increased imports from India, which was crucial for avoiding major 
disruptions and spikes in rice prices that would have hurt poor households 
most.
 One consequence of the small share of trade is large fluctuations in 
rice prices, reinforced by the lack of collective action among the main rice-
producing countries to expand international trade. This in turn may be a force 
behind national policy aimed at price stabilization and policy demand for 
high shares of domestic supply. Over the past four decades, due to increased 
yields and a decrease in cost per unit of production, rice prices have shown a 
declining trend, but continue to fluctuate substantially. Indeed, 85% of rice 
exports are concentrated among the five major exporters, and any change 
in the production or consumption of rice in these countries would have a 
strong effect on prices.
 Given the sensitive nature of rice, most Asian rice-producing countries 
have traditionally taken an interventionist role in rice markets. Nevertheless, 
the importance of private exporters is growing. In Thailand, for example, 
private trading has risen over the past ten years from 20% to 80%. In Vietnam, 
private negotiators have also appeared progressively following the national 
economic reforms that took place in the 1990s (UNCTAD 2006).
 Regulations and standard-setting policies. The growing consumer demand 
for higher quality produce and stricter food safety regulations have meant 
that national governments around the world (especially in industrialized 
countries) and private food companies are paying more attention to food 
quality and food safety measures. This poses several challenges. For one, many 
producers in developing countries may not have the required resources to 
meet stringent quality standards. Second, there is a wide diversity of safety 
standards across the globe, and this can be a serious impediment to trade. 
European countries, having experienced relatively more food scares in recent 
years, tend to have more stringent food safety requirements. In addition, many 
developing countries do not have the required regulatory institutions to test 
food products to see whether they meet quality standards (Umali-Deininger 
and Sur 2006, Henson and Jaffee 2006, Saxena and Singh 2002). 
 One of the more contentious issues in food standards is the use of 
genetically modified organisms (GMOs) in food production. While GMOs 
could potentially result in significant gains for both farmers and consumers, 
concerns remain about risks (or simply aversion for other reasons). As a result, 
some governments have imposed restrictions on imports and/or have strict 
labeling requirements on GM products (Anderson and Nielson 2000). Thus, 
the discovery of GMO “contamination” can be disruptive to rice production 
and trade. For instance, in 2006, when food safety authorities in the U.S. 
learned that an unapproved, experimental GMO rice had been found in 
U.S. rice exports, it led to a suspension of U.S. long-grain rice imports in 
Japan, whereas, in Europe, importers were required to produce a certificate 
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demonstrating that rice imports did not contain unauthorized GM rice. 
Additionally, rice futures prices fell by more than 5% at the Chicago Board 
of Trade, and many supermarkets across Europe were forced to make product 
withdrawals (Mekay 2006). This GMO contamination case highlights the 
need for harmonizing quality and food safety standards at the global level. 
The WTO’s Agreements on Sanitary and Phytosanitary Measures (SPS) and 
Technical Barriers to Trade (TBT) allow member states to set their own food 
safety measures and to impose trade barriers based on food safety measures, 
and so do not solve the problem. Of increasing importance are corporate 
rice standards and rule-of-origin criteria for the fast-growing specialty rice 
qualities. Transparent labeling policies and/or trademarks are needed to 
facilitate market functioning for these rice products. 

Environmental Policies and Addressing Risks

Increased pressure on water and land resources is today the chief concern 
related to rice. By far, most of the rice produced in Asia depends on 
irrigation, and irrigation is the single largest user of water resources. However, 
inappropriate management of irrigation has contributed to environmental 
problems, including water depletion, water quality reduction, waterlogging, 
and salinization (Rosegrant et al 2002). Further, in many developing 
countries, average irrigation efficiency is low, thus contributing to a wasteful 
use of the water supply. In rainfed environments, to meet immediate food 
demand, farmers have expanded production into marginal lands; these lands 
are sometimes susceptible to environmental degradation (Rosegrant et al 
2002). The biggest priority in the sustainable management of rice ecologies 
today is water-use efficiency. 
 Institutional reforms in irrigation management are therefore necessary, as 
Gulati et al (2005) highlight for India. Irrigation agencies were set up with 
little attention to long-term performance of the system, as, among other 
things, the agencies were not financially autonomous, lacked accountability, 
and irrigation rates did not cover operations and management expenses. From 
their studies of irrigation management in two Indian districts, Rajasthan 
and Karnataka, Gulati et al (2005) conclude that reforms must address the 
incentives of water suppliers and users and lead to new arrangements for 
joint management of irrigation.
 The mismanagement of irrigation systems is only part of the water 
scarcity story. The precarious future water supply situation in Asia, with 
potential macro-watershed change around the Himalayas due to reduced ice 
cover, could have huge implications for rice ecologies, as some of the current 
production systems might become nonviable under such circumstances. 
 But what would be the impacts of a breakdown in rice yields—maybe as a 
consequence of unforeseen or new pests and crop diseases? The consequences 
of such a hypothetical event are explored next. 
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 Simulating a rice disaster. A significant drop in rice production will both 
negatively affect farmers through the income effect and set off second-round 
effects through forward and backward linkages with other sectors through 
price effects. Given the global role of rice, the impacts of a rice disaster 
in Asia would also be global. To illustrate this, a simulation using IFPRI’s 
IMPACT model is employed.2 
 The simulation assumes a rapid decline in rice yield that gets progressively 
worse over three years (due, for instance, to a spreading pest or disease attack), 
corresponding to a low of 25% of the normal yield in the third year and then 
returning to full “normal” yield over the following three years.3 The results 
of such a (hopefully unrealistic) shock with regard to prices are dramatic: 
global rice prices would more than triple in year 2 after the shock and increase 
tenfold in year 3 before they would come down again.4 The prices of other 
cereals would increase too, for example, looking at wheat and maize, making 
the crisis global, not just an Asian one. The simulation exercise also looks 
at the potential impacts of such a rice disaster on the production, demand, 
trade, and prices of other cereals, particularly wheat and maize. 
 Additionally, the potential impacts of a rice disaster on food calorie 
availability and child malnutrition are presented (Tables 4, 5). One striking 
result is that an additional 12 million children across the developing world 
would be malnourished at the peak of the disaster, and thereby would be 
adversely affected for life. 
 The modern and globally integrated food system may suggest that the 
negative impacts of a rice disaster could be somehow mitigated through trade 

2The objective of the International Model for Policy Analysis of Agricultural Commodities and Trade 
(IMPACT) model, developed by Mark Rosegrant and his team at IFPRI, is to provide insights into 
the management of the dynamic risks and forces that shape the factors affecting people’s access to 
food and the links with malnutrition through appropriate policy actions. It allows the exploration 
of the potential impacts of different policy alternatives to manage hunger, malnutrition, commodity 
prices, demand, cereal yield, production, and net trade by projecting future global food scenarios 
in the medium and long term (see Rosegrant et al 2002, 2005, for detailed descriptions of the 
IMPACT model).
3The rice yield assumptions in the scenario are as follows: in the first three years after the shock, 
there is a progressive decline in rice yield. In year 1, yields are approximately 70%; in year 2, 40%; 
and in year 3, 25% of baseline scenario yields. Rice yields then start regressing in years 4 and 5, 
when rice yields, respectively, account for approximately 40% and 70% of baseline scenario yields. 
Finally, in year 6, rice yields get back to their baseline scenario level. 
4The simulation results with respect to global rice prices are as follows: in the first three years, rice 
prices keep increasing; as compared to the baseline level, in year 1, prices are 66% higher; in year 
2, they are 342% higher; and in year 3, they are 937% higher. Then, prices start declining in years 
4 and 5; prices are, respectively, 354% and 69% higher than the baseline scenario prices. Finally, 
prices reach baseline levels in year 6.  
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and substitutions, but, in the case of rice, due to the weight of the rice crop 
and its specialized production capital, this may not be the case. Thus, there 
is no better insurance against such risks than continuous investment in yield 
risk-reducing research and appropriate safeguarding of the diverse genetic 
resource base of rice. This remains an international task for generations to 
come. Moreover, emerging global climate change may pose increased risks for 
yields and thus require accelerated investment in adaptation of rice ecologies. 
We currently lack capacity for comprehensive risk assessment at the large 
scale.

Research and Development Policies for Innovations

Future rice research and development (R&D) has to focus mainly on a set 
of goals that are on the one hand driven by rice consumers and on the other 
hand by the ecological effects of rice. The former entails yield stability, 

Table 4: Difference in per capita calorie availability between the rice 
disaster scenario and the baseline scenario.

Region 2005 2010 2015
  (no. of calories)

South Asia 0 –265 –5
Southeast Asia 0 –632 –10
East Asia 0 –320 –5
Sub-Saharan Africa 0 –111 –3
Latin America 0 –105 –2
West Asia and North Africa 0 –45 –1
Total for developing countries 0 –266 –5

Table 5: Difference in the number of malnourished 
children aged 0 to 5 (in thousands)  between the rice 

disaster scenario and the baseline scenario.

Region 2005 2010 2015

South Asia 0 4,277 66
Southeast Asia 0 3,609 48
East Asia 0 2,298 35
Sub-Saharan Africa 0 1,496 36
Latin America 0 499 9
West Asia and North Africa 0 169 5
Total for developing countries 0 12,349 199
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quality traits of relevance for the poor (i.e., micronutrient content as a latent 
demand) as well as those required by high-income consumers, and processing 
qualities that can facilitate further use of rice in fast foods (maybe competing 
with noodles). The latter entails resource efficiency (especially water use) 
and adaptability to climate change.
 Given the current context of rapid globalization and the speed at which 
new technological innovations are emerging, an adequate institutional 
framework needs to be urgently put in place to facilitate the development 
and distribution of pro-poor technological innovations. And, even as the 
private sector is increasingly getting involved in rice R&D, pro-poor public 
rice R&D remains relevant and important. 
 Providing adequate institutional frameworks. Institutions provide the 
environment of incentives for technologies to flourish, and, conversely, the 
absence of adequate institutions blocks innovations. In India, for instance, the 
Agricultural Prices Commission and the Food Corporation were established 
in 1965 to make possible the success of Green Revolution technologies and 
to lift the food equation to a higher balance.
 Current and future rice technologies such as hybrid, GMO (including 
pest-resistant and drought-resistant varieties), and micronutrient-enhanced 
rice also need institutional arrangements to facilitate them in productive and 
safe ways. In particular, institutional frameworks for intellectual property 
rights (IPR) and biosafety are needed, and both require clarity in rules as well 
as transparency and reliability in implementation, and need to be worked 
out through international cooperation.
 The global IPR regime remains inadequate. For one, instances of bio-piracy, 
the appropriation of indigenous knowledge, and innovation by foreign bodies 
through patent rights occur. A recent case involving Basmati rice, the high-
quality long-grained aromatic rice known for its unique flavor and aroma, 
is a good illustration of this.5 Second, as the research environment gets 

5Basmati rice has been cultivated for centuries in northern India and Pakistan, and has deep cultural 
value in both countries. It also has important economic value, as it represents India’s primary rice 
export. The Basmati dispute started in 1997 when a U.S. company, RiceTec Inc., was issued a patent 
by the United States Patent and Trademark Office (US PTO) for the use of the word “Basmati” for 
an aromatic rice variety grown in the U.S. After three years of intense research and investment, the 
Government of India (GOI) reacted in 2000 by filing a “request for reexamination” with the US 
PTO, and also by filing a legal petition, along with Indian and U.S. nongovernmental organizations, 
with the U.S. Department of Agriculture and the Federal Trade Commission (FTC) to limit the use 
of the term “Basmati” to rice grown in India and Pakistan. The results of these filings were mixed. 
While the US PTO reexamination rejected most of RiceTec’s claims, which led the company to 
change its patent name from “Basmati Rice Lines and Grains” to “Rice Lines Bas 867, RT 1117, and 
RT 1121,” the FTC rejected that the term “basmati” was generic and could not be region specific 
(Subbiah 2004).
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increasingly proprietary and exclusive, progress in public goods research may 
be hindered and the systems of global exchange of plant genetic resources may 
increasingly be constrained. To prevent this, public-private and international 
collaboration are needed. 
 Regarding regulatory issues in biosafety and GMOs, what is observed is 
that there is a general consensus on the usefulness of transgenic crops, but 
that the related biosafety policies are complex and slow to be implemented. 
From an economic perspective, biosafety and biotechnology should follow 
essential safety standards and cost efficiency. And, by adding many layers of 
complexity to regulatory work, there is a risk of not allowing crops to get to 
the market.
 In many countries, biosafety policies are often developed by isolated 
government ministries or departments and in view of different priority 
standards, which can become a major reason for conflict and can in turn 
cause delays in the implementation process. Thus, to make the process more 
efficient, interministerial coordination is necessary.
 Furthermore, in the international arena, the regulatory decisions made 
at the Cartagena Protocol on Biosafety should be the object of rigorous 
cost/benefit analysis. In particular, regulations on labeling, documentation, 
liability, transboundary movement, or adventitious presence will play a 
significant role in the development of GMO technology.
 In terms of labeling policies, it is important to note that labeling will 
not address safety concerns; these issues should be handled at the food 
approval stage, which comes before labeling. For the same reasons, GM food 
labeling should not be introduced for safety reasons but for consumer choice 
or consumer right to know. Further, introducing labeling in developing 
countries, be it either voluntary or mandatory, is a major challenge, but the 
cost of labeling should be accounted for.
 The role of public R&D for rice. Given the slow progress in tackling 
malnutrition across the developing world, rice research needs to be 
accelerated. While several of the innovation needs such as market-valued 
quality traits (which can be identified by corporate labeling or are visible 
in the products) can be left to the private sector, pro-poor research needs 
and ecological properties must be addressed by public research and at an 
international level. This requires increased funding for public research.
 In Asia, the large national rice research systems, particularly in China 
and India, can address these issues in cooperation with the international 
agricultural research system (IRRI and more generally the Consultative 
Group on International Agricultural Research). However, transmission to 
small countries with weak research systems may become a growing problem 
as research needs become more and more sophisticated. The International 
Rice Research Institute (IRRI) can play a significant role in facilitating this 
transmission. 
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CONCLUSIONS AND POLICY IMPLICATIONS

There can be no doubt that rice is important enough to be addressed with 
special policies. But rice policies must not be formulated in isolation from 
other food and agricultural policies related to markets, technology, and the 
environment. As the demand for rice and the perceptions of rice-related 
external effects in consumption and environments are changing, optimal 
policies along the rice value chain must change accordingly. 
 Here, the needed policies within each of the three policy domains used 
to structure the paper are highlighted: 
 1. Where they are high relative to benefits, transactions costs between and 

within all elements of the rice value chain must come down. This can be 
done through reforms and improvements in market information flows, 
institutions, and organizations. Improved access to information and 
communication technologies and improved rural infrastructure provide 
significant benefits for productivity. In many locations, connecting rice 
farmers to the fast-changing retail industries and supermarkets through 
cooperatives and contracts will be beneficial. Providing favorable legal 
conditions for that is also important. Rice, despite being the most 
important food item in the fastest globalizing economies of Asia, has 
been largely kept out of trade dynamics. A gradual opening up of rice 
markets seems overdue. 

 2. One main task for policy related to rice is the facilitation of increased 
water-use efficiency. This would include a complex package of irrigation 
management, crop management, and rice breeding research and 
development. These measures are partly location specific and need 
local capacity strengthening. 

 3. The rice crop cannot be taken for granted. Environmental risks 
must be considered, especially as environments are changing with 
global climate change. Continuous research efforts are needed to ensure 
the stability and security of the rice crop as such research addresses 
the insurance value of rice in the global food system. International 
cooperation remains significant for that because no single country 
may sufficiently invest in this task. At least an additional 2 billion 
people need to be fed in the next generation, and they will be mainly 
living in Asia and Africa. Rice will be one of their main food items. 
Thus, an efficient supply from the sustainable production of rice will 
be a challenge for research and science policy. 

 4. Genomics allows increasingly well-understood biological properties of 
the rice crop. This knowledge can be brought to use for adaptation of 
rice to the emerging challenge. Sound regulatory institutions and their 
transparent operations are needed.
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 5. The policy objectives related to rice are highly varied, and include 
ecological goals, nutritional goals, the goal of risk reduction, and 
productivity increasing goals. It will be increasingly challenging to 
identify coherent policies to aim for these different goals. This requires 
economic and environmental assessments that take risks and 
opportunities explicitly into account and involve participatory policy 
processes. The rice (re-)evolution must continue for the benefit of 
poor people and sustainable development. At the front line remain 
the technology innovators, including researchers and farmers, 
and the institutional innovators, and they need bold support from 
policymakers.
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The world entered the 21st century facing many challenges, often in an 
agricultural context. Prominent is the concern for feeding an ever-growing 
population with safe and healthy food. A sustainable living environment and 
socioeconomic development are major issues as well. All these concerns are 
strongly related to the management of natural resources such as land, water, 
energy, and minerals and the distribution of the products. Many resources are 
limited (e.g., land and fresh water) and several resources are not renewable, 
such as oil. The Millennium Development Goals attempt to resolve these 
concerns, aiming to increase benefits from Earth’s resources for people living 
in developing countries. Now, the political arena shows the dependency of 
the world on an oil-based economy, in which demand for oil increases rapidly 
due to economic growth and political instability, driving market prices up. 
Not surprisingly, demand for bio-based products, and especially bio-based 
fuel as a renewable resource, is booming. The strongly increasing demand for 
food and nonfood agricultural produce challenges our agricultural production 
capacity worldwide. 
 As many natural resources have multiple uses and multiple users, increasing 
demand can create constraints and be a trigger for conflicts at different scales, 
from local to international. To minimize these constraints, it is essential that 
current uses, increased demand, and resulting constraints at different scales be 
analyzed simultaneously to identify socially and economically viable options 
for local innovation in which the different objectives of a variety of stakeholders 
are met. Such options can be identified only through the involvement of 
these stakeholders, including scientists. When they work closely together, 
this may result in increasing space for solutions and co-innovation. Scientists 
can contribute in several ways in the policy-making process from problem 
identification to implementation. They can raise awareness of competing claims 
at different scale levels and identify options based on which stakeholders 
can make decisions about the way they want to deal with multiple uses of 
natural resources. In other words, the stakeholders who are responsible have 
to set goals. Of course, scientists have to continue their contributions to new 
technology development at different scales based on clearly defined questions. 

Competing Claims for Natural 
Resources and the Need for System 
Transitions in Rice Cultivation

M.J. Kropff, P.S. Bindraban, and M.A. Slingerland
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This technology should focus on a major increase in resource-use efficiency 
and expand the scope for solutions. In this way, we move from a technology 
push to a technology pull strategy and we need close interaction between 
social and natural scientists.
 This paper discusses the challenge we face, which is to address the 
increase in different and often conflicting claims by transforming our 
systems, with specific attention to rice production systems. While transition 
in production systems calls for adjustments in socio-political conditions, the 
drastic transformations required cannot be achieved without technological 
breakthroughs using our best technical knowledge and means.

At the dawn of the 21st century, we realize that the increasing demand for 
virtually all commodities to meet human needs puts enormous pressure 

on the global resource base. With reducing availability of and access to 
resources, social tension and conflicts may arise, the divide between rich and 
poor might increase, and ecosystems may become overexploited. 
 The major concern still is the fact that more than 800 million people 
suffer from hunger and malnutrition and more than a billion people earn less 
than 1 dollar a day. For these people to escape these conditions, a sustainable 
living environment should be created that provides opportunities to also 
benefit from socioeconomic development. Inadequate access to food and 
production factors because of a lack of purchasing power and decreased 
productivity due to malnourishment causing health problems lead to a 
negative spiral into poverty that has to be broken. Some of the elements 
to help solve these problems are the production of more food and better 
food products, improved nutrition with the right balance of components, a 
better distribution of and access to food and natural resources, and sufficient 
education for people to make sensible choices.
 These concerns are expressed in the Millennium Development Goals, 
which seek more equitable sharing of the limited resources to reduce hunger 
and poverty and to improve health, which compel us to make more efficient 
use of these resources for a sustainable environment, which call for better 
education to allow people to make informed choices, and which stress the 
need to stimulate partnerships in seeking development solutions (www.
unmillenniumproject.org).
 Many of these challenges in development have an agricultural background 
in a development context and relate to the management of natural resources, 
including land, water, minerals, energy, and products derived from them. 
Several resources have a limited capacity and are fragile, such as land and 
fresh water, and others are not renewable such as oil. The pressure on these 
resources is high indeed as described below, but humankind has faced such 
difficulties before and turned them into challenges. Dramatic food shortages as 
forecast by Ehrlich in the 1960s (Ehrlich 1971), for instance, have not become 



Competing Claims for Natural Resources and the Need for System Transitions in Rice Cultivation     45

a reality, nor has the depletion of our energy sources as was predicted by The 
Club of Rome (Meadows et al 1972), but we cannot become complacent and 
should continue to tackle the challenges.
 Land use is changing rapidly worldwide as a result of the growing 
population and urbanization, expansion for agricultural lands, as well as 
the need to conserve natural ecosystems. The fertility of agricultural land is 
continuously under pressure due to overexploitation resulting from the lack 
of inputs to sustain nutrient balances, in particular in sub-Saharan Africa 
(e.g., Sheldrick and Lingard 2004). Also, the claim on land for urbanization 
or wildlife conservation pushes poor people into marginal and vulnerable 
areas. Land degradation is often the result of timber harvesting in former 
forest zones, on slopes, or on fragile soils (Oldeman 1999).
 The struggle for sufficient water for drinking and food production sets 
social groups and nations against each other, even leading to conflict. Major 
problems arise for farmers facing drought they cannot escape, such as in the 
south of India and in Africa. On the other hand, excessive water consumption 
by agriculture, for instance, in flooded rice production systems, contributes 
to decreased water availability for other sectors in society. 
 Some nutrients needed for plant growth, such as phosphorus, are available 
in limited quantities only. This essential nutrient is needed to realize the 
urgently required increase in crop productivity in Africa. Currently, a local 
lack of availability hampers production, while absolute shortages might 
become a threat in the long term.
 Within a shorter period of a couple of decades, our major sources of 
energy, economically exploitable oil and gas, will be depleted. Although oil 
companies indicate having reserves to suffice for several decades, the costs 
of exploitation will increase. Our oil-based economy already reveals its 
severe energy dependency by suffering from large fluctuations in prices due 
to limited production capacity and geo-political issues. The current energy 
crisis has triggered politicians to seek alternatives. The demand for bio-fuels, 
for instance, is soaring because of requirements set by governments such as 
the European Union and the United States. By 2010, 5.75% of the diesel 
for transport should have a biological origin, creating an enormous, though 
artificial subsidy-driven, market. As the maximum energy efficiency of crops 
is 3% only (for C3 crops), vast cropping land area will be required to provide 
the energy for our cars, especially if the fuel is to be derived from oilseeds 
(and sugar), that is, first-generation bio-fuel. Interestingly, developments are 
under way to produce second-generation bio-fuels, that is, ethanol produced 
from materials such as straw. We should realize, however, that materials such 
as straw are very important for soil improvement in many soil types. The 
massive use of straw for bio-fuel would create a problem there. So, bio-based 
fuel is an opportunity for agriculture (as its demand may push prices up) but 
also a threat to food production.
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 Economic development increases claims on natural resources and 
associated increases in income directly affect demand for agricultural produce 
because of rising meat consumption. As the production of 1 kg of meat 
requires many more kilograms of plant material, a meat consumer requires 
more agricultural produce than a vegetarian.
 Large and sudden changes in the global system, either political or natural, 
are likely to occur more frequently, as we are stretching our global ecosystems 
toward their limits to provide us with the necessary goods. The increasing 
frequency of extreme events, such as floods, drought, heat, and typhoons, 
is perceived as adverse effects of climate change and these alarm nations 
to take adaptive measures and reduce emissions. Several local disputes are 
about the control and benefit of valuable resources such as the conflict in 
Nigeria about oil and, for instance, in 2005, the conflict between crop growers 
and livestock keepers in Kenya about water when the country was hit by a 
drought.
 In this paper, we discuss the implications of these global changes for 
local systems. We will discuss them from an agricultural perspective as the 
production of sufficient, safe, and healthy food is a basic requirement for all 
development scenarios and, in addition, agriculture needs to provide biomass 
for fuel and feed. We first stress the need to examine these issues at different 
levels of scale and share our views on the changing role for scientists to 
provide new options to overcome any problems. The increasingly complex 
dynamics of global developments requires policy-driven transformation 
processes, leading to local solutions with relevance at all scale levels. The 
required development of technological options to increase resource-use 
efficiency is placed in this context. We illustrate the relevance of the various 
components of transformation processes as much as possible from a perspective 
of rice. We will mention some options as to how rice-based systems could be 
(re-)designed to meet future challenges.

THE ROLE OF SCIENCE AND DEVELOPMENT
IN AN AGRICULTURAL CONTEXT

Concerted actions of decisive policies, potent institutions, and technological 
breakthroughs led to the Green Revolution during the 1960s and 1970s. 
From a technological perspective, the real breakthrough was achieved by 
raising the harvestable proportion of major cereal crops in combination with 
agronomic practices (irrigation, pesticides, and fertilizer) that allowed the 
new varieties to express their yield potential. Along with the accompanying 
policies that created the appropriate institutional and market conditions, 
a process of change was realized. Hence, a combination of actions and a 
multitude of actors were involved in carrying out the transformation of the 
agricultural sector. However, in Africa, to date, technological breakthroughs 
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have not been implemented due to a lack of coordination of these multiple 
conditions (InterAcademy Council 2004).
 Following this period of technological breakthroughs, the productivity of 
the major cereals and other crops per unit of land and unit of nutrient input 
has constantly been improved to comply with changing demands that moved 
from increased needs for food toward the prevention of adverse environmental 
impact. Resistances to pests and diseases and location-specific adjustments 
maintained the performance of varieties, while fine-tuning in time and space 
of input applications minimized their requirements and reduced adverse side 
effects.
 Systems approaches have been developed to support these interdisciplinary 
studies (e.g., Kropff et al 2001). They can be applied at different scale levels: 
plot, farm, watershed, region, country, continent, world. In general, the 
approaches can be described as the systematic and quantitative analysis of 
agricultural systems, and the synthesis of comprehensive, functional concepts 
underpinning them. The systems approach uses many specific techniques, 
such as simulation modeling, expert systems, databases, linear programming, 
and geographic information systems (GIS). However, these tools have a 
biological/technological basis. For system improvement, socioeconomic 
aspects have to be included in the overall process. 

TOWARD A NEW FRAMEWORK FOR THE ROLE 
OF SCIENCE IN AN AGRICULTURAL CONTEXT

For the coming decades, incremental improvements alone are no longer 
likely to suffice to meet drastically changing global demands. The magnitude 
of these demands urge for complete transformations of production systems 
in their local context while accounting for global issues as well. We should 
thereby address the competing claims by transforming our production 
systems to minimize trade-offs and to exploit any thinkable synergy. Figure 
1 shows the sustainability triangle with its major components related to the 
environment, development, and equity. We could to a certain extent aim 
for a more efficient distribution of resources over the ever-increasing claims 
or sustainability domains. This leads to shifts in the interior of the small 
triangle in Figure 1. Yet, at a certain moment, technological innovations will 
be needed to increase resource-use efficiency for all resource uses, thereby 
enlarging the space for sustainable development. This is represented by the 
larger triangle.
 One might also say that technological innovations widen the window 
of opportunities. For example, better nutrient-use efficiency, better land-
use efficiency through higher production per hectare, and improved labor 
productivity through mechanization, etc., are essential technological 
developments for further agricultural development.
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 At the field level, the optimization of resource use is a key component 
to achieve the different goals with respect to food supply, income, and 
protection of the environment. That requires the understanding of genotype 
× environment × management interactions to better adjust genotype selection 
and management options to specific local conditions and objectives. Systems 
approaches are now being used to increase the efficiency of breeding efforts, 
to determine yield potential in different environments, to optimize water and 
N use at the field level, and to improve crop protection (through prevention 
and the use of natural enemies to minimize pesticide requirements (Kropff 
et al 1997).
 C.T. De Wit introduced a forceful theory on resource-use efficiency in 
agriculture (De Wit 1992). The basis of the theory is the law of diminishing 
returns when availability of a single resource is increased. De Wit postulates 
that “most production resources are used more efficiently with increasing 
yield levels.” De Wit also pointed out that higher input-use efficiency reduces 
the risk of environmental pollution and improves economic performance 
by lowering the cost:benefit ratio. This law of increasing returns indicates 
that all resources are most optimally used when the others are close to their 
maximum as well. Interestingly, it seems that this theory also holds for 
negative side effects of our systems. Denier van der Gon et al (2002), for 
instance, show a linear reduction in methane (greenhouse gas) emissions 
with increasing yield of rice in a specific environment when resources are 
optimized, confirming the concept of De Wit. The theory and the example 
point clearly to the possibility of synergy creating a larger triangle at both 
the development (yield) and the environment (less methane) axis by using 
resources at the optimum level.
 In (re-)designing our systems, many dimensions have to be considered 
(Fig. 2). Food production systems can be designed at the field scale, while 
maintenance of nature and wildlife necessitates land-use system designs at the 
regional scale. Whereas changes at the field scale can be introduced in days 
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Fig. 1: Increasing the surface of the triangle of sustainability through 
technological innovations.
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as they concern operational decisions, changes at the farm level are generally 
of a tactical nature and may take one or more years. To alter the design of 
a region in order to combine various functions, strategic choices have to be 
made that may take up to 5 years or more. And finally, operational decisions 
at the field scale can be made by the farmer alone, and single disciplinary 
solutions can suffice in addressing occurring field problems. At the regional 
scale, however, many actors have a stake in the developments and several 
disciplines should address the complexity of problems.
 Methodologies and technologies are generally developed at a specific 
scale or to link two specific scales. Bouma et al (2006) describe the different 
phases in the policy cycle that basically apply at all scales: signaling, design, 

Fig. 2: Multiple dimensions that should be considered in systems design
and in transformation processes.
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decision, implementation, and evaluation. In all these phases, long-term 
joint-learning processes are required in which stakeholders and scientists 
cooperate. Each stakeholder, including the scientists, has a different role in 
the different phases. Technological solutions are developed based on clear 
questions to ensure that they will fit in the socioeconomic context in which 
they will be used. At higher levels of scale, new tools become available that 
help to explore spatial and temporal opportunities for development assuming 
specific goals (Bouma et al 2006). Especially when large land reform programs 
are carried out, a multitude of objectives at various scale levels have to be 
addressed simultaneously. Also, solutions at one level of scale may not work 
out when they are applied at a larger scale. A process of transition should be 
stimulated through the participation of relevant stakeholders from several 
sectors and administrative scales and, in addition, a systematic search for 
technological breakthroughs is needed.
 Schematically, the scientific analyses at the various scales can be presented 
as in Figure 3. We develop technological options at the plant and field scale 
and assess farm livelihood strategies at the farm level considering biophysical 
and socioeconomic aspects. Scenario analyses for regional land use in fact 
aggregate field-scale parameters, ignoring the socioeconomic complexity of 
farming systems and configurations. In some methods, information at the farm 
level is incorporated through constraints or objectives, but the interaction 
between farm and region remains minimal.
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Fig. 3: The missing link in our approaches to enhance the impact of science.



Competing Claims for Natural Resources and the Need for System Transitions in Rice Cultivation     51

 The missing link in our current approaches is the dashed levels and 
relations that indicate the actual level of intervention beyond the farm scale, 
where the farmer has the final decision to act, and below the options given 
in scenario analyses at the regional scale. Embedding production systems in 
its landscape calls for interventions that affect multiple actors, the need to 
integrate multiple objectives, etc. This coincided with the outer spheres of 
the fan of Figure 2.
 Actual implementation of options at the regional scale calls for 
“postmodern science approaches,” with a direct involvement of scientists in 
the process of transition. Here, technical scientists are supposed to design 
options that comply with various goals, and social scientists are assumed to 
take an active part in shaping the process, rather than only studying the 
process. Likewise, politicians should not only set theoretical conditions that 
provide the scope and limits to operate but should also actively participate 
in the process. At the farm level, approaches as used in farmer field schools 
or practical networks are means to involve farmers in co-innovation at the 
field level and decision processes at larger-scale levels.
 In the following section, we will elaborate on some of these approaches 
at various scales for the specific case of rice and discuss our achievements so 
far and challenges ahead.

NATURAL RESOURCE MANAGEMENT AND RICE-BASED 
SYSTEMS: SCIENTIFIC CHALLENGES AT DIFFERENT SCALES

Resource-Use Efficiency in Rice Systems

In the case of rice, enlarging the surface of the sustainability triangle calls for 
increasing the use efficiencies of resources that are low compared with those 
of other crops (Fig. 4). Between 2,000 and 10,000 liters of water are needed 
to produce 1 kilogram of rice (Bouman and Tuong 2001) compared with 
700–1,000 liters for wheat (Rockström 2001). Nitrogen losses in rice fields 
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Fig. 4: Schematic evolution in relative resource productivity and profitability of rice-based 
systems. The latter is derived from the ability to diversify rice-based systems (derived from 

Bindraban et al 2006).
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are high, with efficiencies as low as 30%, whereas efficiencies for wheat can 
be as high as 70%. The global average yield of rice and wheat per hectare is 
within the same range, but the inundated cultivation practices of rice hamper 
the growth of subsequent nonrice crops as a result of poor soil structure after 
puddling. This strongly limits the ability of farmers to diversify their activities 
and secure income. Labor demand for rice is as much as 50 to 100 times higher 
in most systems than for mechanized wheat or rice cultivation.
 Maintaining the balance between the sustainable development parameters 
of rice-based systems seems particularly fragile. They are challenged by 
the simultaneous demand for increased land and labor productivity, the 
contribution to poverty alleviation, reduced environmental impact, and 
increasingly for lower water use. For the coming two decades, rice production 
volume should increase by 25% to keep up with growing rice consumption, 
which should be realized on the same and preferably less land area. More 
stringent is the need to enhance labor productivity. Labor-intensive 
operations in rice cultivation are under pressure due to the rapid expansion 
of the nonagricultural sector, stimulating migration of the rural population 
to urban areas, reducing labor availability, and increasing rural wage rates. 
Some farmers are seeking to diversify their activities by introducing nonrice 
crops to stabilize and increase income. Others may continue rice cultivation 
by minimizing labor input to peak activities only and generating off-farm 
income during the crop growth period. For the past two decades, high inputs 
of nutrients and biocides have raised concerns about the environmental 
impact of intensively managed systems. More recently, the worldwide decline 
in availability of water resources urges a drastic reduction in the amount of 
water used for rice production.
 For the coming decades, designing rice-based systems requires 
reconciliation of different and possibly conflicting objectives, within and 
outside the systems. In the search for rice cultivation practices with higher 
productivity of water, nutrients, land, labor, and capital, and with safe and 
nutritious produce, while well embedded within the landscape, dramatic 
changes in the system should not be disregarded. The largest gains can be 
expected in current high production areas as the use efficiency of inputs 
will increase. An array of rice cultivation systems will probably be required, 
ranging from inundation under monsoon conditions to rice grown as any 
other irrigated cereal crop elsewhere. In current low-input systems, such as 
rainfed rice, use efficiencies can be increased strongly only when all other 
resources are optimized as well. Policy measures that assure proper conditions 
to enhance the use of inputs in the systems should be developed. The more 
remote the transformed system will be from current practices, the larger the 
ecological, economic, and socio-institutional implications and the more 
pressing the research agenda to support the transformations. 
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Options to Increase Resource-Use Efficiency in Rice

For various reasons, rice has been predominantly cultivated under inundated 
conditions for more than 5,000 years. Inundation strongly reduces weed 
pressure, while the rice plant thrives well. Standing water serves as a buffer 
for periods of low and unreliable water supply, in particular for rainfed rice 
systems and for rice grown in poorly managed irrigation systems. Water 
entering the field carries nutrients, while inundated conditions further 
increase the availability of other nutrients, especially phosphorus, because of 
the dissolving effect and the lack of oxygen in the soil (De Datta and Patrick 
1986). Under inundated and shaded conditions in rice fields with elevated 
CO2 concentration in the water and high availability of phosphate, biological 
nitrogen fixation may provide up to 100 kg N ha–1 per year. In the prefertilizer 
era, this was the main nitrogen source explaining the sustainability of this 
ancient cultivation practice; however, yield often did not exceed 2 tons 
ha–1 per year. Land preparation, that is, puddling of heavy soils, was made 
feasible by animal traction. Finally, soil-borne pathogens such as nematodes 
were suppressed (George et al 2002). 
 In the pre–Green Revolution, the production in kg rice per unit of 
resource was very low, but satisfied the needs and technical possibilities then. 
Some of the reasons became obsolete after the introduction of high-yielding 
varieties, chemical fertilizer, biocides, and improved irrigation as part of the 
Green Revolution. As a consequence, land productivity at the global scale 
has tripled, with rice yields averaging almost 4 t ha–1 today, while in some 
countries such as China national average yields exceed 6 t ha–1. This increase 
in land productivity and the associated improvement in labor productivity 
were realized through an increased use of external inputs, yet water and 
nitrogen are still not efficiently used. 
 The interventions in rice systems so far have not changed the basic 
principle of inundated cultivation of rice, that is, water use as a dominant 
factor remained untouched. Similarly, other pressing concerns such as labor 
requirement and cost reduction have not been strongly considered apart 
from high-tech systems in the United States and Australia. Clearly, rice 
cultivation systems are resistant to many external influences or absorb them 
by adaptations within the existing system. However, when pressure increases 
further as currently is the case, the resilience of the system may be affected 
and even a small intervention may lead to a drastic change. Scheffer et al 
(2001) show different stages of systems that may start with gradual changes 
over time, evolving toward a status of turmoil pushing the system toward 
a new equilibrium. In terms of Scheffer and colleagues, we may be looking 
at a rice system that has reached a stage where it is likely to make sudden 
changes to another state.
 In the following sections, we will describe some biological/technological 
options to modify rice-based systems, illustrated by examples from rice as 
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well as other crops and systems. We thereby incorporate the role of various 
technical tools, such as crop modeling, information and communication 
technology, and biotechnology, to support research and we will look at several 
scale levels from a systems perspective.

Redesigning the Rice Plant

The largest scientific gains in rice have been achieved through the increase 
in the harvestable portion of the plant and the increased resistance to pests, 
diseases, and weeds. Further adjustments in plant design may be necessary 
to better use resources. The penetration ability of rice roots may have to be 
increased, while the transpiration rate needs to decrease when the crop is 
grown under drier conditions. Other options are the elongation of the grain-
filling period, morphological adjustments, targeting genotypes for specific 
environments, etc. (e.g., Boote et al 2000, Kropff et al 1997). New tools 
will be needed in research linking different scales such as systems biology 
(Yin et al 2004).
 The photosynthetic capacity of plants has not been modified so far. 
Photosynthesis in rice, a C3 plant, is less efficient than that of C4 plants such 
as maize that use an extra chemical process for capturing carbon dioxide. 
C4 plants are 50% more efficient at turning solar radiation into biomass. 
Biotechnology provides the means to increase the photosynthetic rate of the 
C3 species by incorporating mechanisms from C4 crops, for instance (Surrigde 
2002). Transforming rice into a C4 plant would require major morphological 
and physiological changes in the rice plant, but this is attractive as it might 
lead to 50% higher yields. Nitrogen-fixing characteristics could be introduced 
to reduce fertilizer requirements of nonfixing species, and symbiotic relations 
with bacteria could facilitate the uptake of nutrients such as phosphorus. 
Also, bacteria can form plant-bacteria associations that protect crops against 
losses from diseases. Modification of the biochemical processes of the rice 
plant should be looked into for achieving new system breakthroughs.
 Drought and salinity are major abiotic stresses to crop production, also 
in rice. About 7% of the world’s total land area is affected by salt, as is a 
similar percentage of its arable land (Ghassemi et al 1995). The area is still 
increasing as a result of irrigation or land clearing. Molecular markers are 
particularly useful for identifying different traits for salt tolerance (Flowers et 
al 2000), and other accompanying stresses, such as drought or waterlogging. 
QTLs (quantitative trait loci) for salt tolerance have been described in several 
cereal species, including rice (Flowers et al 2000). When salt tolerance and 
drought resistance could be bred into highly productive rice varieties, the 
area for rice cultivation could be expanded to marginal areas that currently 
suffer from salt stress or drought.
 Worldwide, more than 2 billion people suffer from anemia and stunted 
growth due to Fe and Zn deficiency and another 500 million from blindness 
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due to vitamin-A deficiency. Nearly all of the widely grown Green Revolution 
varieties have similar densities, with iron at about 12 mg kg–1 and zinc at 
about 22 mg kg–1. The potential exists for developing improved rice varieties 
with enhanced beta-carotene, iron, and zinc in the grain. Because a large 
part of the diet of the poor in South and Southeast Asia consists of rice, 
these added micronutrients would have a meaningful impact on human 
nutrition and health, especially for anemic women and children. Breeding 
for micronutrients would thus increase solutions for the health-care sector. 
Certainly, diversifying the diet may have a similar impact, but this requires 
alternative, more socioeconomic measures such as an increase in income, 
availability of markets, etc.
 The implications of these changes for both plant design and biochemical 
plant processes would be impressive in terms of natural-resource use, the 
design of rice-based systems, and land use. Enhanced radiation absorption 
through optimized morphology and increased photosynthetic rate would 
potentially reduce the need for land expansion because of higher yields. 
Nitrogen fixation would lower the need for fossil fuels because of less need 
for fertilizers, while drought and salt tolerance would allow the cultivation of 
currently marginal lands. Improved nutritive value of rice through increased 
micronutrients could solve health problems. Here, the role of technology is 
prominent.

Redesigning the Rice-Based System

At present, farmers are already modifying their rice cultivation practices to 
meet their immediate needs. Also, several changes are introduced to farmers 
from external sources. Although some ways have been found by researchers 
and other groups to enhance the productivity of land, labor, and water, farmers 
are not inclined to adopt such practices if these do not fit their economic 
and social considerations. To prevent the proliferation of unrealistic claims 
and derailing of the system with strong social implications, more systematic 
research support is required to truly initiate a process of transition based on 
co-innovations through the involvement of multiple stakeholders. Sound 
science should be underlying new technologies and claims should be carefully 
tested in interaction with farmers.
 As the extremely low water-use efficiency of paddy rice systems is a major 
problem, scientists have been looking for systems to reduce water use, for 
example, by alternate wetting and drying and systems without standing water. 
However, a major reduction in water use can be expected only when rice is 
grown in a dryland system. Such dryland systems exist as upland rice systems 
in subsistence farming systems with extremely low yield levels. However, it 
must be possible to reach the same productivity in rice in a dryland situation 
as in a paddy system. Recent studies on so-called aerobic rice show that this 
is not yet possible with the current varieties. So far, results are promising in 
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that water use can be reduced by approximately half without a loss in rice 
yield (Bindraban et al 2006, Bouman et al 2002). In order to lower water 
use toward that of dry systems such as wheat, modifications in plant design 
will be necessary, in particular tolerance of drought.
 A telling example of a redesigned rice system is the mixed cultivation 
of various lines. Rice suffers from severe yield losses due to many diseases. 
Improved varieties respond well to inputs and are generally resistant to major 
diseases such as blast. However, consumers pay high prices for glutinous 
rice produced by traditional varieties that lodge and are sensitive to blast. 
Farmers in Yunnan, China, were exploring the interplanting of traditional 
glutinous rice together with modern hybrid rice. It was found that yields in 
carefully co-designed mixtures were higher and blast was not able to infect 
the glutinous rice plants. Successful proof of principle turned the target 
location into a demonstration location to disseminate the “new” technology 
and knowledge. Practical success led to rapid adoption by many farmers. 

Planning at the Farm and Regional Level: 
Options for Decision Making by Stakeholders

At the farm level, many decisions need to consider the trade-offs between 
different biophysical and socioeconomic objectives. Integrated approaches 
for farm-level decision support have been developed that consider both 
biophysical and socioeconomic approaches (e.g., Kropff et al 1997).
 At the regional level, methodologies have been developed for ecoregional 
studies in which the use of systems models converts huge databases into 
valuable information that can be geographically visualized using GIS for 
easy interpretation. Scaling issues play a role here and novel approaches 
have been developed in an ecoregional research program (Bouma et al 
2006). Different stakeholders have contrasting ideas and there is not a single 
truth. The way in which science should deal with this has been studied 
intensively (e.g., van Ittersum et al 2004). The identification of windows 
of opportunity can improve the decision-making process of policymakers. 
Scientists should be involved at all phases in the policy cycle as defined 
before, by contributions as mediators, facilitators, and suppliers of scientific 
information in the debate. So, not only in the design phase are scientists 
needed but also in the evaluation phase to generate new scientific insight 
based on observations of the processes. One of the cases of the ecoregional 
program deals with rice-based systems in Southeast Asia. The SYSNET 
project examined post–Green Revolution issues such as stagnating crop yields 
in India, Vietnam, and the Philippines (Roetter et al 2005). This prospect 
developed a Land-Use Planning and Analysis System (LUPAS), which is a 
modeling framework using multiple-goal linear programming as an integrative 
component for identifying land-use options that fit best to specific scenarios 
and policy choices. It presents land-use maps based on these scenarios. For 
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example, in the Philippines in Ilocos Norte Province, the effect of better 
sharing of irrigation water making water use more efficient would lead to 
major land-use changes and a farmers’ income increase of 16%. All examples 
from the ecoregional studies reviewed by Bouma et al (2006) show that 
new methodologies are becoming available but that the main issue is the 
involvement of the different stakeholders and scientists simultaneously to 
ensure that scientific information is used effectively in the different phases 
in the policy-making process.

CONCLUDING REMARKS

The major challenges we face today are related to natural resources in an 
agricultural context. Especially, the increasing energy demand and strong 
reduction in fossil fuel resources increase the interest in biological production 
of fuel. That will cause major changes in agricultural systems, with strong 
effects on food and feed production and prices as a result of competing 
claims for natural resources (land, water, minerals), labor, and energy. A 
major key to addressing these concerns is enhanced resource-use efficiency 
at different levels of scale. Several examples from rice production systems 
show that the range of options to enhance resource-use efficiency can be 
enlarged by biological/technological breakthroughs ranging from new stress-
resistance genes to completely new production technologies such as highly 
productive dryland rice ecosystems. Scientists have to keep on developing 
new technologies to enhance resource-use efficiency to cope with the reduced 
availability of many resources in the future.
 However, the development of new technology may not automatically 
lead to adoption or implementation (e.g., absence of a Green Revolution 
in Africa). And, even successful adoption and implementation such as the 
Green Revolution in rice systems in Asia may have negative consequences 
for several groups in society. These problems have to be tackled by new 
approaches in which problem definition, analysis, design, and implementation 
of new technologies are conducted in a participatory manner. In this way, 
technological solutions fit the socioeconomic context in which they can 
be used. In social sciences, this process is defined as mode-2 science or 
postmodern science. We call it co-innovation. At the farm level, approaches 
such as those used in farmer field schools or practical networks can be applied 
for this purpose of co-innovation. However, the number of issues that should 
be considered in the process is scale dependent and may even be interrelated. 
Especially when large land reform programs are carried out, a multitude of 
objectives at various scale levels have to be examined simultaneously. Also, 
solutions at one level of scale may not work out when these are applied 
at a larger scale. To take into account the multitude of issues, objectives, 
and interests, a process of transition should be stimulated through the 
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participation of relevant stakeholders from several sectors and administrative 
scales, including a systematic search for technological breakthroughs.
 The mode of operation of researchers and research institutions will have 
to change drastically. Today, most scientific projects are carried out separately 
from the large-scale development programs in which systematic use of new 
insights from science could be beneficial. Researchers should participate 
in platforms of multiple stakeholders for a more effective articulation of 
their research questions. These regular contacts will also facilitate a more 
effective implementation of research findings. However, not all responsibility 
for effective demand articulation or implementation lies with researchers. 
Embedding the research effort in mega implementation projects such as 
those being undertaken by development banks and governments should 
be facilitated by policymakers. A current water reformation program being 
implemented in Indonesia, for instance, could benefit from ongoing research 
on growing rice with less water. Vice versa, the research community could 
formulate its research questions much more effectively. We have illustrated, 
though for rather small projects, that participatory processes for systems 
innovations are feasible and are currently being implemented. However, 
better interaction between scientists and other stakeholders is an essential 
component to make science for impact possible.
 We realize the need for researchers and other stakeholders to actively 
engage in development processes. The reality is, however, that such processes 
are not easy to implement. We are still far away from proven examples of the 
missing link as indicated in Figure 3 where actual implantation of change 
takes place at scale levels going beyond the farm. Examples show that 
participatory research linked to explanatory biological/technological research 
may help to understand and optimize the system. Similarly, integrated pest 
management programs operated at the level of farm decision making, though 
implemented at a regional scale, enhanced the impact of reduced pest and 
disease incidence.
 The number of examples to illustrate successful interventions at higher 
scale levels is scarce. At these higher scale levels, a multitude of system 
components such as farms, infrastructure, nature areas, urban centers, 
markets, factories, etc., are present, holding complex relations with each 
other. These components and relations tend to resist change as the change 
of one requires the change of all. It is therefore a challenge to achieve an 
impact of scientific findings through deliberate and coherent policy to change 
agricultural systems at the regional scale.
 The rice system faces a multitude of challenges that should be addressed 
simultaneously and at various scale levels. We have to realize that the drastic 
socioeconomic and ecological disturbance of the conventional system of 
inundated and transplanting cultivation of rice may have positioned it in a 
stage that could lead to sudden large-scale changes as described in the theories 
of Scheffer et al (2001). Scientists should be alert to this situation and look for 
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innovative and realistic options and rewarding synergies with developments 
at other scale levels. The proliferation of unfounded recommendations to 
change the system may find its roots in the susceptibility of farmers to jump 
into solutions because of pressing conditions, but may lead to unforeseen side 
effects, only temporary incremental change, and disappointments. We should 
not just look at mitigating adverse side effects or at better distribution of 
resources within the existing triangle, but we should provide technological 
innovation to increase the solution space by increasing resource-use efficiency 
for all resource uses. To facilitate a process of fundamental change, we need 
to develop options that comply with production ecology principles (De 
Wit 1992), we need systems approaches, and we need co-innovation at all 
scale levels. We will not be able to realize these drastic transformations that 
are required without technological breakthroughs using our best technical 
knowledge and means. We should at the same time realize that any transition 
of production systems calls for adjustments in socio-political conditions and 
may come with severe socioeconomic and political implications, yet these 
adjustments will be utterly necessary. A closer relation between science 
and policy will therefore be needed to marry technological innovation and 
socioeconomic well-being. 
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The adoption of Green Revolution varieties led to major increases in rice 
production. Between 1966 and 2005, the population of densely populated 
low-income countries grew by 95% but rice production increased by 140% 
from 257 million tons in 1966 to 618 million tons in 2005. In spite of these 
advances in rice production, 800 million people still go to bed hungry every 
day and most of them are poor rice consumers. Micronutrient deficiencies affect 
millions of rice consumers. Per capita rice consumption is increasing due to 
rising living standards, particularly in Africa. The population of rice consumers 
continues to grow. It is estimated that we will have to produce 38% more rice 
in 2030. This increased demand will have to be met from less land, with less 
water, less labor, and fewer chemicals. This additional rice must be produced 
from good land without opening up more fragile lands for rice cultivation.
 To meet this challenge, we need rice varieties with higher yield potential, 
greater yield stability, and dense micronutrients. Although the yield potential of 
rice is 10 tons per hectare, farmers on average still harvest 5 tons. To close this 
yield gap, we must develop varieties with more durable resistance to diseases 
and insects and tolerance of abiotic stresses. Various strategies for increasing rice 
yield potential include (1) conventional hybridization and selection procedures, 
(2) ideotype breeding, (3) hybrid breeding, (4) wide hybridization, and (5) 
genetic engineering. Various conventional and biotechnological approaches 
are being employed to develop durable resistance to diseases and insects 
and tolerance of abiotic stresses. Rice varieties with higher levels of iron and 
zinc have been identified and are being used as donors to develop improved 
varieties with dense micronutrients. Natural variation for beta carotene (a 
precursor of vitamin A) does not exist in rice. Therefore, a team of Swiss and 
German scientists has introduced the biosynthetic pathway through genetic 
engineering, leading to the production of beta carotene in rice endosperm. The 
capability of beta carotene production is now being transferred into widely 
grown national varieties.

Rice Breeding for the 21st Century

Gurdev S. Khush
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Rice is the world’s most important food crop and a primary source of food 
for more than half of the world’s population. More than 90% of the 

world’s rice is grown and consumed in Asia, where 60% of Earth’s people 
live. Rice accounts for 35% to 75% of the calories consumed by more than 
3 billion Asians. It is planted on about 154 million hectares annually or on 
about 11% of the world’s cultivated land.
 Rice is probably the most diverse food crop. It is grown as far north as 
Manchuria in China and as far south as Uruguay and New South Wales 
in Australia. Rice grows at more than 3,000 meters elevation in Nepal 
and Bhutan and 3 meters below sea level in Kerala in India. Rice-growing 
environments are classified into four major categories: irrigated, rainfed, 
upland, and flood-prone (Khush 1984). This categorization is based on several 
criteria such as water regime, drainage, soil, and topography.
 Major advances have occurred in food production during the last four 
decades because of the adoption of Green Revolution technology. Since 
1966, when the first high-yielding rice variety was released, the rice area 
harvested has increased only marginally from 126 million hectares in 1966 
to 154 million hectares in 2005 (18%), and average rice yield has doubled 
from 2.1 tons per hectare to 4.02 tons per hectare during the same period. 
Total rice production increased from 257 million tons in 1966 to 618 million 
tons in 2005 (140%). Between 1966 and 2005, the population of densely 
populated low-income countries increased 95%. In 2000, average per capita 
food availability was 18% higher than in 1966. The technological advance 
that led to dramatic achievements in world food production during the last 40 
years was the development of high-yielding and disease- and insect-resistant 
varieties of rice. The adoption of Green Revolution technology was facilitated 
by (1) the development of irrigation facilities, (2) availability of inorganic 
fertilizers, and (3) benign government policies.
 The increase in per capita availability of rice and decline in the cost of 
production per ton of output contributed to a decline in the real price of 
rice in international and domestic markets. The unit cost of production is 
about 20–30% lower for high-yielding varieties than for traditional varieties 
of rice. The cost of rice is 40% lower now than in the 1960s. The decline in 
food prices has benefited the urban poor and rural landless, who spend more 
than half of their income on food grains.

THE RICE SCENARIO IN THE NEW MILLENNIUM

The world’s capacity to sustain a favorable food-production–population 
balance has again come under the spotlight in view of continued population 



Rice Breeding for the 21st Century     65

growth and a drastic slowdown in the growth of cereal production (Brown 
1996). Rice production increased 2.5–3.0% per year during the 1970s and 
1980s. However, during the 1990s, the growth rate was only 1.5%. According 
to UN estimates, the world population will grow from 6.3 billion in 2003 
to 8 billion in 2025. Most of this increase (93%) will occur in developing 
countries, whose share of population is projected to increase from 78% in 
the 1990s to 83% in 2020.
 In spite of all the achievements of Green Revolution, serious food 
problems exist in the world. Every 3.6 seconds, somebody dies of hunger. 
Chronic hunger takes the lives of 2,400 people every day. Currently, the 
developing world has more than 800 million undernourished people, 300 
million children under the age of five die because of hunger and malnutrition, 
and one out of five babies is born underweight. 

FEEDING 5 BILLION RICE CONSUMERS IN 2025

According to various estimates, we will have to produce 38% more rice 
by 2030 to satisfy the growing demand without affecting the resource base 
adversely (Khush 2005). This increased demand will have to be met from 
less land, with less water, less labor, and fewer chemicals. If we are not able 
to produce more rice from the existing land resources, land-hungry farmers 
will destroy forests and move into more fragile lands such as hillsides and 
wetlands, with disastrous consequences for biodiversity and watersheds. To 
meet the challenge of producing more rice from suitable lands, we need 
rice varieties with higher yield potential and greater yield stability. Rice 
varieties with dense micronutrients are needed to alleviate micronutrient 
deficiencies.

INCREASING THE YIELD POTENTIAL OF RICE

Various strategies for increasing the yield potential of rice include (1) 
conventional hybridization and selection procedures, (2) ideotype 
breeding, (3) heterosis breeding, (4) wide hybridization, and (5) genetic 
engineering.

Conventional Hybridization and Selection Procedures

This is the time-tested strategy for selecting crop cultivars with higher yield 
potential. It has two phases. The first phase involves the creation of variability 
through hybridization between diverse parents. In the second phase, desirable 
individuals are selected on the basis of field observations and yield trials. It 
has been estimated that on average about a 1.0% increase has occurred per 
year in the yield potential of rice over a 35-year period since the development 
of the first improved variety of rice, IR8 (Peng et al 2000). The yields of 
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crops where there is enough investment in research have been continuously 
increased and there is no reason why further increases cannot be attained.

Ideotype Breeding

Ideotype breeding aimed at modifying plant architecture is a time-tested 
strategy to achieve increases in yield potential. Thus, selection for short-
statured cereals such as wheat, rice, and sorghum resulted in a doubling 
of yield potential. Yield potential is determined by the total dry matter or 
biomass and the harvest index (HI). Tall and traditional rice had an HI of 
around 0.3 and total biomass of about 12 tons per hectare. Thus, its maximum 
yield was 4 tons per hectare. Biomass could not be increased by applying 
nitrogenous fertilizers as the plants grew excessively tall, lodged badly, and 
their yield decreased instead of increasing. To increase the yield potential 
of tropical rice, it was necessary to improve the harvest index and nitrogen 
responsiveness by increasing lodging resistance. This was accomplished by 
reducing plant height through incorporation of a recessive gene, sd1, for 
short stature.
 The first short-statured variety, IR8, developed at the International 
Rice Research Institute (IRRI), also had a combination of other desirable 
traits such as profuse tillering, dark green and erect leaves for good canopy 
architecture, and sturdy stems. It responded to nitrogenous fertilizer much 
better and had a higher biomass (about 18 tons) and HI of 0.45. Its yield 
potential was 8–9 tons per hectare (Chandler 1969).
 To increase the yield potential of rice further, a new plant type was 
conceptualized in 1988. Modern semidwarf rice produces many unproductive 
tillers and excessive leaf area, which cause mutual shading and reduce canopy 
photosynthesis and sink size, especially when the plants are grown under 
direct-seeding conditions. To increase the yield potential of this semidwarf 
rice, IRRI scientists proposed further modifications of plant architecture, 
with the following characteristics:
  Low tillering (9–10 tillers for transplanted conditions)
  No unproductive tillers
  200–250 grains per panicle
  Dark green, thick, and erect leaves
  Vigorous and deep root system
 This proposed ideotype became the “new plant type” (NPT), highlighted 
in IRRI’s strategic plan (IRRI 1989), and breeding efforts to develop the 
NPT began in 1990. The objective was to develop improved germplasm 
with 15–20% higher yield than that of the existing high-yielding varieties. 
Numerous breeding lines with desired ideotype were developed (Khush 
1995) and shared with national rice improvement programs. Three NPT 
lines have been released in China and two in Indonesia. Other national 
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agricultural research and extension systems (NARES) are evaluating and 
further improving NPT lines.

Heterosis Breeding

Yield improvement in maize has been associated with hybrid development. 
Yields of maize in the United States were basically unchanged from the mid-
19th century until 1930 and accelerated after the introduction of commercial 
double-cross hybrids. The subsequent replacement of double-cross hybrids 
by single-cross hybrids in 1960 is associated with the second acceleration 
in maize yields. The average yield advantage of hybrids versus cultivars is 
approximately 15% (Tollenaar 1994).
 Rice hybrids with a yield advantage of about 10–15% over the best inbred 
varieties were introduced in China in the mid-1970s and are now planted 
on about 45% of the rice land in that country. Rice hybrids adapted to the 
tropics have now been bred at IRRI and by NARES and show a similar yield 
advantage. The increased yield advantage of tropical rice hybrids is due to 
increased biomass, higher spikelet number, and to some extent higher grain 
weight. Increased adoption of hybrids in the tropics should contribute to 
increased productivity.

Wide Hybridization

Crop gene pools are widened through hybridization of crop cultivars with wild 
species, weedy races as well as intrasubspecific crosses. Such gene pools are 
exploited for improving many traits, including yield. For example, Lawrence 
and Frey (1976) reported that a quarter of the lines from BC2-BC4 segregants 
from Avena sativa × A. sterilis crosses were significantly higher in grain yield 
than the cultivated recurrent parent. Nine lines from this study, when tested 
over years and sites, had agronomic traits similar to those of the recurrent 
parent and 10–29% had higher grain yield. The higher yield potential of 
these interspecific derivatives was attributed to higher vegetative growth 
rates or early seedling vigor.
 Xiao et al (1996) reported that some backcross derivatives from a cross 
between an Oryza rufipogon accession from Malaysia and cultivated rice 
outyielded the recurrent parent by as much as 18%. They identified two QTLs 
from wild species with a major contribution to the yield increase. These QTLs 
are now being transferred to several modern semidwarf varieties. Upland rice 
varieties with improved yield potential were developed at the African Rice 
Center (WARDA) through interspecific hybridization between Asian rice 
Oryza sativa and African rice O. glaberrima.
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Genetic Engineering

Since protocols for rice transformation are well established (Christou et al 
1991), it is now possible to introduce single alien genes that can selectively 
modify yield-determining processes. In several crop species, incorporation of 
the “stay green” trait or slower leaf senescence has been a major achievement 
of breeders in the past decade (Evans 1993). In some genotypes with slower 
senescence (stay green), Rubisco degradation is slower, which results in a 
longer duration of canopy photosynthesis and higher yields. The onset of 
senescence is controlled by a complement of external and internal factors. 
Plant hormones such as ethylene and abscisic acid promote senescence, 
whereas cytokinins are senescence antagonists. Therefore, overproduction 
of cytokinins can delay senescence. The ipt gene from Agrobacterium 
tumefacions encoding an isopentenyl transferase (Akiyoshi et al 1984) was 
fused with a senescence-specific promoter, SAG 12 (Gan and Amasino 
1995), and introduced into tobacco plants. The leaf and floral senescence 
in the transgenic plant was markedly delayed, biomass and seed yield 
increased, but other aspects of plant growth and development were normal. 
This approach appears to have great potential in improving crop yields by 
slowing the senescence and Rubisco degradation and thus improving canopy 
photosynthesis.
 C4 plants such as maize and sorghum are more productive than C3 rice and 
wheat because C4 plants are 30–35% more efficient in photosynthesis. Ku et 
al (1999) and Matsuoka et al (2001) are trying to alter the photosynthesis of 
rice from the C3 to C4 pathway by introducing cloned genes from maize that 
regulate the production of enzymes responsible for C4 synthesis. If successful, 
the yield potential of rice could increase by 30–35%. 

BREEDING FOR DURABLE RESISTANCE

Full yield potential of modern rice varieties is not realized because of the 
toll taken by attacks by diseases and insects. It is estimated that diseases and 
insects cause yield losses of up to 25% annually. Genetic improvement to 
incorporate durable resistance to pests is the preferred strategy to minimize 
these losses. There is no cost to farmers and resistant cultivars are easily 
adopted and disseminated, unlike “knowledge-based” technologies. Also, 
concern for the environment has become an important public policy issue 
and pest management methods that minimize the use of crop protection 
chemicals are increasingly finding favor.
 Diverse sources of resistance to major diseases and insects have been 
identified and rice varieties with multiple resistances to diseases and insects 
have been developed. However, no sources of resistance to sheath blight are 
available and there is a paucity of donors for resistance to virus diseases and 
stem borer. Recent breakthroughs in cellular and molecular biology have 
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provided tools to develop more durably resistant cultivars and to overcome 
the problem of lack of a donor for resistance.

Wide Hybridization for Disease and Insect Resistance

Wild species of rice are a rich source of genes for resistance breeding. For 
example, none of the cultivated rice was found to be resistant to grassy 
stunt. Oryza nivara, a wild species closely related to cultivated rice, was 
found to be resistant and the dominant gene for resistance was transferred 
to improved germplasm through backcrossing. This gene for resistance has 
been incorporated into many widely grown varieties. When genes are to 
be transferred from more distantly related species, special techniques such 
as embryo rescue are employed to produce interspecific hybrids. Jena and 
Khush (1990) transferred genes for resistance to three biotypes of brown 
planthopper from O. officinalis to an elite breeding line. Multani et al (1994) 
transferred genes for resistance to brown planthopper from O. australiensis 
to cultivated rice. Similarly, genes for resistance to blast and bacterial blight 
have been transferred form O. minuta to improved rice germplasm (Brar and 
Khush 1997).

Molecular Marker-Assisted Breeding

Numerous genes for disease and insect resistance are repeatedly transferred 
from one varietal background to another. Most genes behave in a dominant or 
recessive manner and require time-consuming efforts to transfer. Sometimes, 
the screening procedures are cumbersome and expensive and require a large 
field space. If such genes can be tagged by tight linkage with molecular 
markers, time and money can be saved in transferring these genes from one 
varietal background to another. The presence or absence of the associated 
molecular marker indicates at an early stage the presence or absence of the 
desired target gene. A molecular marker very closely linked to the target 
gene can act as a “tag” that can be used for indirect selection of the target 
gene (Jena et al 2003).
 Two of the most serious and widespread diseases in rice production are 
rice blast caused by the fungus Pyricularia oryzae and bacterial blight caused 
by Xanthomonas oryzae pv. oryzae. 
 The development of durable resistance to these diseases is the focus of 
a coordinated effort at IRRI using molecular marker technology. Efforts to 
detect markers closely linked to bacterial blight resistance genes have taken 
advantage of the availability of near-isogenic lines having single genes for 
resistance. Segregating populations were used to confirm co-segregation 
between RFLP markers and genes for resistance. Protocols for converting 
RFLP markers into PCR-based markers and using the PCR markers in marker-
aided selection (MAS) have been established (Zheng et al 1995). The PCR 
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markers were also used for pyramiding genes for resistance to bacterial blight. 
Thus, xa4, x5, xa13, and Xa21 were combined into the same breeding line 
(Huang et al 1997). The pyramided lines showed a wider spectrum and higher 
level of resistance than lines with only a single gene for resistance. MAS 
has also been employed for moving genes from pyramided lines into the new 
plant type (Sanchez et al 2000) as well as into improved varieties grown in 
India (Singh et al 2001).

Genetic Engineering

Protocols for rice transformation have been developed that allow the transfer 
of foreign genes from diverse biological systems into rice. Direct DNA transfer 
methods such as protoplast-based (Datta et al 1990) and biolistic (Christou 
et al 1991) as well as Agrobacterium-mediated (Hei et al 1994) are being 
used for rice transformation. Major targets for rice improvement through 
transformation are disease and insect resistance.
 As early as 1987, genes encoding for toxins from Bacillus thuringiensis 
(Bt) were transferred to tomato, tobacco, and potato, in which they provided 
protection against Lepidopteran insects. A major target for Bt deployment in 
transgenic rice is the yellow stem borer. This pest is widespread in Asia and 
causes substantial crop losses. Improved rice cultivars are either susceptible to 
the insect or have only partial resistance. Thus, transgenic Bt rice has much 
appeal for controlling the stem borer. Codon-optimized Bt genes have been 
introduced into rice and show excellent levels of resistance in the laboratory 
and greenhouse (Datta et al 1997). Bt rice has also been tested under field 
conditions in China (Tu et al 2000) and has excellent resistance to diverse 
populations of yellow stem borer. Besides Bt genes, other genes for insect 
resistance such as those for proteinase inhibitors, α-amylase inhibitors, and 
lectins are also beginning to receive attention. Insects use diverse proteolytic 
or hydrolytic enzymes in their digestive gut for the digestion of food proteins 
and other food components. Plant-derived proteinase inhibitors or α-amylase 
inhibitors are of particular interest because these inhibitors are a part of 
the natural plant defense system against insect predation. Xu et al (1996) 
reported transgenic rice carrying the cowpea trypsin inhibitor (Cpti) gene 
with enhanced resistance against striped stem borer and pink stem borer.
 Several viral diseases cause serious yield losses in rice. A highly successful 
strategy termed coat protein (CP)–mediated protection has been employed 
against certain viral diseases such as tobacco mosaic virus in tobacco and 
tomato. A CP gene from rice stripe virus was introduced into two japonica 
varieties by electroporation of protoplasts (Hayakawa et al 1992). The 
resultant transgenic plants expressed CP at a high level and exhibited a 
significant level of resistance to virus infection and the resistance was 
inherited by the progenies. 



Rice Breeding for the 21st Century     71

BREEDING FOR ABIOTIC STRESS TOLERANCE

A series of stresses such as drought, excess water, mineral deficiencies, 
toxicities in soil, and unfavorable temperatures affect rice productivity. 
Progress in developing crop cultivars for tolerance of abiotic stresses has 
been slow because of a lack of knowledge of mechanisms of tolerance, poor 
understanding of inheritance of resistance or tolerance, low heritability, and 
lack of efficient techniques for screening germplasm and breeding materials. 
Nevertheless, rice cultivars with varying degrees of tolerance of abiotic 
stresses have been developed.
 Rainfed rice is planted on about 40 million hectares worldwide. Vast 
areas suffer from drought at some stage of the growth cycle. QTLs for various 
component traits of drought tolerance have been mapped (Champoux et al 
1995) and the information is being used to develop improved cultivars with 
drought tolerance.
 Genetic engineering techniques hold great promise for developing rice 
with drought tolerance. Garg et al (2002) introduced ots A and ots B genes 
for trehalose biosynthesis from Escherichia coli into rice and transgenic rice 
accumulated trehalose at 3–10 times the rate of nontransgenic controls. 
Trehalose is a nonreducing disaccharide of glucose that functions as a 
compatible solute in the stabilization of biological structures under abiotic 
stress. Transgenic rice lines had increased tolerance for abiotic stresses such 
as drought and salinity.
 Accumulation of sugar alcohols is a widespread response that may protect 
plants against environmental stress through osmoregulation. Mannitol is 
one of the sugar alcohols commonly found in plants. Tobacco plants lacking 
mannitol were transformed with a bacterial gene, mtlD, encoding mannitol 
(Tarczynski et al 1992). Mannitol concentrations exceeded 6 μmol g–1 (fresh 
weight) in the leaves and roots of some transformants, whereas this sugar 
alcohol was not detected in these organs of control tobacco plants. Growth 
of plants from control and mannitol-containing lines in the absence and 
presence of sodium chloride (NaCl) in culture solution was analyzed. Plants 
containing mannitol had an increased ability to tolerate salinity (Tarczynski 
et al 1993). After 30 days of exposure under concentrations of 20 mg NaCl 
in culture solution, transformed plants increased in height by a mean of 
80%, whereas control plants increased by only a mean of 22% over the same 
interval. This approach is worth trying in rice.
 In some areas, the rice crop suffers from floods when it is submerged 
underwater for up to 10 days. Rice cultivars cannot survive such prolonged 
submergence. A few rice cultivars have been identified that survive 
submergence for 8–10 days. Using FR13A, one of the submergence-tolerant 
donors, improved rice cultivars with submergence tolerance have been 
developed (Mackill et al 1993).
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TACKLING HIDDEN HUNGER

The International Food Policy Research Institute’s global model for Policy 
Analysis of Commodities and Trade projects the future world food situation 
according to several scenarios (Rosegrant et al 1995). Under the most-likely 
or baseline scenario, 150 million children under the age of 6 years will be 
malnourished in 2020, just 20% fewer than in 1993. Child malnutrition is 
expected to decline in the major developing regions, except in sub-Saharan 
Africa, where the number of malnourished children is likely to reach 40 
million in 2020. In South Asia, home to half of the world’s malnourished 
children, the number is expected to decline by more than 30 million by 
2020. With more than 70% of the world’s malnourished children, sub-
Saharan Africa and South Asia are expected to remain “black spots” of 
child malnutrition in 2020. According to Smith and Hadad (2000), per 
capita availability of food is not the only determinant of child malnutrition. 
Other factors such as women’s education and status in society, the health 
environment, and political stability play an important role.
 At least 100 million young children suffer from vitamin-A deficiency 
and as many as 3 million children die annually as a result of this. Fourteen 
million children suffer from clinical eye problems, and increased risk of 
respiratory diseases and diarrhea (Sommer 1990).
 Rice grains do not contain beta carotene, the precursor of vitamin A. 
Therefore, children who derive most of their calories from rice suffer from 
vitamin-A deficiency. In many Asian countries (Bangladesh, Cambodia, 
India, Laos, Myanmar, and Vietnam), poor people get more than 60% of 
their calories from rice. A genetic engineering project to introduce the 
biosynthetic pathway leading to the production of beta carotene into rice 
endosperm was implemented by a team led by Ingo Potrykus in Switzerland 
(Ye et al 2000). Two genes from a plant (daffodil) and one from a bacterium 
(Erwinia uredovora) were introduced into rice variety Taipei 309. Ten plants 
had a yellow endosperm (due to the presence of beta carotene) and a normal 
vegetative phenotype and were fully fertile. Taipei 309 was used to introduce 
the beta carotene biosynthetic pathway as it is easy to transform. However, 
it is not cultivated due to its low yield potential compared with modern 
high-yielding varieties. Efforts are now under way to introduce the genes 
for beta carotene production into widely grown improved varieties through 
transformation, as well as through conventional backcrossing techniques 
using transformed Taipei 309 as a donor. It is anticipated that elite varieties 
with beta carotene will become available during the next 2–3 years. This so-
called “golden rice” is being evaluated for phenotypic stability, biosafety, food 
safety, and bioavailability. It will be field-tested for yield performance.
 Because rice consumers are used to eating white rice, consumer acceptance 
of golden rice will also be studied and education programs might be necessary. 
When widely grown, golden rice will help reduce child mortality.
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 According to various estimates, 2 billion of the world’s population 
suffer from iron (Fe) deficiency. Fe deficiency results in diminished work 
performance, impaired body temperature regulation, impaired psychomotor 
development and intellectual performance, detrimental behavioral changes, 
and decreased resistance to infection (Dallman 1990). Women are particularly 
at risk of Fe deficiency because of their elevated requirements for child-
bearing and growth. An estimated 58% of pregnant women in developing 
countries are anemic, and their infants are more likely to be born with a low 
body weight. According to WHO estimates, 31% of these children under 5 
years old are also anemic.
 A logical strategy for supplying micronutrient Fe to poor women in 
developing countries involves making staple foods such as rice more nutritious 
by using conventional plant breeding and biotechnology. This strategy is 
low-cost and sustainable and it does not require a change in eating habits 
and does not impose recurring costs. The greatest potential for improving 
nutritional status on a large scale involves rice, which is the staple of billions 
of poor people in Asia.
 A research project to develop improved rice varieties with enhanced 
Fe content started at the International Rice Research Institute (IRRI) in 
1992. More than 7,000 entries from the rice germplasm bank were evaluated 
in cooperation with the Department of Plant Science, University of 
Adelaide, Australia. Considerable variation was observed in the germplasm 
for Fe content in the grain. Among a subset of 1,138 samples analyzed, Fe 
concentration ranged from 6.3 to 24.4 mg kg–1. In comparison, widely grown 
rice varieties IR36 and IR64 have Fe content of about 12 mg kg–1. Traditional 
varieties Jalmagna and Zuchen contained almost twice as much Fe. Crosses 
between high-yielding varieties and traditional varieties with high Fe content 
have produced progenies with high yield potential and elevated levels of Fe 
content. One of these progenies has been released as a variety for on-farm 
production in the Philippines.
 The Fe content of rice was also raised through genetic engineering. Goto 
et al (1999) introduced the soybean ferritin gene into japonica rice variety 
Kita-ake through Agrobacterium-mediated transformation. The Fe content 
of transgenic seeds was twice as high as that of untransformed controls.
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Rice is the main staple food in China. More than 60% of the population in the 
country lives on it. The performance of the rice sector in production and yield 
has been very impressive in most of the last five decades. The wide adoption 
of semidwarf varieties facilitated an increase in rice yield from 2 t ha–1 in 
the 1960s to 3.5 t ha–1 in the 1970s. In 1973, the development of the first 
cytoplasmic male sterile (CMS) line in China made it possible to exploit the 
heterosis of hybrid rice in commercial use. Hybrid rice outyields the leading 
conventional varieties by 10–20%, enabling China to increase its rice yield to 
more than 6.0 t ha–1 and increase production by nearly 450 million tons on 
370 million ha from 1976 to 2005. 
 China’s experience with hybrid rice research could be attributed to the use 
of various CMS resources, the high outcrossing rate of CMS lines and stable 
environmentally induced genetic male sterile (EGMS) lines, improvement of 
resistance to diseases and in grain quality, and a combination of ideo-plant 
type with heterosis in the hybrid rice breeding program. Innovative breeding 
techniques, for example, for the root system, molecular marker-aided selection, 
and wide hybridization should be considered in the further development of 
hybrid rice in China.

Keywords: Rice production, hybrid rice, molecular marker-aided selection 
(MAS)

Rice is the main staple food in China. More than 60% of the population 
in the country lives on it. Rice is planted over a wide range, extending 

from 18°N to 53°N latitude. Over the recent decade, rice has contributed 
about 40% of grain production with less than 30% of the grain crop area. Rice 
also has the highest yield of all grain crops in China. In 2005, the average 
yield in rice, wheat, and maize was 6.26 t ha–1, 4.27 t ha–1, and 5.29 t ha–1, 
respectively. Rice yield was 46.6% and 18.3% higher than that of wheat and 
maize, respectively. China’s rice also has an important place in the world. 
Recently, China produced more than 31% of the total world rice production 

Rice Production and Hybrid Rice 
Research in China

Cheng Shihua, Cao Liyong, and Zhai Huqu



78     Cheng Shihua et al

using less than 19% of the total rice-planting area. China has about 70% of 
the average rice yield vis-à-vis the world average level. 
 China has made great efforts to increase its rice yield by exploiting the 
genetic resources of rice. The performance of the rice sector in production 
and yield had been very impressive in most of the last five decades. With the 
wide adoption of semidwarf varieties with the sd1 gene, rice yield in China 
increased from 2.0 t ha–1 in the 1960s to 3.5 t ha–1 in the 1970s. Subsequently, 
hybrid rice with a yield advantage of 10–20% over that of conventional 
varieties was developed and commercially grown in 1976, which resulted in 
an increase in yield to over 6.0 t ha–1 (Fig. 1). This has contributed to self-
sufficiency of the food supply in China.
 However, rice production and yield have stagnated since 1990. This 
implies that in order to match the future population’s food demand further 
increases in rice yield will be more difficult. In addition, arable land available 
for rice cultivation has decreased during the last three decades because 
of other uses of the land such as for basic construction, adjustments in 
agricultural production structure, and limited land for expanded cultivation. 
This resulted in reduced rice-planting area from 31.8 million hectares in 1997 
to 26.5 million hectares in 2003 (Fig. 2). As a consequence, the total output 
of rice grain fell from a record high of 200.7 million tons in 1997 to 160.7 
million tons in 2003. To ensure food security for the increasing population, 
raising the yield ceiling of rice remains a priority in China. The exploitation 

�

�

�

�

�

�

�

�

��������������

���������
�����������

�����������

���� ���� ���� ���� ���� ���� ���� ���� ���� ����

����

Fig. 1: Increase in yield of rice through genetic improvement in China.
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of intersubspecies heterosis in rice became the important choice for producing 
more rice (Yuan 1997, Cheng et al 1998).

HYBRID RICE RESEARCH IN CHINA

Role of Hybrid Rice in Increasing Rice Production 
in And Outside China

Prof. Yuan initiated heterosis research in rice in 1964. He found a natural 
male sterile mutant plant in indica rice, but couldn’t find a restorer line. 
Fortunately, pollen abortive materials were found in the natural population 
of wild rice (Oryza rufipogon), which had been the donor of cytoplasmic male 
sterility (CMS) to develop CMS lines. The development of the first CMS 
line in China in 1973 made it possible to exploit the heterosis of hybrid rice 
in commercial use. Hybrid rice outyields leading conventional varieties by 
10–20%. This enabled China to increase its rice production by nearly 450 
million tons, including 370 million ha of hybrid rice, from 1976 to 2005. 
Hybrid rice has been developed for 40 years. Its area increased from 0.14 
million ha in 1976 to about 15 million ha in recent years, more than 50% of 
the total rice-planting area in China (Table 1). In regions such as Guangdong 
and Sichuan provinces, more than 90% of the rice varieties grown are hybrid 
rice. It is anticipated that the area under hybrid rice will reach 70% of the 
total rice area in 2010. 
 China plays a very important role in the worldwide development of hybrid 
rice. China’s successful commercial exploitation of hybrid rice encourages 
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Fig. 2: Changing trend of rice planting area in China.
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many other countries to promote research on and extension of hybrid rice. 
It was estimated that the planting area in 2005 reached 1.5 million ha in 
the Asian region outside China, with a 15–60% yield advantage over local 
inbred rice. It is also anticipated that the total planting area under hybrid 
rice outside China will reach 3–4 million ha in 2010 and 30–35 million ha 
in 2020.

Diversification of Male Sterile Sources Used 
in Hybrid Rice Breeding

To date, CMS has been found to be the most effective system for developing 
rice hybrids in China and elsewhere. Wild abortive (WA)-type CMS was the 
first type to be used in hybrid rice breeding. So far, the combination of CMS-
WA is still the dominant one in terms of three-line hybrid rice production. 
To minimize potential damage from rice diseases caused by the unique CMS 
genetic background, Chinese rice scientists have exploited other CMS sources 
and developed different CMS lines for breeding new combinations of hybrids. 
Seven kinds of CMS are being used in China’s hybrid rice breeding program. 
For planting area in recent years (2000-02), the combinations of CMS-ID 
and those of CMS-G&D accounted for 18.3–21.9% and 12.8–14.6% of the 
total hybrid rice area in China, occupying second and third place for CMS 
hybrids, respectively (Table 2). 
 At first, hybrid rice was developed mainly for high yield. With economic 
development and people’s increased need for food quality and low cost, great 
efforts have been made to improve hybrid rice quality and the outcrossing 
rate in CMS lines. CMS-ID types developed by a CNRRI scientist, such as 
II-32A and Zhong9A, have been used rapidly and have occupied second 
place in planting area following CMS-WA for a long time. The reason is 
that CMS-ID type has high grain quality and outcrossing rate and can bring 

Table 1: Yearly area of hybrid rice and percentage of the 
total rice area in China (1976-2002).

Year Hybrid planting area % of total rice area
 (million ha)
 
1976   0.14   0.4
1978   4.34 12.6
1982   5.62 17.0
1986   9.00 27.9
1990 13.62 41.2
1997 17.73 55.8
1999 16.55 52.9
2002 15.48 54.9
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Table 2: Planting areas of different CMS hybrid types in 2000-02.

  2000 2001 2002
Hybrid
type Area  % Area  % Area %
 (million ha)  (million ha)  (million ha) 

WA 6.528 48.3 7.008 50.8 6.025 39.7
ID 2.849 21.1 2.527 18.3 3.329 21.9
G&D 1.775 13.1 1.763 12.8 2.214 14.6
DA 1.330   9.8 0.793   5.7 0.703   4.6
K 0.133   0.9 0.222   1.6 0.113   0.7
BT 0.063   0.5 0.074   0.5 0.106   0.7
HL 0.019   0.1 0.022   0.2 0.047   0.3

Table 3: Grain quality and outcrossing traits in Zhong 9A (ID-CMS) 
and Zhenshan 97A (WA-CMS).

Grain quality items Zhong 9A Zhenshan 97A

Brown rice recovery (%) 80.4 81.0
Milled rice recovery (%) 71.1 73.3
Milled head rice recovery (%) 31.3 34.2
Grain length (mm)   6.7   5.8
Grain length/width ratio   3.1   2.3
Chalky grain percentage 8 84
Chalkiness   0.6 16.6
Translucency 3 4
Alkali digestion value 6 6
Gel consistency 32 30
Amylose content (%) 23.7 22.7
Outcrossing traits  
   Exserted stigma % 82.3 39.6
   Outcrossing seed setting % 75.6 35.7
   Seed yield (t ha–1) 3–4.5 2.2–3

about high-yielding hybrids and produce more hybrid seeds than other CMS 
types. We can compare the grain quality and outcrossing traits between Zhong 
9A(ID-CMS) and Zhenshan 97A (WA-CMS) (Table 3). 
 Although the CMS system has been successful in the exploitation of 
heterosis in rice, it is cumbersome as it involves three lines (CMS, maintainer, 
and restorer). Its use is also restricted to that germplasm whose maintainers 
and restorers are not abundant. Shi (1981) first reported that Nongken 
58’, a male sterile mutant from the japonica variety Nongken 5, was a 
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photoperiod-sensitive genetic male sterile (PGMS) line. The development of 
environmentally induced genetic male sterile (EGMS) rice, including PGMS, 
thermosensitive genetic male sterile (TGMS), and photo-thermosensitive 
genetic male sterile (P-TGMS) rice, has laid the foundation for using a two-
line system to produce hybrid rice seeds (Cheng et al 1996). In 2002, the 
planting area of two-line hybrids amounted to 2.745 million hectares and 
9.7% of the total national rice area. Two-line hybrid Liangyou Pei9, occupying 
first place in planting area instead of Shanyou 63, a WA-CMS type hybrid 
(Yang et al 2006), showed promising prospects for producing two-line hybrids 
in China if the unstable fertility problem in EGMS could be solved.

Use of Intersubspecies Heterosis 
Between Indica and Japonica Rice 

To solve future food insufficiency in China, exploitation of intersubspecies 
heterosis for high yield is increasingly needed. Based on the experience of 
breeding for high yield of rice in China and the experience of new plant type 
(super rice) breeding at IRRI, a special collaborative research program on 
breeding of super rice has been established by China’s Ministry of Agriculture. 
The program mainly focuses on breeding of super hybrid rice, which was 
defined as the varietal type combining a harmonious plant type with heterosis 
through hybridization between indica and japonica to achieve super high 
yield (Cheng et al 1998). Besides high quality and resistance to pests, the 
yield targets of super rice under favorable conditions are expected to meet 
the future requirement (Table 4).
 According to the pedigree analysis, the majority of inbred cultivars and 
hybrids of rice grown in China have few ancestors. The genetic backgrounds 
were confirmed to be unique based on the results of RFLP variations in indica 
cultivars and their parents (Zhuang et al 1997). In the indica rice-growing 

Table 4: Yield targets of different types of super rice varieties
(Ministry of Agriculture, China, 1996).

Year Conventional rice (t ha–1)a Hybrid rice (t ha–1)a Increase
   (%)b

 EI(Y) E&LI(S) SJ(Y) SJ(N) EI(Y) SI&J LI
 
2000   9.00   9.75   9.75 10.50   9.75 10.50   9.75 15
2005 10.50 11.25 11.25 12.00 11.25 12.00 11.25 30

aPerformance at two sites, 6.67 haor more at each site, successive two years. EI(Y) = early-season indica 
rice in middle and lower reaches of Yangtze River. E&LI(S) = early- or late-season indica rice in southern 
China. SJ(Y) = single-season japonica rice in middle and lower reaches of Yangtze River. SJ(N) = single-
season japonica rice in northern China. SI&J = single-season indica or japonica rice. LI = late-season 
indica rice. bYield advantage over the control variety in multilocation trials.
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regions of China, breeders adopted the methodology of introgressing japonica 
traits into an indica rice background to develop indicalinous germplasm, 
and in the japonica rice-growing regions introgressing indica traits into 
a japonica rice background to develop japonicalinous germplasm. So far, 
a set of indicalinous or japonicalinous germplasm for super rice breeding 
has been intentionally developed. Some germplasm has been successfully 
used in breeding super hybrid rice. For instance, R9308, an indica restorer 
line from a cross of intersubspecies, was successfully used in the breeding 
program on super hybrid rice by CNRRI. Xieyou9308, a hybrid with super 
high yield, multiple resistance to diseases, and good grain quality, was 
registered in Zhejiang Province in 1999 (Fig. 3) (Cheng et al 2005) and its 
total planting area has surpassed 1 million ha. We estimated that there are 
about 25% japonica genetic components in R9308. Its hybrid Xieyou9308 
was estimated to have about 12.5% japonica genetic components and it 
has a good combination of super high-yielding capacity with harmonious 
plant type. Another example is two-line super indica hybrid Liangyou Pei9 
developed by the Jiangsu Academy of Agricultural Sciences in collaboration 
with the Hunan Hybrid Rice Research Institute. Its female is Peiai64S, a 
TGMS line with the pedigree of tropical japonica (Yuan 1997). Under good 
management, these two super hybrids showed super high yield with ideo-plant 
type in demonstration trials (Table 5).
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Fig. 3: Development of 
medium-type restorer line 
R9308 and its super hybrid 

Xieyou9308.



84     Cheng Shihua et al

Table 5: Yield performance of super hybrids Xieyou9308 and Liangyou Pei 9.

Hybrid Trial site Year Average Area Highest Area
   yield (t ha–1) (ha) yield (t ha–1) (ha)

Xieyou9308 Xinchang, Zhejiang 2000 11.84 6.8 12.22   0.07
 Zhuji, Zhejiang 2000 11.42 10.0 11.69   0.13
 Xinchang, Zhejiang 2001 11.95 6.9 12.40   0.07
 Xinchang, Zhejiang 2002 10.52 70.0 11.46 16.70
 Xinchang, Zhejiang 2003 11.54 82.5 12.03 28.87
Liangyou Pei 9 Longshan, Hunan 2000 10.65 66.7 11.13   0.07
 Chunzhou, Hunan 2000 11.67   7.7 12.12   0.69

Marker-Aided Selection (MAS) on Restorer Lines 
of Hybrid Rice

Bacterial leaf blight (BB) is one of the major diseases in rice, especially in 
hybrid rice. All commercial rice hybrids currently used in China have high 
heterosis, but most of them lack resistance to BB or have poor agronomic 
traits although showing BB resistance. It has been estimated that the disease 
causes nearly 10% rice yield loss annually. To date, more than 20 major 
genes have been identified and nominated. Among them, the Xa21 gene 
originated from O. longistaminata is a dominant one, with broad-spectrum 
resistance, and sequence tagged site (STS) markers closely linked to Xa21 
have become available. 
 Backcrossing was made using L1 as the recurrent parent and IRBB60 as 
the donor parent. L1 is a restorer line selected from Duoxi 1/R2070, and it 
has good combining ability but is susceptible to BB. IRBB60 introduced from 
the International Rice Research Institute (IRRI) is a restorer line resistant to 
BB carrying genes Xa4 and Xa21 with dominant resistance and genes xa5 and 
xa13 with recessive resistance. The offsprings of F1 hybrids and backcrossing 
of IRBB60 and L1 were detected with a DNA marker tightly linked to 
Xa21 to select resistant lines, while their restoring abilities were tested by 
conventional testcrossing. Four bacterial blight strains with a density of 1 
× 109 mL–1 were inoculated artificially to verify the resistance of candidate 
lines. 
 On the basis of phenotypic selection in each generation, the individuals 
carrying heterozygous Xa21 were selected. By means of four successive 
backcrossings and selection, 43 individuals from BC4F1 carrying Xa21 were 
selected. After selfing, the individuals carrying homozygous Xa21 were 
screened by a DNA marker. Two elite restorer lines (R8006 and R1176) 
with resistance to BB and excellent agronomic traits were selected (Cao et 
al 2003). 
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Fig. 4: Four hybrids with high resistance to BB and excellent agronomic traits 
derived from R8006, a new restorer line developed through MAS.

 R8006 and R1176 show great potential as elite restorers in a hybrid rice 
breeding program. A total of four hybrids have been developed through 
crossing R8006 with various CMS lines (Fig. 4) and two hybrids developed 
through R1176. All hybrids have been released nationally or provincially for 
commercial use and showed high resistance to diseases, good quality, and high 
yield potential in national and provincial adaptability and yield trials.

FUTURE OUTLOOK ON HYBRID RICE RESEARCH

Great achievements in hybrid rice breeding have been made in China. 
However, it seems that a further increase in yield will be more difficult. Some 
issues for future research should be considered. 
 The root system is the foundation of plants. However, the proportion 
of research effort devoted to the root system has been much smaller than 
that devoted to the rest of the plant. Root system vigor at various growth 
stages, particularly during the grain-filling period, should be comprehensively 
considered. Our primary study indicates that the ideal root system for rice 
will be adequate in morphology, effective in physiology, and friendly for 
environmental protection. To improve rice roots, control root number, and 
improve root depth, more efficient root activity per unit of root biomass 
will be needed for high-yielding rice in a future breeding program (Wu and 
Cheng 2005).
 Exploitation of indica/japonica heterosis could heighten the level of yield. 
With the development of molecular marker technology in rice, subspecies 
differentiation of parents can be detected and a suitable contribution of 
indica and japonica traits in hybrids can be determined for high yield in 
combination with harmonious plant type. On the other hand, the availability 
of high-density genetic linkage maps now makes it possible to identify and 
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study the effects of the individual loci underlying quantitatively inherited 
traits (QTLs). Classically, it was assumed that complex traits were determined 
by a large number of genes of relatively small and equal effect. QTL analysis 
has revealed that the effects of different loci may vary greatly. The MAS 
technique has provided an approach to pyramiding beneficial alleles of QTLs 
for improving yield and other important traits. Recently, some restorer lines 
pyramiding yield QTLs and major genes with resistance to disease are under 
evaluation in super hybrid rice breeding programs (Cheng et al 2004).
 Incorporation of the characteristics of high photosynthetic rate in 
other species into the rice plant is of importance for future super hybrid rice 
breeding. Using a transgenic technique, the PEPC gene and ADP gene have 
now been transformed into rice (Zhu et al 2004). Photosynthetic capacity 
and yield potential in transgenic hybrid rice plants are being evaluated.
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Rice is cultivated year-round in many parts of India, and in diverse ecologies 
it covers more than 40 million hectares, with a production of around 90 
million tons.  Rice improvement efforts in India began as early as 1911 and 
received a major impetus with the setting up of the All India Coordinated 
Rice Improvement Project in 1965 to facilitate a free and rapid exchange 
of germplasm and breeding lines. This effort resulted in the release of more 
than 700 varieties/hybrids. As a consequence, over the last four decades, the 
number of districts having rice productivity of more than 2 tons per hectare 
increased from 2 to 103. Almost 50% of these districts have current yields of 
more than 3 t ha–1. Hybrid rice is cultivated in India on almost 1 million ha, 
with an average yield advantage of 1–1.5 t ha–1over pure-line varieties. Hybrids 
have also been developed for the fragile and unfavorable rice ecosystems. 
Aromatic rice hybrid Pusa RH 10 has been developed that has very fine grain 
and excellent cooking quality. India has released many high-yielding Basmati 
rice varieties. These varieties have short duration (120 days versus 160 days in 
traditional Basmati) and higher productivity (5–6 t ha–1 versus 2–2.5 t ha–1 for 
traditional Basmati). The area under Basmati rice has now increased to close 
to 1 million ha. These developments in production have led to a considerable 
increase in rice (including Basmati) exports to other countries. Over the years, 
India has developed a strong base in rice biotechnology. Our scientists have 
sequenced the long arm of chromosome 11 in partnership with the International 
Rice Genome Sequencing Project. Considerable progress has also been made 
in mapping, tagging, and map-based cloning of rice genes of agronomic 
importance. Based on DNA marker-assisted pyramiding of bacterial blight 
resistance genes, an improved version of Pusa Basmati 1 has recently been 
released for commercial cultivation. Several technologies such as precision 
land leveling, zero-tillage, bed planting, direct seeding, and the leaf color 
chart have become available and can help in resource conservation. Detailed 
experiments done at several places in the country have enabled us to develop 
inventories of methane and other greenhouse gases from rice paddies. These 
analyses have shown that total methane emissions from Indian paddies are 2.9 
Tg per annum, which is far lower than the earlier estimates of international 
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organizations. In the future, we need to increase our production considerably 
to meet the demand of the rising population. Increasing climatic variability 
and climate change, however, could further affect rice supplies. Problems and 
challenges facing rice production require new technologies and simultaneous 
action for enabling policy, infrastructure, and market support. 

Rice is a major staple crop of India and accounts for 40% of the total 
food grain production of the country. It is now cultivated on 43 million 

hectares, with a production of 92 million tons of milled rice (Fig. 1). Rice 
in India is a major contributor to national food and nutritional security. 
It provides one-third of the total calorie needs of the people. Though 
traditionally a rainy-season crop, it grows throughout the year in many parts 
of the country. With its long history of cultivation and selection under diverse 
environments, rice has acquired wide adaptability, enabling it to grow in a 
range of environments, including irrigated, rainfed uplands and lowlands, 
and deepwater and flood-prone areas. 
 Almost 56% of the rice crop grown in India is irrigated, and this provides 
64% of the national rice production, with an average productivity of 3 t ha–1. 
The productivity in various rainfed rice environments is stagnating between 
1 and 1.5 t ha–1 (Fig. 2). 
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Fig. 1:  Area, production, and yield of rice in India.
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Fig. 2: Area (%), production (%), and yield (t ha–1) 
of rice in different rice ecosystems in India.
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 Over time, because of research efforts, international cooperation, policy 
support, and farmers’ entrepreneurship, India has made a lot of progress in 
agriculture. This paper provides a brief review of the progress made in rice. 

RICE IMPROVEMENT RESEARCH IN INDIA 

Until the 1960s, rice research efforts in India largely focused on pure-line 
selection. Several popular varieties were released during this period, including 
N22 of Nagina (UP), PTB 10 of Pattambi (Kerala), T141 and T1242 of Orissa, 
Basmati 370 of Punjab, GEB 24 of Tamil Nadu, and MTU 15 of Andhra 
Pradesh. SR 26B and FR13A were particularly bred for saline and flood 
tolerance situations, respectively, while Co25 and Co26 were developed for 
blast resistance.  The indica/japonica hybridization program also led to the 
development of important hybrids. Nevertheless, during this period, there 
was only marginal improvement in the productivity of rice, from 771 kg ha–1 

in the 1950s to 1,033 kg ha–1 in the early sixties. 
 In the second phase, the first semidwarf variety, Taichung Native 1, was 
introduced in India. Thereafter, IR8, developed in 1966 at the International 
Rice Research Institute (IRRI), Philippines, was brought for cultivation in 
India. Along with T(N)1, it revolutionized rice cultivation in India. Jaya 
and Padma were the first varieties released by the All India Coordinated 
Rice Improvement Project (AICRIP), established in 1965 to facilitate rice 
research and a free and rapid exchange of genetic material and to assist in 
developing and identifying rice varieties suitable for different rice ecologies. 
Its efforts led to the release of more than 700 varieties/hybrids by 2005 for 
irrigated and rainfed areas, respectively (Fig. 3). As a result, the spread of 
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high-yielding varieties doubled from a meager 38% in 1966-67 to nearly 80% 
by early 2000. 

Hybrid Rice Technology

Hybrid rice technology and its large-scale adoption are a pragmatic way for 
raising rice production. In India, 29 rice hybrids have already been released 
for commercial cultivation in various rice-growing regions. Hybrid rice is 
now cultivated in India on 1 million ha, with a yield advantage of 1–1.5 t 
ha–1 over pure-line varieties. This has increased the total rice production 
by at least 1–1.5 million tons. Hybrids have also been developed for even 
the fragile and unfavorable rice ecosystems. Narendra Usar Sankar Dhan 3 
is the first hybrid released for the saline-alkaline soils of Uttar Pradesh. We 
have also been able to develop aromatic rice hybrid Pusa RH 10, which has 
very fine grain and excellent cooking quality.
 The production of genetically pure, good-quality hybrid seed of the 
required quantity continues to be the major challenge and requires a strong 
partnership among rice breeders, the private seed sector, and farmers. DNA 
marker-based technologies have been developed to make hybrid seed testing 
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Fig. 3: Rice varieties released for various ecosystems by the Indian 
rice research program between 1976 and 2005.
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more effective and to ensure the timely availability of good-quality hybrid 
seeds. 
 These improved varieties and hybrids have greatly accelerated the 
production and productivity of rice in the country. In the pre–Green 
Revolution era, only two districts in the country had rice productivity of 
more than 2 t ha–1. With the development and spread of new technologies, 
particularly the high-yielding varieties/hybrids, by 2004, 103 districts had 
productivity of more than 2 t ha–1 and 46 districts produced more than 3 t 
ha–1 (Fig. 4). 

Basmati Rice Improvement in India

The traditional Basmati rice varieties are photoperiod-sensitive, tall, and 
prone to lodging, and have low productivity (2–2.5 t ha–1). Combining 
Basmati grain and cooking quality traits with the high-yielding ability of 
semidwarf varieties had been a challenge to breeders in the past. The Indian 
Agricultural Research Institute developed in 1989 the first semidwarf high-
yielding Basmati rice variety, Pusa Basmati 1. Since then, many high-yielding 
Basmati rice varieties with reduced duration have been developed, including 
Pusa Sugandh 2, Pusa Sugandh 4, and Pusa Sugandh 5. Thus, over time, we 
have been able to reduce the duration of Basmati varieties from 160 days 
in traditional Basmati to 120 days, while productivity has been enhanced 
from 2–2.5 t ha–1 to 5–6 t ha–1. This is a very significant achievement as it 
breaks the well-established negative relationship between yield and duration 
(Fig. 5). Because of these developments, the area under Basmati rice has 
increased to 1 million ha. Basmati rice production also increased from 0.3 

Fig. 4: Impact of technology adoption on rice 
productivity increases in various districts of India.
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Fig. 5: Change in crop duration and grain yield 
with the development of new Basmati varieties.
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million tons to 2 million tons, with productivity rising from an average of 
0.78 t ha–1to 2.42 t ha–1. 
 In recent times, India has witnessed a large increase in rice exports. 
Starting in the 1990s, rice exports increased markedly from 0.55 million tons 
to 5.0 million tons in 2005-06. As a result, our foreign exchange earnings 
from rice exports increased from Rs 456.7 crores to Rs 7,174.35 crores in 
2005. The foreign exchange earnings through Basmati rice exports alone 
increased from 865 crores in 1996 to 3,030 crores in 2006. 

Rice Biotechnology

Complex traits such as drought, heat and salinity tolerance, grain quality, 
micronutrient-use efficiency, and durable resistance against the changing 
spectrum of diseases and pests require in-depth knowledge of the underlying 
genes and their interaction among themselves and with the environment. 
The permutations and combinations of genes controlling these complex 
traits are innumerable and hence a trial-and-error method of selection must 
give way to precision molecular breeding strategies with the help of DNA 
markers tightly linked to the agronomic traits. Moreover, for certain traits, 
such as yellow stem borer and sheath blight, there are no effective sources of 
resistance in the primary gene pool of rice. Therefore, bringing in genes from 
across the species barrier through the application of transgenic technology 
is the only viable option, a strategy very well demonstrated and validated in 
the case of Bt-cotton.  Similar revolutions can be foreseen in rice also by the 
application of molecular markers and transgenic technologies. 
 Over the years, India has developed a strong base in rice biotechnology.  
One of the most visible contributions of India in rice biotechnology is 
the sequencing of the long arm of chromosome 11 in partnership with the 
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International Rice Genome Sequencing Project. The National Research 
Centre on Plant Biotechnology at the Indian Agricultural Research Institute 
and University of Delhi South Campus, New Delhi, achieved this important 
milestone. Indian scientists decoded more than 15 million base pairs of 
high-quality sequence of rice chromosome 11, with an average error rate 
of less than one per 10,000 nucleotides, and predicted 2,500 genes in this 
sequence. Rice chromosome 11 has 218 disease-resistance-like and defense-
response genes accounting for more than 20% of the whole rice genome. The 
decoding of the rice genome has led to large-scale functional genomics and 
gene discovery projects worldwide and several genes of agronomic importance 
have been cloned using the genome sequence map information. In India, 
several functional genomics projects are under way for gene discovery for 
abiotic stress tolerance and grain quality traits. 
 Indian rice scientists have made notable progress in mapping, tagging, 
and map-based cloning of rice genes of agronomic importance. This includes 
cloning of blast resistance gene Pi-kh; mapping of QTLs for grain dimensions, 
amylose content, and aroma in variety Pusa 1121; functional annotation of 
more than 500 ESTs from drought-tolerant variety N22; DNA fingerprinting 
of Indian rice cultivars using RAPD and SSR markers; the development of a 
panel of SSR markers for authentication of Basmati varieties; development 
of DNA markers for distinguishing WA cytoplasm-based A and B lines of 
rice; molecular mapping of fertility restorer genes; molecular fingerprinting 
of rice hybrids; and marker-based assessment of the genetic purity of hybrid 
seed. On the molecular breeding front, DNA marker-assisted pyramiding of 
bacterial blight (BB) resistance genes xa5, xa13, and Xa21 in widely grown 
rice variety BPT 5204 and that of xa13 and Xa21 in the genetic background 
of the most widely grown Basmati rice variety, Pusa Basmati 1, has been 
achieved. A BB-resistant version of Pusa Basmati 1 has already been released 
and made available for commercial cultivation as Pusa 1460 (Improved Pusa 
Basmati 1).  

Rice Germplasm Collections

India is one of the centers of diversity for rice and is generally considered as 
the place of origin of Asian rice. A systematic attempt to collect, document, 
and conserve the genetic wealth of rice in India started as early as 1911 
with the establishment of the Coimbatore rice germplasm collection. Now, 
the number of such collections has gone up to a whopping 89,947 entries 
as of August 2006 and these are being maintained by diverse agencies such 
as the National Bureau of Plant Genetic Resources and state agricultural 
universities and departments. Northeastern India, the tribal belt of central 
India, and the Andaman and Nicobar islands still remain hot spots for rice 
genetic diversity in India. The wild types and landraces of rice of these regions 
possess a fascinating diversity in grain shape, color, aroma, and other cooking 
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quality traits. Recently released Pusa Sugandh 4 (Pusa 1121) has entered the 
Limca book of world records for its extraordinary kernel elongation after 
cooking and is among the most sought-after Basmati rice varieties in the 
international market. 
 Indian rice germplasm is also the treasure trove of much-needed biotic 
and abiotic stress tolerance genes that are widely exploited by rice researchers 
worldwide. Accessions of wild species of rice such as Oryza longistaminata and 
O. nivara identified in India are the sources of the extensively used bacterial 
leaf blight resistance gene Xa21 and the gene for grassy stunt virus resistance, 
respectively. The other important bacterial leaf blight resistance gene (xa13) 
is from the Indian landrace Bhog Jeera 1 (BJ1). For abiotic stress tolerance, 
the Sub1 gene from FR13A (submergence tolerance), Saltol, and SKC1 from 
Pokkali rice and Nona Bokra (salt tolerance) and the drought tolerance 
genes from Nagina 22 and Kala Keri are being deployed by rice breeders in 
many elite breeding lines. These genes present some outstanding examples 
indicating how useful and vital well-conserved crop germplasm could be for 
ensuring food and nutritional security of people around the world. 

Rice Agronomy

Intensification of agriculture during the last few decades has had some adverse 
environmental consequences such as the deterioration of natural resources. 
Yield trends from long-term continuous rice-rice experiments indicate that, 
even with the best available cultivars and scientific management, rice yields 
(holding input levels constant) have either stagnated or declined over time 
since the early 1980s. The challenge for us is to integrate productivity and 
profitability improvement while conserving and enhancing the quality of 
the natural resource base on which production depends. 
 The sustainability of rice farming can be maintained through the infusion 
of technologies that can increase efficiency in the use of inputs and thereby 
reduce production costs. In recent years, conservation agriculture involving 
zero- or minimum-tillage with direct seeding, bed planting with residue 
mulch, innovations in residue management to avoid straw burning, and crop 
diversification have been developed as alternatives to the conventional rice 
production system for improving sustainability and income. Some of the key 
developments in the field of rice crop management are
  Zero-tillage, which is now well established for wheat farming, is gaining 

favor for rice as well because of higher input-use efficiency and lower 
cost of cultivation.

  Considerable progress has been made in developing technology for 
direct drilling into stubbles on flat land, including double and triple 
disc assemblies and the star-wheel punch planter.

  Direct dry-seeded (DSR) rice, which avoids puddling and does not need 
continuous submergence and thus reduces the overall water demand for 
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rice culture, is developing as an alternative to conventional puddled 
transplanting. DSR has components of conservation agriculture (no-
till/reduced-till, residue retention, and controlled traffic to minimize 
soil compaction), which lead us to find alternative options for 
replacing puddled transplanted rice. Studies have shown that DSR 
technology is cost-effective and environment- and farmer-friendly. 

  Machinery has a key role to play if conservation agriculture is to 
succeed on a wide scale. For a start, recently developed machines 
allow more precise seeding. Seeders are now available that can meter 
the seed rate and simultaneously apply fertilizer. Such precision allows 
farmers to reduce the amount of seed and fertilizer they use and so 
save money. The new seeders can also plow through the residue of the 
previous crop. 

  Recent research indicated that use of the leaf color chart would 
promote timely and efficient use of N fertilizer in rice, save costly 
fertilizer, and minimize the fertilizer-related pollution of surface water 
and groundwater. 

 Several challenges face us before these technologies can be adopted on 
a very large scale. For example, increased weed infestation in zero-tilled 
fields is a problem. The bed planting system is not yet perfect and often 
produces lower yield than conventional practices. Nevertheless, a paradigm 
shift in our management approach is required for enhancing the productivity 
and sustainability of rice-based systems. Resource-conserving technologies 
involving zero- or minimum tillage with direct seeding, improved water-
use efficiency, innovations in residue management to avoid straw burning, 
and crop diversification should assist in achieving sustainable productivity 
and allow farmers to minimize inputs, maximize yields, conserve the 
natural resource base, reduce risk due to both environmental and economic 
factors, and increase profitability. In addition, long-term changes in (1) the 
performance of crop and soil and the efficiency of various inputs and (2) 
weed flora should be monitored to achieve this paradigm shift in farmers’ 
practices. Appropriate integration of a crop residue component in zero-tillage 
plots is another crucial issue that needs to be examined. It is also important 
that small-scale farmers have access to, and are trained in, the use of these 
technologies.

Methane Emissions from Rice Paddies

The large paddy area of India has been considered as one of the major sources 
of methane emissions. According to a United States Environmental Protection 
Agency estimate in the early nineties based on extrapolation of measurements 
in the U.S. and Europe, annual methane emissions from Indian rice paddies 
were 37.8 Tg (1 Tg = 1012 g or 1 million tons). This estimate was lowered 
to a great extent after actual measurements were carried out in India. In 
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1991, a campaign was carried out for methane measurements across the rice-
growing states in India and this showed total methane emissions from Indian 
paddies to be 4.0 Tg per annum. Subsequently detailed experiments have 
being conducted at the Indian Agricultural Research Institute, New Delhi; 
Central Rice Research Institute, Cuttack, Orissa; and at other institutes. 
These studies indicate that the total methane emissions from Indian paddies 
are 2.9 Tg per annum (Fig. 6). These Indian estimates of methane emissions 
are much lower than those proposed earlier by international and western 
organizations. 

Managing Pests

The increased incidence of new and more virulent races/biotypes of pests is 
gradually becoming a threat to the stability of rice production. Brown spot 
was the only major pest for rice in the 1940s but now we have 13 critical pests 
and 9 diseases. Among the pests, stem borer and brown planthopper occur 
in epidemic proportion, whereas gall midge and leaf folders are important 
only in some areas. Among diseases, bacterial leaf blight, tungro, leaf blast, 
and sheath blight are important. Therefore, breeding for multiple pathogen 
and pest resistance has become more important.

Fig. 6: Methane emission estimates from 
Indian rice fields in different years. Please note 

that the international estimates by the EPA 
(Environmental Protection Agency of the U.S.) 
and IPCC of the United Nations were far higher 

than those of IARI and MAC (Methane Asia 
Campaign).
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CONCLUSIONS

India has made considerable progress during the last four decades in 
agriculture and, as a consequence, rice production has reached 90 million 
tons. However, the country needs more than 120 million tons of rice to meet 
its growing needs.  Increasing climatic variability and climate change could 
reduce our rice supplies. Problems and challenges facing rice production 
require action on several fronts—technology, policy, infrastructure, and 
markets. All these factors result in interacting influences on farm output, 
farm income, and sustainability. Several promising rice technologies have 
been developed in laboratories. But a large gap continues to persist between 
what is attainable through these technologies and what is actually attained in 
farmers’ fields in most crops and states. That there are considerable yield gaps 
in all regions is evident from simulation studies that indicate that potential 
rice yield varies between 7 and 11 t ha–1 in different parts of the country. In 
most states, technologies are available to double the actual yield. Thus, it is 
more important to ensure that available improved technologies are used in 
farmers’ fields. While doing this, it must be ensured that the state of natural 
resources is maintained or enhanced. 

NOTES 

Author’s address: Secretary, Department of Agricultural Research and Education, and 
director general, Indian Council of Agricultural Research.
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The map-based complete rice genome sequence is now freely available to 
researchers worldwide, providing a fundamental tool that should further 
accelerate efforts to improve the staple crop that feeds more than half of the 
world’s population. The finished quality sequence covers almost 95% of the 
389 Mb genome, including virtually all of the euchromatin and two complete 
centromeres. A total of 37,544 nontransposable-element-related protein-coding 
genes were identified. The complete genetic information of rice will serve 
as a gold mine for genomic research in rice and other cereal species. It will 
facilitate the identification of many important genes by both forward and reverse 
genetics strategies, and clarify the relationships between sequence variation and 
phenotypes. The genome sequence derived from Oryza sativa subsp. japonica 
can be used as a reference sequence for comparative analysis among Oryza 
species that will help in understanding the major factors involved in speciation 
and searching for useful genetic resources. During the last couple of years, 
high-quality rice genome sequence data have led to several milestones in rice 
genomics such as the discovery of genes that contributed to domestication or 
modern rice breeding. Furthermore, the completed sequence also begins to 
prove its value as a standard for cereal genome comparison and identification 
of rice orthologous genes in other grass species, thereby providing a platform 
for establishing the genomics of the major cereal crops.   

 

In the last ten years of the 20th century, significant progress was achieved 
in genome analysis because of a lot of technological innovations in the 

field of genetics and molecular biology. Extensive analysis of the genomes 
of many species, including microorganisms, plants, and animals, can provide 
a platform on how to understand the diversity of life. It also paves the way 
for a paradigm shift that may revolutionize various approaches in genetics 
and breeding similar to the formulation of Mendel’s laws of genetics in 1865 
and the discovery of the double-helical structure of DNA in 1953. As we 
focus on imminent food and energy problems, it is becoming clear that plant 
genome analysis could play a vital role in addressing this global crisis. Rice is 

The Complete Rice Genome 
Sequence: A Gold Mine for 
Innovation in Rice Research

Takuji Sasaki
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not only the most important staple in the world but is also one of the most 
widely studied plant species. A paradigm shift in rice research must be widely 
accepted by various groups, from ordinary consumers and farmers to basic 
plant scientists, including geneticists, molecular biologists, and breeders. 
An urgent need to supply sufficient food to the increasing world population, 
particularly in Asian and African countries, is now widely recognized by the 
scientific community, including basic plant scientists, geneticists, molecular 
biologists, and breeders. At the same time, there is also a need to establish 
a model cereal crop that could be used in understanding other cereal crops 
that make up overall food sources for all humanity. Extensive analysis of 
the rice genome is probably one of the most important contributions of the 
rice research community to address these needs. Therefore, the genomic 
information and tools developed in the long course of rice genome research 
can now be used to address these major issues so that the large investment in 
various projects on rice genome analysis can be converted to public scientific 
and economic benefits. 
 The history of rice breeding must have started in accordance with the 
beginning of agriculture. Early farmers must have compared characteristics of 
rice plants and their seeds, selected more favorable seeds, and continuously 
sowed them for further harvest. At that time, farmers must have relied 
mainly on natural variation as a source of plants with good agronomic 
potential. Through the natural system of ecological diversification, which 
involved continuous cycles of hybridization, differentiation, and selection, 
the favorable agronomic characters of rice must have been maintained for 
thousands of years. Since there is no clear evidence of a definitive strategy 
that led to cross pollination between different rice plants, early cultivars 
must have been accidentally generated by chance through cross pollination 
that might have occurred when two different rice groups were grown at a 
proximate distance and flowered at almost the same time. In Japan, and 
also presumably in many other countries, such accidental crosses between 
different plant types might have led to the production of rice plants with 
better qualities, which were then selected by local farmers and replanted in 
succeeding planting seasons. Many so-called local varieties must have been 
generated in such a manner and later used as resources for more organized 
breeding strategies based on established theories of inheritance formulated 
about 100 years ago. As a result, we now have more than 120,000 rice 
varieties around the world well adapted to various cultural conditions. 
However, the increase in population, especially in Asia, where rice is the 
main staple, requires the further development of new breeding strategies to 
further increase rice production under a much restricted environment, such 
as decreasing lands for cultivation, a much-reduced water supply, and various 
stresses that continuously reduce production. A large-scale program in rice 
genome research, which was launched in the early 1990s in several countries 
and which led to the sequencing of the entire genome, is expected to provide 
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the stimulus for a more innovative rice breeding strategy. This review will 
focus on what has been elucidated so far by extensive rice genome analysis 
in the last 15 years and how the results will be used for rice improvement.

STRUCTURAL ANALYSIS OF THE RICE GENOME

The fundamental characteristics of the rice genome such as gene models, 
gene duplication, segmental duplication, transposable element content, and 
crosstalk between nuclear and organelle genomes have been analyzed in detail 
based on the high-quality rice genome sequence. In addition, the structure 
of the centromeres of chromosomes 4 and 8 has been completely elucidated 
(Wu et al 2004, Nagaki et al 2004, Zhang et al 2004), representing the first 
two centromeres so far clarified in higher plants. The genome information 
that has been accumulated so far provides an overview of the diversity in 
the genus Oryza and the need to explore the genome structure of various 
rice species (AA to JJ genomes) as well as to discover new alleles, to identify 
genes involved in agriculturally important traits, and to understand the 
evolutionary history of the rice genome. 
 The availability of a standard genome sequence facilitates comparison 
among rice plants with high accuracy and within a short period. This is 
because of the combination of the gold standard Nipponbare genome sequence 
and the development of a more sophisticated sequencer generating 100 mega-
base nucleotides of short sequences (100–200nt) within a short period of time 
and at a much reduced cost (Margulis et al 2005). If these short sequences 
are overlaid on the standard sequence, it is expected that regions without 
repetitive sequences or insertions and/or deletions could be promptly aligned 
to generate a correct assembly of corresponding sequences. This was clearly 
shown by sequencing 10 contiguous BAC clones of O. rufipogon assigned to 
the sequential Hd3a and FT1 regions (Kojima et al 2002). This assignment 
was aided by using extensive fingerprint data generated by OMAP (www.
omap.org/nsf.html). The genomic region of O. rufipogon corresponding 
to Hd3a and FT1 was completely sequenced without any gaps. However, 
overlaying of short sequences was not successfully attained outside the FT 
region. These two opposing cases might indicate the existence of conserved 
genic and diverged intergenic sequences between O. sativa and O. rufipogon. 
In the case of O. sativa subsp. indica, both the genic and intergenic BAC end 
sequences could be successfully overlayed on the japonica genome sequence, 
thereby facilitating the construction of contigs (IRGSP 2005). These two 
cases suggest how the O. sativa standard genome sequence can be efficiently 
used to detect single nucleotide polymorphisms (SNPs) and to reconstruct 
the genome sequence of other types of rice plants. 
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PUBLIC ACCESS TO RICE GENOME INFORMATION

Molecular analysis of the rice genome has made significant progress since 
the first rice molecular genetic map was published in 1989 (McCouch et al 
1988). The ultimate goal of deciphering the compete genome sequence was 
eventually attained in 2004 (IRGSP 2005). In the process, many molecular 
tools have been generated, including RFLP markers and PCR-applicable 
SSR (simple sequence repeat) and SNP markers; BAC/PAC libraries and 
BAC clones with end-sequence information; cDNAs with full-length or 
partial sequences; a map-based genome sequence of a japonica cultivar; 
and a whole-genome shotgun sequence of an indica cultivar. These tools 
serve as the foundation for structural and functional analysis of the rice 
genome. All information is publicly available in well-established databases 
such as INE (http://rgp.dna.affrc.go.jp/E/giot/INE.html) and Oryzabase 
(http://shigen.lab.nig.ac.jp/rice/oryzabase/top/top.jsp). Upon completion 
of the genome sequence, the Rice Annotation Project Database (RAP-DB, 
http://rapdb.lab.nig.ac.jp/) was released to provide a comprehensive and 
highly reliable analysis of predicted genes. It primarily maps rice full-length 
cDNA sequences to the Nipponbare genome sequence and contains the 
manually curated annotation of gene models. So far, about 30,000 rice genes 
are unambiguously attributed to the genome sequence. Similar analysis of 
the complete genome sequence in the TIGR Rice Genome Database (www.
tigr.org/tdb/e2k1/osa1/) provides automated annotation that uses several 
prediction programs to obtain all plausible genes in the genome. The rice 
genome information is integrated with information on other cereal crops in 
the Gramene database (www.gramene.org/). Gramene also aims to support 
the analysis of wild rice genomes to understand the domestication of rice and 
to facilitate the discovery of useful alleles for the improvement of modern 
varieties to overcome biotic and/or abiotic stresses, increase yield, and 
improve eating quality. 
 Genomics databases must be supported by controlled vocabularies 
for the description of the genes, molecular function, biological process, 
cellular component of gene products, and phenotypes to facilitate uniform 
queries across various systems. In the case of rice, the Gene Symbolization, 
Nomenclature, and Linkage Subcommittee of the Rice Genetics Cooperative 
(www.shigen.nig.ac.jp/rice/rgn/vol22/vol22_1.html) established general rules 
and standardized symbols for known genes. On account of the completion 
of the genome sequence, it has also recently provided the guidelines for a 
universal system for naming rice genes. The adoption of a common gene 
nomenclature for rice will facilitate structural, functional, and evolutionary 
comparisons of genes and genetic variation among cereal crops, plants, and 
other organisms.

http://rgp.dna.affrc.go.jp/E/giot/INE.html
http://shigen.lab.nig.ac.jp/rice/oryzabase/top/top.jsp
http://rapdb.lab.nig.ac.jp
http://www.tigr.org/tdb/e2k1/osa1/
http://www.tigr.org/tdb/e2k1/osa1/
http://www.gramene.org/
http://www.shigen.nig.ac.jp/rice/rgn/vol22/vol22_1.html
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FUNCTIONAL ANALYSIS OF THE RICE GENOME

The term “functional analysis” covers a wide range of meaning and, in 
accordance with the progress of technology in genome science, a much 
deeper understanding of the mechanism of phenotype expression has become 
available. Identification and functional analysis of genes by map-based 
cloning are now efficiently and successfully carried out in rice using various 
tools obtained so far such as SSRs or SNPs, which could be used to detect 
polymorphisms and to narrow down the target genomic region (McCouch et 
al 2002). Once a fine genetic map of the target region is established, screening 
of corresponding DNA fragments in BAC or fosmid clones can be accurately 
performed. However, it is still necessary to continue the fine genetic mapping 
by adding new markers designed using genome sequences of selected DNA 
fragments to narrow down the candidate region to less than 50 kb because of 
the relatively small size of the rice gene. Occasionally, the difference in gene 
expression profile corresponding to the phenotype can be used to identify 
the target gene. However, this approach is not always effective because 
the difference in gene expression does not necessarily correspond to the 
difference in phenotype. It is generally recognized that genes accompanying 
the phenotype are also variably expressed from time to time. 
 The forward genetics method relies on artificial disruption of the genome 
sequence and information on the flanking sequence of the disruption point. 
Combining this sequence information with the corresponding phenotype 
can lead to the identification of a genic or intergenic sequence responsible 
to the phenotype. Disruption tools that are now widely used in rice include 
T-DNA, Ac/Ds, and Tos17. Several researchers in several countries have 
generated many disrupted rice lines. An international collaboration has been 
established to facilitate the sharing of resources and to efficiently perform 
functional analysis of the rice genome. This strategy could be very effective 
if various regions of the whole genome could be disrupted evenly. However, 
most of the available disruption tools such as T-DNA, Ac/Ds, or Tos17 show 
preference of insertion into the genic region. This should not be a problem 
if the phenotype is regulated only by the expression of the genic region of 
the sequence. It is now widely known that intergenic regions such as the 
promoter, cis-element, or distantly separated sequence can invariably affect 
phenotype expression (Konishi et al 2006). 
 One of the main focuses for current studies on rice functional analysis 
concerns the elucidation of molecular mechanisms involved in the expression 
of quantitative trait loci (QTLs). So far, QTLs have been considered a 
statistical trait with no clear definition of what type of gene or sequence 
contributed to the trait. However, by a combination of statistical genetics 
and molecular genetics, the molecular nature of QTLs has been identified 
and represents the actual interaction of genic or intergenic effects involved 
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in QTLs. This is clearly shown in the case of heading date of rice controlled 
by photoperiod response (Yano et al 2000). However, a QTL is a complex 
trait and it is well known that detection of a specific trait is not guaranteed 
with any parental combination due to variation in the nucleotide sequence of 
each corresponding locus of the QTL. A study to prove this hypothesis is now 
under way to correlate nucleotide sequence variation and degree of expression 
(Kliebenstein et al 2006). The existence of a QTL is detectable only by 
forward genetics and also the isolation of each gene involved in the QTL 
is available by map-based cloning using chromosomal segment substitution 
lines (CSSL). Many reverse genetics resources are useful for assisting the 
acceleration of elucidation of the gene involved in a QTL. However, these 
resources must be systematically made available in comprehensive databases 
so that the relationship between a disrupted sequence and phenotype can be 
clearly elucidated.  

TRANSFER OF NOVEL MOLECULAR 
INFORMATION TO BREEDING

Breeding aims to create new varieties with more preferable or novel 
characters. For this purpose, both cross-aided and vector-aided methods have 
been used. The cross-aided method involves hybridization between different 
rice types and has been used for a long time. The vector-aided method 
involves the introduction of nonrice genes or DNA by using Agrobacterium 
tumefasciens. This nonconventional method can overcome the breeding 
barriers most commonly encountered due to a lack of crossability resulting 
from chromosomal and genic differences. As a result, several agronomically 
important genes, including herbicide tolerance and insecticide tolerance, 
have been incorporated in rice. For example, the genetically engineered 
Bt-rice, which is resistant to naturally occurring soil bacterium, has been 
released and successfully commercialized in Iran since 2005 (www.isaaa.
org/kc/CBTNews/press_release/briefs34/ESummary/iran.htm). The so-
called “golden rice” containing pro-vitamin A synthesis genes is expected 
to reduce malnutrition in poor Asian and African countries, which results 
in blindness among children suffering from vitamin A deficiency (Hoa et al 
2003). Transformation of rice itself does not require information on genome 
structure, but if targeted genome sequence is preferred for effective expression 
of an introduced alien gene, this study can be greatly facilitated by genome 
sequence information. In fact, homologous recombination of rice has been 
successful due to efficient use of the genome sequence (Terada et al 2002). 
 The utility of genome information for cross-aided breeding is realized 
in the marker-assisted selection system. This system could be very effective 
if markers closely linked to the target trait could be developed and the gene 
corresponding to the trait could be identified based on the position of the 
markers. Even if this is not possible, trials to find out polymorphisms in the 



The Complete Rice Genome Sequence: A Gold Mine for Innovation in Rice Research     109

sequence as close as possible to the target trait can be performed to get a 
reliable marker. In addition to establishing markers, a cross-aided method 
requires a vast supply of variable gene resources correlated to their degree of 
expression. Comparative genomics could provide the answer for analyzing 
the corresponding alleles in wild rice species.
 Gene expression is highly influenced by the environment. Drastic changes 
in the environment such as global warming and water scarcity undoubtedly 
influence the growth of rice plants and finally rice yield. Recent advances 
in rice genomics offer new opportunities to enhance the efficiency of rice 
breeding strategies. The benefits of extensive genome research could be 
of great use to humanity if they could be used for sustainable production, 
thereby ensuring a stable world food supply. The challenge now is to develop 
viable strategies so that recent advances in genome research could be applied 
in actual breeding programs in order to generate rice varieties with higher 
yield potential, more nutritive value, and more resistance to biological and 
abiological stresses.
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Broad-spectrum resistance (BSR) is generally considered more stable than 
disease resistance governed by major resistance genes. We have identified rice 
germplasm and mutants exhibiting resistance to multiple diseases or different 
races of a pathogen, providing the essential materials for understanding the 
genetic basis of BSR. There is also an extensive list of defense genes that are 
considered contributors to BSR. However, because of the relatively small 
effects of individual defense genes, validating their function and identifying 
useful alleles for breeding have proved difficult. We apply forward and reverse 
genetics as complementary approaches to identify candidate genes and validate 
their functions. Expression and gene-silencing experiments suggested that 
genes encoding oxalate oxidase–like proteins are important factors conferring 
BSR. We attempted to associate sequence variation of a collection of defense 
genes and blast resistance in Korean germplasm, though no clear pattern of 
association has emerged. To reveal new candidate genes, transcriptome analysis 
was conducted using well-characterized resistant genotypes. We detected 
discrete chromosomal regions where the expression of neighboring genes is 
significantly correlated. Such observations lead to the hypothesis that regions 
of correlated expression are related to the expression of quantitative resistance. 
If this is true, allelic composition of multiple genes in adjacent regions could 
be an important selection criterion for BSR. 

Keywords: durable disease resistance, mutation, transcriptome, gene silencing, 
candidate defense genes, natural genetic variation, haplotypes 

Defense genes that contribute to disease resistance are appealing for 
practical breeding because their effects are in general non-race- or non-

pathogen-specific. These genes, if combined and expressed appropriately, 
can provide broad-spectrum resistance (BSR) against multiple pathogens, 
and would potentially be durable. Although accumulating defense genes for 
BSR is a sound strategy, it is difficult to identify and validate the functions 
of these genes because they are often encoded by multiple members of a 

Identifying Favorable Alleles in Host 
Defense Genes for Broad-Spectrum 
Resistance in Rice

H. Leung, B. Liu, R. Mauleon, F. Qiu, G. Carrillo, C. Vera Cruz, 
K. McNally, S.S. Han, J. Roh, P. Manosalva, R. Davidson, 
J. Leach, K. Satoh, and S. Kikuchi



112     Leung et al

gene family, and the phenotypic effects of individual genes are often small. 
We approach this problem by gathering convergent evidence based on QTL 
mapping, allelic variation of individual genes, and expression analysis. In this 
paper, we briefly present the approach of using a set of rice germplasm and 
mutants that exhibit BSR to blast or bacterial blight as a means to identify 
genes conferring BSR. Progress is made toward validating the function of 
selected candidate defense genes by gene silencing and mutational analysis. 
Whole-genome expression analysis also provides a new pool of candidate 
genes for further functional validation. 

SPECIALIZED GENETIC STOCKS AND CANDIDATE GENES 

A prerequisite to understanding the genetic basis of BSR is to identify genetic 
materials that exhibit the desired phenotype. Here we define broad-spectrum 
resistance as either resistance to multiple races of a pathogen or resistance 
to multiple pathogens. Through retrospective analysis of the agronomic 
performance of rice varieties in areas of high disease intensity, it is possible 
to identify varieties with a good “reputation” for having strong resistance in 
the field. One such variety is Shan-Huang-Zhan-2 (SHZ-2), an indica variety 
that was widely grown in the 1980s in southern China. SHZ-2 was cultivated 
over a large area for more than 10 years by farmers because the variety showed 
stable blast resistance as well as high yield. SHZ-2 was gradually replaced 
by new varieties with better grain quality but it remains prominent in the 
pedigrees of new varieties. Controlled inoculation experiments in China 
and in the Philippines with blast pathogen isolates also showed that SHZ-2 
was resistant to >90% of the diverse isolates. Liu et al (2004) showed that 
disease resistance QTLs could be extracted from SHZ-2 and incorporated 
into new varieties. 
 The second source of BSR comes from systematic screening of mutants. 
In general, multiple-disease-resistant mutants can be grouped into two 
categories: those showing obvious lesion mimic phenotypes (e.g., the series 
of spotted leaf (spl) mutants) and those that do not have lesion mimics at 
least under normal growing conditions. A well-characterized lesion mimic 
mutant is spl11, which expresses enhanced resistance to multiple races of 
bacterial blight and blast pathogens. The wild-type gene SPL11 encodes 
an E3 ubiquitine ligase, which acts as a negative regulator of host defense 
(Zeng et al 2004). From screening the collection of IR64 mutants (Wu et al 
2005), we have identified another mutant (designated GR978) that exhibits 
resistance to blast and bacterial blight. But, unlike the spl11 mutant, GR978 
does not show lesion mimic under normal growing conditions, which makes 
this mutant particularly useful for identifying downstream genes conferring 
BSR. 
 Because of the large body of literature on disease resistance, information 
is abundant on the putative roles of candidate defense genes. Reverse genetics 
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can be used for testing candidate genes in defense pathways. The completion 
of the rice genome (IRGSP 2005) provides the needed sequence information 
to extract allelic variants in natural germplasm as well as in mutants. Thus, 
reverse genetics is an excellent tool for validating gene function. The 
challenge is having the appropriate assay to detect subtle differences in 
resistance as well as their interactions with other genes. 

VALIDATING THE FUNCTION OF CANDIDATE 
GENES AND ALLELES

Liu et al (2004) found a strong association of disease resistance QTLs with 
a cluster of genes encoding oxalate oxidase–like proteins on the short arm 
of chromosome 8. Of the 12 members of OsOXL (Oryza sativa oxalate 
oxidase–like) genes located in a 2.8-Mb region, 11 members are tightly linked 
within 80 kb and the twelfth member more distant from the centromere. 
These OsOXL genes are labeled from 1 to 12 based on their order on the 
chromosome. 
 A key question is whether the expression patterns of the OsOXL genes 
are causally related to the level of disease resistance observed in resistant 
and susceptible genotypes. We examined the differential expression of these 
OsOXL genes after pathogen inoculation or wounding in four genotypes—
IR64, SHZ-2, LTH, and Azucena—that exhibit a range of resistance. SHZ-
2 is the most resistant, whereas LTH is the most susceptible to blast. The 
time-course expression analysis suggested that six members are potential 
contributors to resistance, although the specific member varies with cultivar 
(Davidson et al, manuscript submitted). RNAi-mediated silencing of different 
OsOXL gene combinations revealed that the more genes that were suppressed, 
the more susceptible the plants were to blast, corroborating the results of 
expression analysis (Manoslava et al, manuscript in preparation). On the 
basis of the patterns of expression and effects of gene silencing, we concluded 
that OsOXL3, 6, 7, 8, and 9 are potential contributors of resistance. 
 TILLING (Targeted Induced Local Lesion IN the Genome) is applied 
as a reverse genetics tool to identify target mutations (Bhat et al 2007, 
Raghavan et al 2006). From an EMS-induced population of IR64, we 
recovered five missense mutations in four oxalate oxidase genes. Based on 
a preliminary inoculation test, only one mutant (mutation in OsOXL7) 
appeared to show reduced resistance (Fig. 1). Because individual OsOXL 
genes are hypothesized to contribute only a portion of the overall resistance, 
any change in resistance must be measured quantitatively. More importantly, 
a cumulative measurement of disease severity over growth stages and time 
would be relevant. Backcross lines have been produced to enable replicated 
tests under field conditions. 
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ASSOCIATION ANALYSIS 

If candidate defense genes play a role in resistance, one expectation would be 
an association between sequence variation (or unique sequence signatures) in 
candidate genes and quantitative disease resistance observed in germplasm. To 
test this hypothesis, we chose a collection of Korean rice germplasm with data 
on quantitative blast resistance. The Korean rice germplasm is particularly 
suitable for this experiment because it represents a relatively small but well-
characterized set of germplasm used in blast resistance breeding. The lines 
have also been tested with multiple blast pathogen isolates in Korea and 
the Philippines. 
 We sequenced 11 candidate defense genes from 22 Korean and donor 
germplasm accessions for blast resistance (Table 1). These genes showed a 
modest level of single nucleotide polymorphism (SNP) in the 1-kb upstream 
and coding regions that defines the haplotype variation of each candidate 
gene locus. We observed some degree of association between the type/number 
of cis-elements and resistance in germplasm. For example, the PR10 gene 
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Fig. 1: Preliminary evaluation of five mutants with missense 
mutations in oxalate oxidase (OsOXO) and oxalate 

oxidase–like protein (OxOXL). Mutants were inoculated with 
isolate PO-6-6 in the greenhouse, and disease scored over a 
14-day period. Only M715, which was identified as having a 
mutation in OsOXL7, appeared to become more susceptible 
relative to the parent IR64. These mutants were backcrossed 
to IR64 to remove background mutations and to confirm the 
inheritance of the SNP and phenotype. Confirmation of the 

phenotypic effect of the mutations will be obtained using 
BC1F3 lines. 
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of Palgong, a resistant variety, has multiple copies of Wbox, WRKY, and 
ELRE in the promoter region. However, no conclusion can be drawn as any 
association needs to be validated using an unstructured germplasm collection 
or segregation analysis.

GENE EXPRESSION PATTERNS OF RESISTANT
GERMPLASM AND MUTANTS 

A limitation to using predicted defense genes is that we may miss unknown 
genes that are relevant to BSR. To identify additional candidate genes 
contributing to BSR, we analyzed the resistance transcriptomes of two 
genotypes that show resistance to blast. Figure 2 shows the workflow for 
generating expression data from GR978 and SHZ-2. Messenger RNA 
was isolated from leaves at 24 and 48 hours after pathogen infection and 
hybridized to the 22K oligoarray (Kikuchi et al 2007). In this analysis, we were 
particularly interested in expression patterns in the context of chromosomal 
position. We applied the genome scanning technique of Spellman and Rubin 
(2002) to identify regions of correlated expression (RCEs) using a moving 
window of 2 to 20 genes. 
 From the resistance transcriptomes of mutant GR978 and resistant variety 
SHZ-2, we identified nine groups of adjacent genes that showed correlated 
expression, with 18 to 20 genes in each group. The average size of the RCEs 

Fig. 2: Gene expression analysis of gain-of-resistance mutant GR978 and a resistant variety 
(SHZ-2) provides a data set for mining candidate genes important for broad-spectrum 
resistance. Genes that show differential expression patterns and correlated expression 

patterns are identified during the early stages of infection (24 and 48 hours after infection). 
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is approximately 620 kb, which is about six times larger than the correlated 
regions (100 kb) reported by Ma et al (2005) based on their transcriptome 
analysis using an oligoarray containing approximately 41,000 predicted rice 
genes. The use of a higher density array will probably provide a more accurate 
estimate of sizes of the RCEs. 
 An interesting observation from the comparative transcriptome analysis 
is the detection of the same RCE independently in two resistant genotypes. 
Table 2 shows the genes in two overlapping RCEs on chromosome 2. The 
genes in this “window” showed significant correlated expression in response 
to pathogen infection across experiments. Some genes in the RCE are known 
to be involved in stress response whereas others are not obviously considered 
stress response genes. Such an analysis provides a new pool of candidate 
genes for allele mining. We are evaluating the possibility that coordinated 
expression of multiple genes could be contributing a single QTL, a hypothesis 
with practical implications for selecting genotypes for effective resistance. 

WHOLE-GENOME SNP DATA AS A FOUNDATION
FOR IDENTIFYING FAVORABLE ALLELES 

Through the International Rice Functional Genomics Consortium, we 
are generating genome-wide SNP data for diverse varieties to provide a 

Table 2: Ten genes within the overlapping region of correlated expression (RCE) in two 
resistant genotypes, SHZ2 and GR978, on chromosome 2.   

Gene  TGR4 LOC Annotation
number

1 LOC_Os02g57180 NAD-dependent epimerase/dehydratase family protein, 
expressed

2 LOC_Os02g57200 Expressed protein
3 LOC_Os02g57220 Actin-related protein 2/3 complex subunit 1B, putative, 

expressed
4 LOC_Os02g57240 Voltage-gated potassium channel beta-1 subunit, 

putative, expressed
5 LOC_Os02g57250 Auxin-responsive protein IAA13, putative, expressed
6 LOC_Os02g57260 3-ketoacyl-CoA thiolase 2, peroxisomal precursor, 

putative, expressed
7 LOC_Os02g57290 Cytochrome P450 family protein, expressed
8 LOC_Os02g57310 Resistance protein, putative, expressed
9 LOC_Os02g57370 Zinc-finger DHHC domain containing protein 15 

homolog, putative, expressed
10 LOC_Os02g57380 Thioredoxin-like 8, chloroplast precursor, putative, 

expressed
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foundation for genotype-phenotype association analysis of a large collection 
of germplasm (McNally et al 2006). The project involves partnership 
with Perlegen Sciences to apply tiling arrays to identify SNP in multiple 
rice genotypes relative to a reference genome. A collection of 20 diverse 
varieties/landraces, representing popular donor germplasm in breeding, will 
be investigated for genome-wide SNP. A pilot experiment has been conducted 
involving arrays containing 379 kb of unique sequences from a region of 
684 kb on the long arm of chromosome 3. DNA obtained from 20 varieties 
was tested with the arrays. Perlegen finished the resequencing with 259,721 
nonredundant SNPs predicted by model-based algorithms. These SNPs have 
been annotated relative to the TIGR release 5 and Rice Annotation Project 
release 1 gene models. Version 1 of the SNP annotation database was released 
to the public on 16 October 2007 via OryzaSNP project pages hosted on the 
International Rice Functional Genomics Consortium Web site (http://irfgc.
irri.org). This public database will provide the foundation for association 
genetics and identification of alleles in the rich rice gene pool.

CONCLUSIONS 

We have identified rice germplasm and mutants exhibiting BSR, which are 
essential materials for understanding the genetic basis of BSR. We have 
identified a set of defense genes and favorable allelic combinations based 
on converging evidence of QTL mapping, allelic variation of individual 
genes, expression analysis, and gene silencing. The use of different kinds 
of genetic resources and experimental evidence appears essential for 
validating the roles of defense genes with small but important effects. A 
SNP database is being developed as a platform for finding new genes and 
alleles. New candidate genes can be identified by transcriptome analysis. 
Unlike qualitative resistance where a major gene often confers a clear-cut 
phenotype, quantitative resistance could be mediated by different alleles of 
multiple loci. The OsOXL gene family may provide a case to test whether 
allelic composition across multiple genes is important in conferring the 
target phenotype. 
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Complete genome sequences of model species such as rice and Arabidopsis 
are being compared with those of other plant species largely based on the 
available expressed sequence tag (EST) information. Apart from the evolutionary 
significance, such studies are important for gene discovery and genetic 
improvement of crop plants. Early comparison of rice genome sequences with 
those of bread wheat showed complex patterns of synteny (gene content) and 
colinearity (gene order). The large-size wheat genome appears to have evolved 
through extensive duplication and divergence of genes and noncoding repetitive 
sequences. These duplications and rearrangements pose a real problem in 
the analysis of synteny and colinearity, which is required for the transfer of 
information from model species to other economically important crop species. 
We found presence of the same ancient polyploidy in wheat that was first 
identified by the computational analysis of rice genome sequences. We also 
found that single-copy rice genes have a much higher conservation of synteny 
and colinearity with wheat than multicopy genes. A large proportion of the 
single-copy rice genes is still distributed randomly to all the nonsyntenic wheat 
groups and this could be explained only by a background dispersal of genes in 
the genome through transposition. The breakdown of rice-wheat synteny was 
much greater near wheat centromeres, suggesting wheat-specific transposition 
activity. The single-copy rice genes reveal a conserved primordial gene order 
that gives clues to the origin of rice and wheat from a common ancestor through 
polyploidy and aneuploidy followed by chromosome fusions. On the basis of 
conserved colinearity of 1,244 mapped single-copy rice genes, we predicted 
the location of 6,178 unmapped single-copy rice gene homologs in the wheat 
genome and experimentally validated the location of a random set of 213 of 
these. More than 50% of the single-copy genes do not have any known protein 
functional domains, and hence represent an important but yet underexplored 
category of genes.

Comparative Analysis of Rice
and Wheat Genomes as a Tool
for Gene Discovery

Nagendra K. Singh, Vivek Dalal, Kamlesh Batra, Archana Singh, 
Mahavir Yadav, Rekha Dixit, Irfan A. Ghazi, Awadhesh Pandit, 
Harvinder Singh, Pradeep K. Singh, Kishor Gaikwad, Trilochan 
Mohapatra, and Tilak Raj Sharma
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Genome sequencing has added a new dimension to our understanding 
of evolution in plant species. But so far, only two plant genomes, 

Arabidopsis and rice, have been sequenced to completion (AGI 2000, Goff 
et al 2002, Yu et al 2002, 2005, IRGSP 2005). Comparisons with other plant 
species are based largely on the available genetic and expressed sequence 
tag (EST) information (Fulton et al 2002, Vandepoele et al 2003, Bowers et 
al 2003, Sorrells et al 2003, Paterson et al 2004). Such comparative studies 
are important for the practical use of the knowledge of genomics (Appels 
et al 2003, Gill et al 2004, Sasaki et al 2005). Large genomes appear to 
have evolved through extensive duplication and divergence of genes and 
noncoding repetitive sequences (Lynch and Conery 2000). Duplications are 
present in all genomes as tandem arrays of individual genes and chromosome 
segmental duplications resulting from aneuploidy and polyploidy (Ohno 
1970, AGI 2000, Paterson et al 2004, Cannon et al 2004, Yu et al 2005). 
Transposition of DNA segments to multiple locations in the genome is 
another common mode of duplication (Bennetzen 2000).
 Duplications and rearrangements pose a real challenge in the analysis of 
gene synteny and colinearity, which is required for the transfer of genome 
information from model species to other economically important crop 
species. Except for the well-established colinearity among the closely related 
members of tribe Triticeae (wheat, barley, and rye) and that between rice 
and sorghum (Paterson et al 2004, Devos et al 2005), previous studies have 
shown definite but limited conservation of gene order among rice, maize, 
and wheat (Song et al 1995, La Rota and Sorrells 2004, Singh et al 2004, 
Munkvold et al 2004, Gustafson et al 2004). A sequence-based approach 
has also been used by the TIGR (www.tigr.org/tdb/e2k1/tae1/wheat_synteny.
shtml) and Gramene (www.gramene.org/) for rice-wheat synteny. Here, we 
review the results of our study on filtering out the noise due to genome-wide 
duplications on rice-wheat synteny and colinearity. 

RICE GENE PREDICTION AND FUNCTION ANNOTATION 

The sequences of 3,343 BAC/PAC clones in the minimum tiling path of 12 
rice chromosomes were downloaded using the “Batch Entrez” tool of NCBI 
(www.ncbi.nlm.nih.gov) in August 2003. Each clone was checked for its 
orientation with respect to its neighbors and incorrect orientations were 
corrected by reverse complementation to bring all the BAC/PAC sequences 
into a uniform north-south orientation. Gene prediction was performed 
on individual BAC/PAC clones using FGENESH (www.softberry.com) for 
monocots (Salamov and Solovyev 2000), and gene information including 
cDNA sequences (CDS) and protein sequence was extracted in a separate set 
of files using an in-house Perl script “fgenex” (unpublished). The predicted 
CDS were used for mega BLASTX search (Altschul et al 1997) with an nr-
protein database to check for similarity with known proteins (www.genome.
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ad.jp). The mega BLASTX output was saved in text format to serve as an 
input for another Perl script “annotate” (unpublished), to automatically 
classify these genes into three functional categories: exact/putative, unknown, 
and hypothetical, as per the International Rice Genome Sequencing 
Project (IRGSP) guidelines (www.rgp.dna.affrc.go.jp). The overlap between 
neighboring BAC/PAC clones was removed manually. Each gene from the 12 
rice chromosomes was assigned a unique number to indicate its chromosomal 
location and relative position, for example, gene numbers 01-0001 to 01-6737 
were assigned to the 6,737 genes predicted for rice chromosome 1 according 
to their physical order in the chromosome beginning from the short arm end. 
The database is available at www.nrcpb.org/rgp/VanshanuDhan.html.

HOMOLOGY BETWEEN RICE AND WHEAT GENES

A total of 56,298 genes were predicted and predicted CDS of these genes were 
compared against 39,813 wheat EST contigs developed by the international 
wheat SNP mapping consortium (build 3, Dec. 2002, http://wheat.pw.usda.
gov/ITMI/2002/WheatSNP), using an optimized set of search parameters 
(Singh et al 2004). All the rice CDS showing matches with the wheat EST 
contigs at a cutoff bit score of 100 were considered significant, and the 
output was tabulated on Excel sheets using an in-house Perl script “mblastex” 
(unpublished). In addition, the 56,298 rice CDS were also compared with 
a database of 3,792 wheat EST contigs (ver. Aug. 2003) containing bin-
mapped ESTs (http://wheat.pw.usda.gov). An AQL query, “aql_retrieve” 
(unpublished), was used to extract the bin information and other details for 
these contigs directly from the GrainGenes database of bin-mapped wheat 
ESTs. This information was used as a base to calculate different statistics 
regarding the conservation of gene synteny between rice and wheat at 
different cutoff bit scores and to find out the rice gene copy numbers by 
sorting and filtering tools in Microsoft Excel. The location of each rice gene 
homolog was plotted onto the 21 wheat chromosomes and their bins using a 
combination of automated and manual steps and cross-checked at least three 
times by different individuals (Singh et al 2006).
 An optimized BLAST search of the CDS of 56,298 rice genes with the 
consensus sequences of 39,813 wheat EST contigs showed 24,209 matches 
at a cutoff bit score of 100. A further search against 3,792 bin-mapped 
wheat EST contigs revealed that 8,834 rice genes matched with bin-mapped 
wheat EST contigs. Genes from each of the 12 rice chromosomes mapped 
predominantly to a syntenic wheat group (Table 1). The proportion of rice 
genes mapping to the syntenic wheat groups increased from the 28.4% at a 
100 cutoff bit score, to 33.9% and 38.2% at cutoff bit scores of 200 and 300, 
respectively, but the total number of matches dropped concomitantly from 
8,834 to 5,840 and 4,238, respectively. Therefore, an intermediate cutoff bit 
score of 200 was used as a compromise between the need for higher stringency 
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and allowing for retention of distant matches between rice and wheat genes 
for further analysis. 
 A graphical depiction of the location of each of the 5,840 rice gene 
homologs onto 21 wheat chromosomes revealed many interesting patterns 
of rice-wheat synteny (Fig. 1). We compared individual rice genes against 
a set of presumably nonredundant wheat EST contigs, and hence did not 
expect more than one match for a single rice gene. However, more than 
one rice gene may hit the same wheat contig due to the presence of gene 
duplications in the rice genome. Thus, 5,840 rice genes matched with only 
1,896 wheat contigs, as quite often the same wheat EST contig did match with 
two or more rice genes. Since these matches were at a very high stringency 
(bit scores of 200 or above and E values of 10–40 or less), this reflected the 
existence of extensive gene duplications in the rice genome. The multiple 
rice genes matching with the same wheat EST contig were quite often located 
consecutively in a rice chromosome, indicating tandem gene duplications.

Table 1: Genome-wide analysis of homology between 56,298 rice genes predicted from 
the IRGSP sequence build 3 and 39,813 wheat EST contigs (international wheat SNP 

consortium, build 3) and 3,792 bin-mapped wheat EST contigs (USDA-NSF wheat genome 
project, version Aug. 2003), at a cutoff bit score of 200. 

 All rice genes Single-copy rice genes

Rice Total No. (%) Syntenic Total  No. No. (%) No. (%)
chromosome  no. of  mapping to wheat no. of mapped mapping to mapping to
 genes syntenic group  genes in wheat unique syntenic
     wheat     wheat wheat
  groups    groups groups
       
1 6,737 391 (44.9) 3 1,152 192 173 (90.1) 137 (71.0)
2 5,501 228 (33.8) 6 929 155 131 (84.5) 94 (60.6)
3 5,590 207 (26.6)   4a 1,091 216 173 (80.1) 106 (47.1)
4 5,383 215 (41.3) 2 707 103 82 (80.7) 69 (66.9)
5 4,482 161 (31.2) 1 608 105 93 (88.5) 63 (60.0)
6 4,871 159 (34.5) 7 580 88 74 (84.1) 56 (63.6)
7 4,594 135 (30.0) 2 592 91 79 (86.8) 46 (50.5)
8 4,352 93 (26.3) 7 492 81 68 (83.9) 42 (51.8)
9 3,624 101 (33.3) 5 377 45 42 (93.3) 24 (53.3)
10 3,122 105 (33.8) 1 313 56 52 (92.8) 31 (55.4)
11 3,945 85 (29.4) 4 278 49 38 (77.5) 21 (42.0)
12 4,097 103 (32.1) 5 331 63 58 (92.0) 42 (66.7)
Total 56,298 1,983 (33.9)  7,450 1,244 1,063  731 
      (85.4) (58.7)

aPart of rice chromosome 3 is syntenic to wheat group 5.
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Fig.1: Screen shots from homology plots showing the location of wheat EST homologs of 
physically ordered rice genes (shown in the extreme left column) on 21 wheat chromosomes 

(1A, 1B, 1D, … up to 7D, from left to right).  To create this map, the individual cells on 
an Excel sheet were color-filled whenever a rice gene matched with bin-mapped wheat 

EST, at a bit score of 200 or higher (see Singh et al 2006 for details).  Seven wheat 
groups are color-coded to visualize the syntenic relationship between individual rice 

chromosomes and wheat chromosomes. Rice genes are numbered consecutively according 
to their physical order in the rice chromosome, beginning from the short arm end. (A) A 
region from rice chromosome 1, showing synteny with wheat group 3 (purple color), with 
significant dispersal of genes to another six nonsyntenic wheat groups. (B) A region of rice 
chromosome 2 corresponding to the ancient polyploidy-related duplication (orange shade), 

showing synteny with two different wheat groups, group 6 (main synteny) and group 7 
(duplicate synteny). (C) A region of rice chromosome 3 matching with 4A (instead of 5A), 
5B, and 5D, indicating translocation between 4A and 5A. (D) A part of rice chromosome 2 

lacking synteny with any specific wheat group.

 A B

 C D
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 The homology plot showed that 79.7% of the 5,840 rice genes mapped to 
unique wheat groups, but only 33.9% of the genes mapped to the respective 
syntenic wheat groups (Table 1). In all, four distinct patterns of synteny were 
observed. The first pattern showed a majority of the rice genes mapping to 
a syntenic wheat group, while the remaining genes were distributed over all 
the six nonsyntenic wheat groups (Fig. 1A). The second pattern was typical 
of the regions of rice chromosomes involved in an ancient polyploidy where 
two-thirds of the rice genes were located on just two wheat groups (dual 
synteny) and one-third were distributed on the remaining five wheat groups 
(Fig. 1B). The third pattern clearly identified chromosomal translocations 
within the specific wheat genomes and therefore must have occurred after 
the divergence of wheat from rice (Fig. 1C). The fourth pattern represented 
regions of the rice genome that did not show synteny with any wheat group 
(Fig. 1D).

EVIDENCE FOR ANCIENT POLYPLOIDY 
IN RICE AND WHEAT GENOMES

Paterson et al (2004) identified large segmental duplications covering 62% 
of the transcriptome predicted from the genome sequence of japonica rice 
variety Nipponbare (IRGSP 2005). These duplications were also found in the 
genome of indica rice line 93-11 (Yu et al 2005) and their origin has been 
dated to a time about 70 million years ago, well before the divergence of rice 
and wheat, and they are thought to have resulted from an ancient polyploidy 
in the ancestral grass genome (Paterson et al 2004). Much earlier, Nandi 
(1936) concluded that Oryza sativa is a balanced allopolyploid originating 
from an ancestral grass species with basic chromosome number five. Since rice 
and wheat diverged from a common ancestor long after this event, the signs 
of ancient polyploidy must be present in the wheat genome also. Segmental 
duplications corresponding to this ancient polyploidy were clearly visible 
in our rice-wheat homology plot showing the location of all the 5,840 rice 
gene homologs in wheat. The rice chromosome segments corresponding to 
ancient duplication showed a high number of gene matches with two different 
wheat groups (dual synteny), which was at the same time consistent with 
the pattern of rice-wheat synteny for the individual rice chromosomes (Fig. 
1B). A pattern of duplication and postduplication conservation of lineages 
between rice and wheat was present for all the large segmental duplications 
in the rice genome (Singh et al 2006). In the ancient duplicated segments, 
64% of all rice gene homologs (2,339 out of 3,651 genes) were mapped in 
the two syntenic wheat chromosome groups, while the remaining 36% of the 
genes were distributed over five nonsyntenic wheat groups (Singh et al 2006). 
This provides independent evidence, in addition to the high K values of the 
duplicated gene pairs in rice, that the origin of these segmental duplications 
must predate the divergence of rice and wheat. Subsequent diploidization 
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of these duplications in wheat was evident from the fact that 96% of the 
mapped rice gene homologs in these regions were present in only one of the 
two syntenic wheat groups. The existence of ancient polyploidy in the rice 
genome has been a subject of debate (Moore et al 1995, Vandepoele et al 
2003, Paterson et al 2004) but it is consistent with our observations showing 
corresponding duplications in the wheat genome also in the form of dual 
synteny patterns (Singh et al 2006). 

SINGLE-COPY RICE GENES SHOW CONSERVED SYNTENY 
AND COLINEARITY WITH WHEAT 

Rice genes showing unique matches with wheat EST contigs were identified 
as single-copy (SC) genes. Two or more rice genes matching with a single 
wheat contig represented duplicated multicopy (MC) rice genes. La Rota 
and Sorrells (2004) used single-bin wheat genes for the synteny analysis but 
these were not necessarily SC genes. This is possible from the rice side only 
after the availability of complete genome sequence information. Frequency 
distribution of the copy number of genes in a genome follows a power law 
equation due to inherent control on the amplification of gene copies (Huynen 
and van Nimwegen 1998, Cannon et al 2004). In a power law distribution, 
as the number of genes in a gene family increases, the frequency of such 
gene families in the genome will decrease. The frequency distribution of 
genes with different copy numbers among the 4,659 rice genes mapping to 
unique wheat groups was consistent with this pattern. The highest frequency 
of 1,063 was for the SC genes, and there was a stepwise reduction in the 
frequency of genes with higher copy numbers. While only 27.2% of the MC 
genes mapped to their syntenic wheat groups, the proportion more than 
doubled to 58.7% for the SC rice genes, showing striking conservation of 
synteny of the SC genes.
 With SC rice genes, each of the 12 rice chromosomes showed synteny 
with only one wheat group, except for rice chromosome 11, which showed 
a significantly high number of matches with wheat groups 4 and 5. This 
appeared to be due to an exchange of segments between wheat groups 4 and 
5 in the region corresponding to the long arm of rice chromosome 3 (Singh 
et al 2006). This exchange was common to all the three wheat genomes 
and therefore must have occurred quite early in the progenitor of the A, B, 
and D genomes of wheat. There was random distribution of a large number 
of gene homologs from each rice chromosome to all the nonsyntenic wheat 
groups. A plausible explanation for this is background movement of genes 
in the genome through infrequent transposition or ectopic recombination 
(Bennetzen 2000, Goldman and Litchen 2000). The role of transposition 
in the breakdown of synteny was further highlighted by disproportionately 
high movement of genes near the wheat centromeres from a syntenic wheat 
group to nearly all the nonsyntenic wheat groups (Fig. 2). The breaks in 
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Fig. 2: Highly conserved synteny of rice and wheat chromosomes based on 
single-copy rice genes: (A) between rice chromosome 2 and wheat group 

6 showing transposition of genes to nonsyntenic wheat chromosomes near 
rice (black shade) and wheat (orange shade) centromeres; (B) between rice 

chromosome 6 and wheat group 7 with no transposition of genes in the absence 
of association with a wheat centromere. 
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synteny due to transposition were associated with the wheat centromeres 
rather than rice centromeres (Singh et al 2006). Wheat chromosomes have 
a large amount of repetitive sequences near their centromere and a detailed 
characterization of these may elucidate the exact mechanism of transposition 
(Li et al 2004). 
 Based on the conserved colinearity of SC rice genes across the wheat bins, 
we reconstructed how the karyotypes of rice and wheat relate to a common 
ancestral karyotype (Fig. 3). Nandi (1936) concluded from his detailed study 
of several hundred prophase I nuclei that both aneuploidy (two separate 
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Fig. 3: Origin of rice and wheat chromosomes from a common grass ancestor with five pairs 
of chromosomes (1G to 5G, central circle). Polyploidy and aneuploidy events about 70 

million years ago resulted in 12 pairs of chromosomes (5 + 5 + 2) in rice (1R to 12R, middle 
circle). Rice and wheat shared a long common lineage before the evolution of diploid wheat 
by fusions between two or three of the 12 chromosomes, thus reducing the number to seven 

pairs (1W to 7W, outer circle). Circles are drawn based on observed colinearity of single-
copy rice genes with seven wheat groups. Orientation of the chromosomes in the three 

circles is clockwise beginning from the short arm ends. Reverse orientation of four wheat 
chromosome segments with respect to their rice counterparts is indicated by arrows on the 

wheat circle.
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duplications of individual rice chromosomes) and polyploidy (created by 
hybridization between two related species) have contributed to the origin 
of Oryza sativa, and he suggested a haploid chromosome formula for rice as 
AA1A1, BB1B1, CC1, DD1, EE1. The simplest explanation as to how multiple 
ancestral chromosomes of rice are arranged in a single wheat chromosome 
group is by fusion of the ancestral chromosomes leading to the evolution of 
larger-size wheat chromosomes. The presence of seven basic chromosomes 
in wheat compared with 12 in rice could be explained by two centromeric 
fusions in wheat groups 1 and 4, and seven translocations, one each in wheat 
groups 1, 2, and 4, and two each in wheat groups 5 and 7 (Fig. 3). It is well 
known that the failure of meiotic chromosome pairing in the interspecific 
hybrids (polyhaploids) leads to chromosome breakage and fusion. Cereals 
with divergent basic chromosome numbers, for example, 7 in wheat, barley, 
and rye; 10 in sorghum, maize, and sugarcane; and 12 in rice, could have 
originated in such polyhaploid(s). Such chromosomal rearrangements were 
seen in synthetic polyploids of mustard and wheat (Song et al 1995, Ozkan et 
al 2001). Although the outcome of synteny studies may be influenced by the 
choice of genes (Gaut 2002), our conclusions are based on a comprehensive 
analysis of all genes rather than a selected set of genes (Singh et al 2006). 

PREDICTING THE LOCATION OF WHEAT GENES
USING RICE GENOME INFORMATION

High-resolution molecular maps are an essential resource for structural and 
functional genomics in crop plants. Assignment of a large number of ESTs to 
specific wheat chromosome bins will reduce the time and cost of developing 
high-resolution maps (Gill et al 2004, Qi et al 2004). Based on the conserved 
colinearity of 1,063 SC mapped rice genes, we predicted the wheat bin 
location of 6,178 unmapped SC rice gene homologs (Singh et al 2006). To 
validate these predictions, we designed forward and reverse PCR primers for 
a set of 213 wheat EST contigs predicted to map in the telomeric bins of 21 
wheat chromosomes, and used genomic DNA of Chinese spring wheat and 
its telomeric segmental deletion lines for our validation studies. Forward 
and reverse primer pairs were designed using Primer 3 software (http://frodo.
wi.mit.edu) from consensus sequences of the 213 wheat EST contigs predicted 
to map in the telomeric bins of 21 wheat chromosomes, and 164 of these 
amplified DNA fragments in the expected size range. Sixty-nine of these 
amplified a single-size DNA band but, in 49 of these instances, the single-size 
amplified band could not be assigned to the predicted wheat bin, probably 
because of lack of polymorphism or in some cases because of their location 
on nonsyntenic wheat chromosomes. Nonetheless, 58 genes (35.4% of the 
amplified genes) were located in the predicted telomeric bins of the seven 
wheat chromosome groups (Singh et al 2006). This is a conservative estimate, 
as more primers are likely to be validated at their predicted locations using 
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CAPS (cleaved amplified polymorphic segments) and SNP (single nucleotide 
polymorphism) genotyping of the single monomorphic-size PCR bands. Only 
1,244 of the 7,540 SC rice gene homologs are bin-mapped in wheat.

RICE AND WHEAT SHARED A LONG COMMON LINEAGE 
AFTER ANCIENT POLYPLOIDY 

The coding sequencese of a random set of orthologous pairs of rice-wheat 
genes, at cutoff bit scores of 200–400, 401–600, 601–800, 801–1,000 and 
more than 1,000, were extracted. A total of 116 representative gene pairs, 
including 22–24 genes for each of the five bit score intervals and 8–10 genes 
from each of the 12 rice chromosome, were aligned using ClustalW in MEGA3 
software (Kumar et al 2004). The meg files were then analyzed using DnaSP 
4.0 software (www.ub.es/dnasp/) for synonymous (Ks) and nonsynonymous 
(Ka) substitution rates. We plotted the frequency distribution of Ks values 
for the 116 gene pairs to see if the bit score cutoff has any influence on the 
Ks values. The mean Ks values were indeed lower for the highly conserved 
gene pairs with higher bit scores but the modal Ks values were not much 
affected by the cutoff bit scores (Fig. 4), and hence provide a better criterion 
for the phylogenetic dating of duplication events (Paterson et al 2004). The 
modal Ks values for the 116 syntenic SC rice genes and their wheat orthologs 
were in the range of 0.2 to 0.3, giving an estimated time of divergence for 
rice and wheat from 15 to 23 million years ago using the molecular clock of 
Muse (2000). This is consistent with the idea that the common ancestor of 
present-day rice and wheat must have followed a common lineage for a long 
time, somewhere in the range of 20 to 50 million years. 

MOLECULAR FUNCTIONS OF THE SINGLE-COPY GENES

Based on the presence of homologous protein functional domains identified 
by BLASTX search, we classified the SC rice gene homologs of wheat 
ESTs into two categories: (1) with exact/putative function and (2) with 
unknown functions. Significantly, 50.2% of the bin-mapped SC rice genes 
have unknown function compared with only 29.4% of all bin-mapped MC 
genes with unknown function. The proportion of genes with unknown 
function was still higher (54.0%) in the unmapped SC rice genes. Thus, 
the SC genes have lagged behind in both mapping and characterization 
of their functions, probably because of their poor representation in the 
mRNA populations. The conserved sequence and single-copy constitution 
of these genes point toward their vital role in plant biology, which was also 
supported by the annotated function of these genes (Table 2). The SC rice 
genes have maintained their single-copy status despite the prevailing forces 
of gene duplication, including tandem duplication, background duplication, 
and polyploidy (Yu et al 2005). More than 85% of the SC rice genes mapped 
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to unique wheat groups, indicating that duplicate copies resulting from the 
ancient polyploidy have largely been deleted or diverged beyond recognition 
in the wheat genomes. More than one-third of the expected triplicate sets of 
the 1,063 SC rice gene homologs (3,189 genes for the three genomes of bread 
wheat) have already been eliminated or diverged beyond recognition. Bread 
wheat has only 2,149 homologs of the SC rice genes, including duplicates 
and triplicates. A rapid mechanism for the elimination of duplicated loci 
has been described in synthetic wheat polyploids (Ozkan et al 2001), but 
other duplicates may take longer for elimination, or may even be tolerated 
and evolve new functions (Lynch and Conery 2000). Single-copy genes are 
present in almost all the sequenced genomes despite the increasing evidence 
that most of the higher species have evolved by duplication and divergence 
of genes and genome (Dietrich et al 2004). The inferred deletions of SC 
rice gene homologs in wheat need not have occurred after the formation of 
polyploid wheat and many of these could have occurred during independent 
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Fig. 4: Cumulative frequency distribution of Ks values for rates of 
synonymous nucleotide substitutions among 116 randomly selected 
single-copy rice genes and their wheat homolog pairs, representing 
all the 21 wheat and 12 rice chromosomes. Rice-wheat gene pairs 
matching with increasing bit score values are shown in different-

color line graphs. The modal Ks values fell in the range of 0.2 
to 0.3, indicating divergence of rice and wheat from a common 

progenitor about 15–23 million years ago.
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Table 2: A partial list of highly conserved rice-wheat orthologs of known exact or 
putative functions, matching with bit score values of 1,000 or higher, and bin-mapped 

in wheat. Discovery of the function of these genes and their association with agronomic 
traits in any one species will facilitate their use in another. 

Rice gene  Molecular function Wheat contig  Bit score
      ID  ID

01-2966  Putative heme A farnesyltransferase  16686 1,080
01-4041  Malate dehydrogenase–Oryza sativa  18245 1,225
01-6009  Putative signal recognition particle 72 kD 16180 1,466
01-6217  Putative selenium binding protein 18102 1,703
02-34  Ferredoxin-NADP(H) 17968 1,073
02-598  Thiosulfate transferase 15535 1,008
02-1694  Dipeptidyl peptidase IV-like protein 11718 1,144
02-3747  Succinyl-CoA ligase GDP-forming 18522 1,632
03-584  Putative male sterility protein 18118 1,317
03-1281  Beta-galactosidase (EC 3.2.1.23) 17611 1,366
03-1624  Malonyl-CoA:ACP transacylase 13019 1,000
03-2073  Beta-adaptin homolog F8L21.170–Arabidopsis 17393 1,627
03-5528  Putative zinc finger protein 17075 1,331
04-45  Arginase (EC 3.5.3.1) 17135 1,214
04-2718  Initiation factor–Arabidopsis thaliana 18154 1,247
04-3522  Putative leucine-rich protein 16284 1,431
05-958  2-oxoglutarate/malate translocator  18719 1,047
05-4275  Malate dehydrogenase–Oryza sativa  17475 1,201
05-4368  Mitochondrial solute carrier protein homolog 18229 1,248
06-82  Ferredoxin–NADP reductase, leaf isozyme 16485 1,065
06-1310  TF-like protein (fragment) 5897 1,190
06-3424  T complex protein–Cucumis sativus 18326 1,941
07-2968  Putative ATP synthase gamma-subunit 17203 1,225
07-3592  Transporter-related-like 17184 1,096
07-4155  Putative NADH dehydrogenase 18648 1,925
08-910  GTP-binding protein 16993 1,356
08-3737  Aminotransferase 1 18199 1,513
08-4242  Peroxisome biogenesis protein PEX1    4849 1,073
09-1576  Cysteine desulfurase, mitochondrial precursor   9841 1,302
09-2478  Aldehyde dehydrogenase 18493 1,678
09-2630  ARP protein–Arabidopsis thaliana 16640 1,363
10-2457  Putative glutamyl-tRNA reductase 16934 1,814
10-2572  Putative electron transfer oxidoreductase 15663 1,296
10-2582  Putative gamma-lyase 15531 1,077
11-1233  Chlorophyll a/b-binding protein CP26 precursor 18125 1,069
11-1939  Protein transport protein Sec23 15637 1,291
11-2313  Similarity to enolase-phosphatase 17902 1,524
12-2991  2-oxoglutarate/malate translocator-like protein   8584 1,012
12-3407  Replication licensing factor MCM7 homolog 17513 1,887
12-3955  Methionine synthase protein 18820 2,299
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evolution of the diploid progenitor genomes of bread wheat over a period of 
2.5 to 7 million years ago (Devos et al 2005). 
 Tandem duplication of genes (a kind of paralog) is much more frequent 
than segmental duplication. For example, tandem duplications have played 
a key role in the rapid divergence of rice disease resistance genes (The 
Rice Chromosomes 11 and 12 Sequencing Consortia 2005). The tandem-
duplicated copies of genes are likely to evolve the fastest, as this represents 
a more fundamental feature of all the sequenced genomes and is also present 
within the large duplicated segments of the chromosomes. The orthology must 
have its origin in the duplication of chromosome segments by translocation, 
aneuploidy, or polyploidy, whereas transpositions are responsible for 
moving the individual genes from their orthologous positions (ancestral 
gene context) to new paralogous positions. After their divergence from a 
common ancestor, the daughter species are likely to retain the orthologous 
set of genes in the same order (colinearity), depending on the duration of 
their separation or adaptation to specific ecological niches, which may lead 
to loss of colinearity. 
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Following the success of hybrid rice in China and considering the urgent 
need to increase rice production and productivity, the International Rice 
Research Institute (IRRI) was encouraged in 1979 to lead the development 
and dissemination of hybrid rice technology in the tropics. Currently, about 
2 million hectares are planted with hybrid rice varieties, primarily under 
irrigated conditions in India, Vietnam, the Philippines, Bangladesh, Myanmar, 
and Indonesia, resulting in a yield advantage of 1–1.5 t ha–1 over inbred high-
yielding varieties. This has encouraged the participation of the seed industry in 
public, private, NGO, and farmers’ cooperative sectors. Experimental evidence 
has been generated that indicates a proportionately higher yield advantage of 
rice hybrids over inbred rice under certain unfavorable rice ecosystems having 
moderate drought, salinity, submergence, etc. The cytoplasmic male sterility 
system has been primarily used to develop rice hybrids. The future of hybrid 
rice in the tropics is even brighter. This paper highlights future opportunities 
for the development of better technology and its faster dissemination.

Rice yields per unit area and per unit time must increase to meet the 
growing rice demand due to increased population and decreasing land 

and water availability for rice production as competing opportunities emerge 
for economic development, including for rice farmers. Since the 1980s, the 
International Rice Research Institute (IRRI) has been providing leadership 
to develop hybrid rice technology in the tropics following the success of 
the Chinese experience in developing and commercializing this technology 
since the 1970s. Currently, China cultivates about 15 million ha (50% of 
its rice land) with hybrid rice varieties that yield about 1.5 t ha–1 more 
than the high-yielding inbred rice varieties (HYVs) that average about 5.5 
t ha–1. This provides about 22.5 million tons of extra paddy annually to 
China (valued at US$4.5 billion) and saves the country about 4 million 
ha of rice land and 2.4 billion cubic meters of water. In collaboration with 
IRRI and China, several other countries (India, Vietnam, the Philippines, 
Bangladesh, Myanmar, and Indonesia) have developed and commercialized 
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hybrid rice technology during the past 12 years (Table 1). Currently, about 
2 million ha of rice land are covered in these countries using several public 
and private hybrid rice varieties (Table 2) that outyield inbred HYVs 
by 1–1.5 t ha–1 and result in increased farmer profitability of about $90  
ha–1. The increased paddy production due to rice hybrids is estimated to 
be about 2–2.5 million t (worth about $400–500 million). The associated 
hybrid seed production technology, primarily involving the cytoplasmic male 
sterility system, has led to the development of a hybrid rice seed industry 
in the public, private, and NGO sectors. This has helped increase rural 
employment opportunities and international trade in hybrid rice seeds. This 
paper highlights some future opportunities for developing and disseminating 
hybrid rice technology in the tropics.

FURTHER INCREASES IN RICE YIELD

Experimental evidence at IRRI (Khush et al 1998) had indicated that 
heterosis in rice could be enhanced further in the tropics by using crosses 
involving indica, tropical japonica, or indica-tropical japonica derivative 
lines. Using such lines, Chinese scientists have already developed and 
commercialized super rice hybrids (Yuan 2003). With the availability of 
molecular tools, it should be possible to identify heterotic gene blocks in 
rice. The selective deployment of these through parental lines would also 
help to enhance rice heterosis. With the use of various genetically diverse 
introgression lines developed through the wide hybridization program at IRRI 
and NERICA lines from WARDA (The Africa Rice Center), as one of the 
parents, it should also be possible to enhance heterosis beyond the current 
levels. The extent of DNA methylation has been found to be lower in hybrid 
rice than in inbred maize (Tsaftaris and Polidoros 1993, Stuber 1999). Such 

Table 1: Area covered 
by hybrid rice varieties in 
selected tropical countries 

(2006).

Country Hybrid rice
 area (ha)

India 800,000
Vietnam 600,000
Philippines 325,000
Bangladesh 100,000
Myanmar   45,000
Indonesia   40,000
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Table 2: Names of commercialized rice hybrids in different countries.

Country Hybrid Public  Source/sponsoring
  or private institution/companya

India PA 6444a Private Hybrid Rice International Ltd., 
 PA 6111a     Hyderabad
 KRH-2a Public Karnataka
 Narendra Sankar Dhan-2a Public Uttar Pradesh
 Pant Sankar Dhan-1a Public Uttar Pradesh
 PA-6201a Private Hybrid Rice International Ltd., 
      Hyderabad
 PHB-71a Private Pioneer Seed Company, Hyderabad
 Sahyadria Public Maharashtra
 DRRH-2a Public DRR, Hyderabad
Indonesia Maroa Public IIRR
 Rokana Public IIRR
 Intani 1a Private PT. BISI
 Intani 2a Private PT. BISI
 Longping Pusaka 1 Private PT. Bangun Pusaka
 Longping Pusaka 2 Private PT. Bangun Pusaka
 Hibrindo R1 Private PT. Sutowindo
 Hibrindo R2 Private PT. Sutowindo
Bangladesh Sonarbangla 1 Private Mallika Seed Company
 Hira Private Supreme Seed Company
 BRRI Hybrid Dhan1a Public BRRI
 GB 4 NGO BRAC
 Aftab LP 50 Private Aftab Bahumukhi Farm Ltd.
 Richer 101 Private Chens Crop-Science Bangladesh 
      Ltd.
Philippines Mestizo 1a Public PhilRice
 Mestizo 2a Public PhilRice
 Mestizo 3a Public PhilRice
 Bigantea Private Bayer Crop Science, Inc.
 SL-8  Private SL-Agritech
 Bio 401a Private Bioseed
 Rizalina 28a Private HyRice Corporation
Vietnam Bo you 903  Private China
 Bo you 253  Private China
 Er you 838  Private China
 Er you 63  Private China
 D you 527  Private China
 VL 20  Public Vietnam
 TH 33  Public Vietnam
 HYT 57a Public Hybrid Rice Research Center
 HYT 83a Public Hybrid Rice Research Center
 TN 15   China-Vietnam

aHybrids with at least one parent derived from IRRI-developed germplasm. bIIRR = Indonesian Institute 
for Rice Research, DRR = Directorate of Rice Research, BRRI = Bangladesh Rice Research Institute, 
BRAC = Bangladesh Rural Advancement Committee.
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a relationship should be studied in rice and, if consistent, it could be used 
to select heterotic rice hybrids.
 Opportunities also exist in the tropics for maximizing the manifestation 
of yield heterosis by developing and deploying an appropriate agronomic 
package of practices in target areas. The experience at IRRI (IRRI 1993) 
and in China clearly indicated that the yield performance of rice hybrids 
is maximized when agronomic management is somewhat modified to suit 
their growth and development pattern in comparison with the management 
commonly recommended and used for inbred HYVs of rice.

RICE HYBRIDS FOR UNFAVORABLE RICE ECOSYSTEMS

Sufficient experimental evidence has been generated at IRRI to indicate equal 
or higher yield advantage of rice hybrids over inbred rice under moderate 
drought, submergence-prone (Table 3), salinity-prone (Virmani 2003), and 
aerobic rice ecosystems. Several rice hybrids developed for the irrigated 
rice ecosystem have been found to be highly adapted under certain rainfed 
lowland ecosystems in eastern India and are spreading fast. It is therefore 
important that intensive hybrid rice breeding programs be undertaken for such 
ecosystems. Parental lines, adapted to these ecosystems, when used, would 
result in rice hybrids that are better than currently used hybrids developed 
for the favorable irrigated rice ecosystem. Also, seed production of such 
hybrids has to be made more efficient to make the seed more affordable for 
poor rainfed rice farmers. Appropriate agronomic management guidelines 
and packages would have to be developed to maximize the expression of a 
yield advantage of rice hybrids under unfavorable ecosystems.

Table 3: Yield (t ha–1) of 115 elite irrigated lowland lines and 10 
hybrids under lowland drought + 0 N, delayed transplanting, and 

stagnation: IRRI, wet season 2005.

  Drought + Delayed Water
Cultivar type Irrigated 0 N transplanting stagnation
   (60 days) (40–60 cm)

Hybrids 5.0 2.2 2.7 1.0
Inbreds 3.4 1.6 1.5 0.5
Hybrid 47 34 80 92
   advantage (%)

Source: G. Atlin, IRRI.
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IMPROVED GRAIN AND NUTRITIONAL
QUALITY OF RICE HYBRIDS

The first-generation rice hybrids commercialized in China and outside China 
did not appeal to rice consumers and millers. One or both parents of these 
hybrids did not have the desired milling or grain quality. This adversely 
affected the pace of adoption of hybrid rice technology in parts of India. 
Studies conducted at IRRI (Khush et al 1988) indicated that hybridity was 
not associated with poor grain quality. With an appropriate choice of parental 
lines, rice hybrids of desired milling and grain quality can be developed. 
Indian hybrid rice breeders have successfully developed a basmati rice hybrid, 
Pusa RH 10 (Zaman et al 2003), which supports IRRI findings. The grain 
quality of rice hybrids in a target area should be improved by using parental 
lines with the required grain quality.
 Heterosis also exists for iron and zinc content in rice grain (G. Gregorio, 
unpublished). Elite rice hybrids should therefore be routinely evaluated 
for iron and zinc content in their grains to identify whether any of these 
manifested a higher level of these traits to increase their nutritive value.

RESISTANCE TO BIOTIC STRESSES

Many of the commercialized rice hybrids did not have an acceptable level of 
resistance to bacterial leaf blight, tungro virus, sheath blight, stem borers, 
and whitebacked planthopper. This is because the parental lines used to 
develop these hybrids did not carry any genes with resistance to these stresses. 
Considering the importance of the specific biotic stresses in a target area, 
appropriate parental lines possessing the required resistance genes should 
be used to develop commercial rice hybrids for that area. Bt and chitinase 
genes would also be useful to develop hybrid rice resistant to stem borers and 
sheath blight, respectively. However, this strategy would be useful only when 
transgenic rice became accepted by farmers and consumers.

DIVERSIFICATION OF THE MALE STERILITY SYSTEM

Although there is no evidence so far to indicate genetic vulnerability of 
the widely used wild abortive (WA) CMS system (Faiz 2000), it is always 
desirable, especially in the tropics, to use diverse male sterility systems to 
prevent genetic vulnerability of commercial rice hybrids if they are associated 
with a CMS system. Diverse CMS systems are available, and these should be 
identified using mitochondrial DNA fingerprinting technology available for 
the purpose. CMS systems can also be supplemented with a thermosensitive 
genetic male sterility (TGMS) system to increase the efficiency of hybrid 
rice breeding and seed production. The transgenic male sterility system (e.g., 
Exogenous Allelic System, U.S. Patent #6852 911), if found usable in rice, 
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would also be useful for this purpose. Molecular marker-assisted selection of 
available tms genes should help to breed new TGMS lines more efficiently.

MANIPULATION OF FERTILITY RESTORER GENES

Several fertility restorer (Rf) genes, interacting with (WA) Bo and several 
other CMS systems, have been identified. With the help of molecular markers, 
several of these have been tagged. Therefore, it is possible to identify restorer 
lines possessing these genes using specific molecular markers. Molecular 
markers should be used routinely by hybrid rice breeders to increase their 
efficiency to select effective restorer lines. These markers would also enable 
plant breeders to pyramid restorer genes in selected restorer lines to increase 
fertility restoration ability.
 Inhibitory genes present in CMS or restorer lines are also known to 
reduce their restoration ability (Govinda Raj and Virmani 1988). Molecular 
markers should be used to identify and tag these inhibitory genes, which can 
then be bred out from the selected parental lines to obtain heterotic hybrids 
more frequently, thereby increasing hybrid rice breeding efficiency.

INCREASING HYBRID RICE SEED YIELD

Hybrid rice seed yield is a function of the outcrossing ability of male sterile 
lines, pollen supplying ability of male parents, and agronomic management 
in hybrid rice seed production plots. The weather conditions prevailing 
during the reproductive phase of the parental lines used for hybrid seed 
production also play an important role in determining outcrossing ability 
and, hence, hybrid seed yield. During the past 8–10 years, Chinese scientists 
have developed male sterile lines possessing very high (50–60%) outcrossing 
compared with tropical CMS lines (such as IR58025A) that can give 20–30% 
outcrossing. The floral traits imparting high outcrossing can be identified 
critically and transferred into parental lines using conventional and molecular 
breeding approaches. A composite population breeding approach using 
genetic male sterility was started at IRRI to improve outcrossing potential. 
The population should be useful to extract parental lines possessing higher 
outcrossing and should also be used and/or be developed outside IRRI. These 
parental lines, under appropriate agronomic management conditions in a 
given target environment, should help to increase seed yields significantly 
to reduce seed cost in the tropics, where high seed cost is one of the major 
factors limiting the pace of adoption of hybrid rice technology.
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APOMIXIS

Apomixis is known to fix heterosis. Therefore, farmers can use the harvest 
of F1 rice hybrids as seed for the succeeding crop without facing a problem 
of yield reduction and F2 segregation. Several approaches, including 
polyembryomy (twin seedling), wide hybridization, and mutagenesis, have 
been tried unsuccessfully during the past 15 years. Currently, a synthetic 
apomixis approach (Bi et al 2003), involving a genetic engineering strategy, is 
being tried in a collaborative project between IRRI and the Commonwealth 
Scientific and Industrial Research Organization (CSIRO), Australia. It has 
yielded some encouraging results. However, this research still needs several 
more years to get this phenomenon incorporated in rice. If successful, 
apomixis will help to revolutionize the use of hybrid rice technology by 
poor small rice farmers who are currently unable to afford expensive hybrid 
rice seeds.

PUBLIC-PRIVATE PARTNERSHIP

A good partnership between the public and private sector as well as NGO 
sector is essential for the expeditious development and transfer of this 
technology. The public sector is stronger in technology generation whereas 
the private sector is stronger in developing commercial hybrids and their 
seed production, processing, and marketing. NGOs are strong in arranging 
on-farm demonstration and promotion of the technology at the grass-roots 
level. There are several problems constraining this partnership that have been 
identified by IRRI in collaboration with some national hybrid rice programs. 
These problems need to be resolved and models of effective partnership 
between the two sectors need to be developed for faster development and 
dissemination of the technology. IRRI, in collaboration with some public, 
NGO, and private organizations, can play the role of an honest broker to 
help the interested countries to develop models of this partnership. Once 
developed, these models would enhance the pace of development and 
adoption of hybrid rice technology. An effective partnership developed for 
this purpose may also pave the way for significant financial commitments 
to support national and international rice research programs, not only on 
hybrid rice but also on other seed-based technologies.
 In conclusion, hybrid rice technology has a bright future in the tropics 
and elsewhere to contribute toward farmers’ income, national food security, 
rice production efficiency, seed trade, rural employment, and, consequently, 
global prosperity.
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To break through the current plateaus of rice yield potential, it is necessary to 
understand yield determination processes and identify traits associated with 
high yield potential. Many previous studies indicate that rice yield is most 
closely related to spikelet number per unit area (Sn) and then to grain-filling 
percentage (Fp), both of which are determined through physiological processes 
of genotype by environment interaction (G × E). The Sn is determined as the 
difference between spikelet number differentiated and that degenerated. 
Analysis of data from G × E experiments on nine widely different genotypes 
grown at eight different locations in Asia, covering cool temperate to tropical 
climates, revealed that the generated Sn is proportional to plant nitrogen (N) 
accumulated at 2 weeks before heading and that the degenerated Sn is inversely 
proportional to crop growth rate (CGR) during the 2-week period preceding 
heading. There were large genotypic differences in both the generated Sn per 
unit plant N at 2 weeks before heading and CGR during the 2-week period. 
Genotypes having higher N-use efficiency in spikelet production tended to have 
more secondary rachis branches per primary rachis branch with a moderate 
panicle number per unit area. Genotypes having higher CGR had higher 
stomatal conductance and higher leaf N per unit area. G × E experimental data 
indicated that Fp had no clear relation to Sn or to biomass production during 
the grain-filling period and that Fp was more strongly affected by genotype 
than by environment. This may agree with the previous findings that two QTLs 
located on chromosomes 8 and 12 controlled rice grain filling independent of 
Sn or photosynthetic capacity. Genotypes having higher Fp showed lower leaf 
N content at heading. However, it is not clear whether the lower N content and 
the higher grain-filling ability are affected by a single locus with pleiotropic 
effects. These results suggest that traits associated with higher yield potential 
in rice are higher stomatal conductance, higher N-use efficiency in spikelet 
production, a larger number of secondary rachis branches per primary branch, 
moderate tillering ability, and moderate leaf N content as well as traditional 
plant-type traits. 

Physiological and Morphological 
Traits Associated with High Yield 
Potential in Rice

Takeshi Horie, Koki Homma, and Hiroe Yoshida
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Under the increasing demand for food associated with population expan-
sion and economic development in the world, it is obviously necessary to 

break through the current plateaus of rice yield potential (Horie et al 2003). 
Recognizing this, intensive work has been done to create new high-yielding 
rice genotypes, which includes the breeding of new plant types (NPTs, Khush 
and Peng 1996) and F1 hybrids (Yuan 2001). Hybrids showed a mean yield 
advantage of about 15% over the best inbred cultivars in China (Yuan 1994) 
and 9% at the International Rice Research Institute (IRRI), but NPTs did not 
show an appreciable yield advantage over existing elite cultivars (Khush and 
Peng 1996, Horie 2001). These results indicate that more efforts have to be 
made to break the barriers to increasing rice yield potential. To surpass the 
current yield potential of rice, appropriate physiological and morphological 
traits as well as the traditional plant type (Tsunoda 1959, Yuan 2001) should 
be incorporated in breeding programs with the aid of molecular markers. For 
this, it is important to identify yield-limiting processes and associated traits 
and to quantify their genetic variability.
 It is well accepted that rice yield potential is primarily determined by 
the product of spikelet number per unit area and grain-filling percentage, as 
the contribution of single grain mass was small (e.g., Matsushima 1976). To 
quantify the determination processes of these two major yield components of 
rice, we analyzed extensive data from various field experiments conducted on 
diverse genotypes under widely different environments in Asia. On the basis 
of these analyses and a review of relevant studies, this paper describes the 
physiological and morphological traits associated with high yield potential 
of rice and their genetic variability.

DATA USED FOR THE ANALYSES

Comparative field experiments on genotypes have been conducted in Kyoto 
since 1999 to identify yield-limiting processes of rice and associated traits. In 
2001 and 2002, multilocational genotype-comparative experiments termed 
the Asian Rice Network (ARICENET) experiments were conducted at eight 
locations across Asia. Those sites were located at Morioka (Iwate Agricultural 
Experiment Station), Ina (Shinshu University), Kyoto (Kyoto University), 
and Matsue (Shimane University) in Japan; Nanjing (Nanjing Agricultural 
University) and Yunnan (Lijiang Agricultural Experiment Station, Taoyuan 
Branch) in China; and Chiang Mai (Chiang Mai University) and Ubon 
Ratchathani (Ubon Rice Research Center) in Thailand. Widely different 
genotypes including indicas, temperate and tropical japonicas, new plant 
types (NPTs) of IRRI, and a glaberrima and sativa interspecific hybrid (WAB) 
were used for the experiments. The numbers of genotypes tested each year 
were four and eight in Kyoto in 1999 and 2000, respectively, and nine common 
genotypes plus one location-specific cultivar at each of eight locations in 
ARICENET experiments in 2001 and 2002.
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 Another field experiment using a Rice Diversity Research Set (RDRS, 
Kojima et al 2005) of germplasm was also conducted in Kyoto. The RDRS 
consists of 69 widely different genotypes selected on the basis of cluster 
analysis on 179 RFLP markers to represent about 31,000 genotypes stored 
at the gene bank of the National Institute of Agro-biological Resources of 
Japan (Kojima et al 2005). A genotype-comparative experiment was done 
using 64 genotypes of RDRS in 2004 and 2005.
 Rice crops grown under nearly optimum conditions at those sites and 
in those years were periodically harvested to determine dry weight and 
nitrogen (N) content of different organs and leaf area. At maturity, yield 
and its components were also measured. In Kyoto, leaf photosynthetic rates, 
stomatal conductance, carbon isotope discrimination rates in the leaves, 
plant nonstructural carbohydrate content (NSC), and canopy temperature 
were also measured periodically. For the RDRS experiment, numbers of 
primary and secondary rachis branches on panicles and spikelet numbers on 
those branches were also determined. The details of those experiments were 
described in Yoshida et al (2006) and Homma et al (2006).
 The results described in the following sections are based on analyses of 
the data derived from those experiments.

DETERMINATION OF SPIKELET NUMBER
PER UNIT AREA AND ASSOCIATED TRAITS

Plant Factors Determining Spikelet Generation

It is well recognized that the number of spikelets or their potential is 
proportional to plant N content in the early reproductive period (Wada 
1969, Hasegawa et al 1994, Kobayashi and Horie 1994, Horie et al 
1997). Spikelet number was given by the difference between the number 
differentiated and ones degenerated. Wada (1969) suggested that, although 
the differentiated spikelet number was proportional to plant N content in 
the early reproductive period, the degenerated spikelet number depended 
on the availability of carbohydrate during the late reproductive period. On 
the basis of this hypothesis, we synthesized the following model (Yoshida et 
al 2006) to explain spikelet number per unit area (S) for different genotypes 
grown under different environments:

 S = Sg – Sd (1)

The differentiated (Sg) and degenerated (Sd) spikelet numbers were 
represented, respectively, by

 Sg = aNp +bln(cNp + 1) (2)
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and

 Sd = exp(–k × CGR) (3)

where Np is the plant N content 2 weeks before heading, CGR is the crop 
growth rate during the 2-week period preceding full heading, and a, b, c, and 
k are parameters.
 Using the ARICENET experimental data, we determined the values of 
the parameters for each genotype. The value of parameter a strongly depended 
on genotypes but that of the others could be regarded to be common over 
nine genotypes investigated. This model with those parameter values well 
explained (R2= 0.88, P<0.001) the spikelet numbers of nine genotypes 
grown at eight different locations in Asia for 2 years (Yoshida et al 2006). 
Parameter a represents spikelet production efficiency per unit Np that a 
plant accumulated. Quite a large genotypic difference was found in spikelet 
production efficiency per unit plant Np in RDRS experimental results (Fig. 1), 
with higher efficiencies in aus-type indicas and semidwarf indicas and lower 
efficiencies in japonicas. Higher spikelet differentiation efficiency per unit 
Np of genotypes was more strongly correlated with secondary rachis branch 
number per primary rachis branch and spikelet number per secondary rachis 
branch than with primary rachis branch number per panicle and spikelet 
number per primary rachis branch (Table 1).
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Fig 1: Genotypic variation in spikelet production efficiency per 
unit plant N for 64 rice genotypes of Rice Diversity Research Set 

experiment.
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 Ashikari et al (2005) found a gene to increase spikelet number per panicle 
through the accumulation of cytokinin in inflorescence meristems. The 
panicle morphological characteristics of rice genotypes with larger spikelet 
number are probably regulated by cytokinin dynamics. 

Plant Factors Related to Spikelet Degeneration

The model predicted that percentage degenerated spikelets increased 
exponentially with decreasing CGR during the late reproductive 
period, which nearly corresponds to the 2-week period preceding 
heading.  I t  showed that  when the CGR is  as  low as  10 g  m–2  
day–1, about 40% of differentiated spikelets degenerate, which agreed well 
with the observation that as many as 37% of the differentiated spikelets 
degenerated in Nipponbare grown under poor environmental conditions 
(Kobayashi and Horie 1994). This implies that rice has the ability to 
differentiate an excess number of spikelets that are to be filled so as to regulate 
the number by “self-thinning” in response to the availability of carbohydrate 
around the meiosis stage (Horie 2001).
 Horie et al (2003) showed that genotypic differences in CGR during 
the late reproductive period were mainly due to the difference in leaf 
photosynthetic rate. Significantly different leaf photosynthetic rates at light 
saturation were observed among genotypes grown under field conditions in 
Kyoto. The genotypic difference in leaf photosynthetic rate was closely related 
to the difference in stomatal conductance (gs) and leaf nitrogen content per 
unit area (N). On the basis of these results, Ohsumi et al (2007) synthesized 
the following model to explain gross photosynthetic rate (Pg) of leaves of 
different genotypes at different development stages as a function of gs and 
percentage leaf N content (N, 100 g N m–2):

Table 1: Correlation coefficient between spikelet production efficiency 
per unit plant N and size of panicle morphological components for 64 rice 

genotypes.

Panicle Correlation coefficienta

Panicle number per unit area 0.15
Spikelet number per  panicle 0.26**
Primary rachis branch number (R1) per panicle –0.14
Secondary rachis branch number (R2) per R1 0.36**
Spikelet number per R1 –0.07
Spikelet number per R2 0.37**

a** = significant at P<0.001.
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 Pg = k(N – No)gsCa/{k(N – No)(1+gs/gm) + gs} (4)

where Ca denotes CO2 concentration in the air, No minimum leaf N content 
for photosynthesis, gm mesophyll conductance, and k is a parameter. Equation 
4 was derived from CO2 diffusion equations by assuming that carboxylation 
rate is proportional to CO2 concentration in chloroplast and N, and that a 
constant ratio is maintained between gs and mesophyll resistance (gm). This 
equation explained fairly well (R2 = 0.85) the observed leaf photosynthetic 
rates of different genotypes of ARICENET at different stages by assuming 
that dark respiration rate of leaves was 5% of Pg (Ohsumi et al 2007). This 
suggests that genotypic differences in leaf photosynthesis were mainly derived 
from the difference in gs and leaf N content.
 This analysis implies that genotypic differences in percentage spikelet 
degeneration are due to the difference in CGR under a given environment, 
which in turn is mainly determined by the difference in gs and leaf N.

Overall Process of Spikelet Number Determination
and Associated Traits 

On the basis of this analysis, the overall process for determining spikelet 
number per unit area and associated traits is schematized in Figure 2. This 
suggests that traits required for increased spikelet number per unit area are 
larger leaf area index (LAI) during the reproductive period, higher leaf N 
content and gs, and a larger number of  secondary rachis branches per primary 
branch and spikelets on secondary rachis branches.

PLANT FACTORS DETERMINING
GRAIN-FILLING PERCENTAGE

Several plant factors are thought to be involved in the grain-filling process: 
number of spikelets per unit area, biomass production during the grain-filling 
period, and amount of nonstructural carbohydrate (NSC) stored in the plant 
before heading. However, no clear relationship was observed between grain-
filling percentage and any single other factor in our genotype by environment 
(G × E) data sets from ARICENET and RDRS experiments. This result may 
infer the effectiveness of the previous findings of Nakamura et al (1992) and 
Tsukaguchi et al (1996) that percentage filled grains in rice does not necessarily 
depend on carbohydrate supply to spikelets during the whole grain-filling 
period, but strongly depends on its supply during the initial 10 days of grain-
filling, in which endosperm cell number is determined (Hoshikawa 1976). 
Tsukaguchi et al (1996) suggested that, since photosynthetic production 
during the initial 10 d of grain-filling is usually not enough to supply the 
necessary amount of carbohydrates for all the spikelets in a panicle for their 
full development in endosperm cell number, NSC stored in the plant during 
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the reproductive period plays an important role. These studies suggest that 
biomass production during the reproductive to initial grain-filling period has 
a critical effect on grain-filling by determining endosperm cell number. As 
already described, genotypic differences in biomass production during this 
period mainly depend on differences in leaf photosynthetic rate. Thus, the 
traits associated with higher leaf photosynthetic rate (higher gs and higher 
leaf N content) may also contribute to higher grain-filling.
 Interestingly, Tsukaguchi et al (1996) indicated that there was a large 
genotypic difference in grain-filling percentage at a given amount of available 
carbohydrate per spikelet during the initial 10 d of grain-filling. This and 
other results (Seo and Ota 1983, Sumi et al 1996, Murchie et al 2002, Takai 
et al 2005) suggest that rice grain-filling is determined by both carbohydrate 
supply and the ability of spikelets to pump up carbohydrate from leaves and 
stems, called sink activity. Takai et al (2005) identified two quantitative 
trait loci (QTLs) on chromosomes 8 and 12 that control rice grain-filling 
independently of plant photosynthetic capacity and NSC content. Especially, 
the QTL on chromosome 8 was closely linked to NSC translocation from 
stems to spikelets. 
 Grain-filling percentages of nine genotypes of the ARICENET 
experiments, averaged over different locations and years, were closely related 
to their leaf N content at heading (Fig. 3). A negative correlation between 
grain-filling percentage and leaf N content was also observed for 64 genotypes 
of the RDRS experiments. These results suggest that, although higher leaf N 
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Fig 2: Process and plant factors for increased spikelet number per unit area.
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content may enhance grain-filling through increased photosynthetic rate, it 
has a more negative effect on sink activity. Although some reports indicate 
a negative effect of higher leaf N content on carbohydrate translocation to 
spikelets (Yamaguchi et al 1995, Ohshima 1962), more research is needed on 
the mechanism for the negative correlation between grain-filling percentage 
and leaf N content.

CONCLUSIONS

The above analyses and reviews of relevant work suggest that the following 
physiological and morphological traits are associated with high rice yield 
potential:
  High stomatal conductance
  Large secondary rachis-branch number per primary rachis branch
  Large spikelet number on secondary rachis branches
  Intermediate tillering ability
  High and moderate leaf N contents before and after the late 

reproductive stage, respectively
  High NSC accumulation at the onset of grain-filling
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Fig 3: Relationship between leaf N content at heading (g m–2 leaf) 
and grain-filling percentage for nine rice cultivars averaged over 

eight locations of ARICENET experiments.
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 Since genetic variability is large in these traits in existing rice genotypes 
and their wild relatives, the accumulation of these traits, as well as those 
traits associated with the classical ideal plant type, will lead to the creation 
of genotypes that break through the current plateau of rice yield potential.
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New Plant Type of Japonica Rice 
for Yield Improvement in Korea

Huhn-Pal Moon, Kyung-Ho Kang, and Jeom-Ho Lee

Remarkable advances occurred in rice production during the second half of 
the 20th century mainly due to the adoption of Green Revolution technology, 
including variety improvement with improved canopy architecture of semidwarf 
plants and high tillering ability. By incorporating semidwarfism into japonica 
rice by remote crosses between indica and japonica, short stature contributed 
to improvements in agronomic characteristics and harvest index, which was 
the single most significant architectural change in rice varieties in Korea.   
To further improve yield potential of temperate rice under Korean climatic 
conditions, breeding projects have begun to develop new plant type (NPT) 
rice, in which major targets are to integrate low tillering with heavy panicles 
into elite Korean cultivars. Many NPT rice breeding lines were introduced from 
IRRI and evaluated for agronomic traits in yield trials by both transplanting and 
direct seeding. Despite the excellent plant architecture, NPTs generally showed 
several undesirable agronomic characteristics such as late heading, poor grain 
filling, nonpreferable grain quality, susceptibility to diseases and insects, and fast 
leaf senescence at maturity in Korean climatic conditions. Breeding efforts were 
made to develop NPT rice adaptable to Korean conditions by crossing elite NPT 
selections with Tongil-type cultivars. Compared with the initial NPTs from IRRI, 
the improved NPT lines showed better agronomic traits with earlier heading, 
higher grain filling (approx. 80%), moderate spikelet number (approx. 140), and 
long panicle length (25–30 cm), resulting in higher harvest index (0.55–0.60) 
and productivity (7.0–8.0 t of milled rice). Three genotypes including two NPT 
lines and one Tongil-type have been selected as candidates for a new high-
yielding variety. These selections have several NPT features such as sturdy stem, 
fewer tillers, broad and thick leaves, lodging resistance, and improved rooting 
system, along with disease resistance of Tongil origin. Especially, an elite NPT 
rice selection, Suweon 490, is characterized by shorter growth duration, high 
yield and biomass, slow leaf senescence, and multiple resistance to blast 
(Bl) and bacterial blight (BB), demonstrating that NPT germplasm is another 
possible source for the creation of new genotypes with greater productivity, 
high biomass, and canopy architecture with minimized unproductive tillers. 
Based on these findings, a suitable plant type for increasing yield potential 
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in temperate japonica and Tongil-type rice in Korea was also conceptualized.  
These plants are 80–85 cm in height with 130–150 days’ growth duration, 
10–12 tillers with 150–200 grains per panicle, moderate panicle length and 
1,000-grain weight, and multiple resistance to stresses, including cold, diseases, 
and insects. The recently bred four high-yielding Tongil-type cultivars in Korea 
also approximated these criteria, yielding 6.8–7.4 t ha–1 of milled rice. These 
genotypes featured superiority in plant architecture, photosynthetic efficiency, 
nitrogen response, and root vigor, resulting in rice plant type adjusted to improve 
yield potential in Korean climatic conditions.

Rice is the most significant food crop and a primary source of calories 
for more than half of the world’s population. More than 90% of rice 

is produced and consumed in Asia. During the last four decades, Green 
Revolution technology has reduced global starvation through the development 
of semidwarf high-yielding rice varieties. However, the growth rate of rice 
production slowed from 2.0% in the 1980s to 1.5% in the 1990s, and was nil 
in the past several years. Continued population growth and a declining rice 
production rate have increased the number of hungry people, particularly 
in developing countries. Moreover, 500 million poor rice consumers in Asia 
are estimated to go hungry every day (Khush  2005).
 Rice is probably the most widely adaptable crop in the world. It is grown 
from 53° North to 34° South and at over 2,000 m in Nepal and at 3 m below 
sea level in India. Asian rice, out of two cultivated species, Oryza sativa (Asian 
rice) and O. glaberrima (African rice), occupies 98% of world rice cultivation. 
Two rice variety groups, indica and japonica, have been recognized in 
cultivated species, and japonica rice, which is divided into tropical and 
temperate ecotypes, is mostly grown at higher latitude and higher elevation 
areas with relatively warm and cool temperatures. Most temperate regions 
have relied upon japonica germplasm due to the need for cold tolerance 
and/or a short growth period. Although japonica accounts for around 15% 
of the world’s rice area, it is both a staple food crop and important income 
source for rice farmers in northeast Asia, in which indica is not appropriate 
to grow due to its late maturity, cool climate,, and unfavorable grain quality 
with long grain and high amylose content. 
 Rice productivity in temperate regions, however, has been sustained or has 
declined mainly because of consumers’ increased requirement of high-quality 
rice, and cultivation area has tended to decrease because of urbanization and 
industrialization in the major countries of japonica production, particularly 
Japan, Korea, and even China. 
 Further improvement of yield potential of japonica rice varieties without 
retreat in grain quality is required for future food security in temperate regions. 
The combination of improved plant architecture and heterosis has been 
suggested as another means to increasing the yield potential of rice (Khush 
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1995). Future improvement of temperate rice may require the exploitation 
of germplasm and incorporation of desirable genes for resistance and high 
biomass production to develop an ideotype suitable for temperate climate. 
We reviewed the successful indica × japonica breeding and development of 
a new plant type adaptable to temperate regions to improve japonica yield 
potential in Korea.

IMPACT OF INDICA/JAPONICA HYBRIDIZATION

Rice is a traditional staple food crop in Korea, providing 40% of the calories 
for 49 million people and 49% of farming income in rural areas. Rice is 
grown on 1.1 million hectares, accounting for 54% of the total arable land 
and a total production of around 5 million tons per annum. Rice cultivation 
takes places in the irrigated lowlands over 6 months from mid-April to 
mid-October, during which average temperatures change from the lowest of 
13 °C in April and October to the warmest of 25 °C in August. Thus, rice 
cultivation faces cold injury in spring and autumn. As rice originates from  
high-temperature regions of subtropical and tropical zones, it is easily damaged 
by low temperatures at any stage of rice growth from germination to ripening. 
Among the various ecotypes of Asian rice cultigens, temperate japonica rice 
has been well adapted in Korea. 
 Rice productivity has nearly doubled during the last four decades, 
resulting in rice self-sufficiency since the mid-1970s. Korea suffered from a 
chronic shortage in rice production until the early 1970s, when traditional 
temperate japonica varieties with yield of 3.0–3.5 t ha–1 were grown. 
Traditional japonica varieties in Korea have poor agronomic characteristics 
such as easy lodging from their tallness, low photosynthetic ability from poor 
canopy architecture, susceptibility to pests, and low yield potential. Thus, the 
breeding program is focused on improving plant architecture, high nitrogen 
response, lodging and pest resistance, and stress tolerance rather than yield 
potential itself. Given no significant changes in rice land and the declining 
land-to-population ratio, increased rice production resulted primarily from 
genetic improvement of rice varieties. Breeding efforts to increase the 
yield potential of rice varieties can be divided into three different events: 
(1) success of Tongil-type rice varieties developed from indica × japonica 
hybridization during the 1970s, (2) development of short-stature temperate 
japonica varieties with semidwarfism and premium grain quality during the 
1980s and 1990s, and (3) further improvement of Tongil-type varieties in the 
2000s. 
 Temperate japonica rice has been known to have less genetic variability 
than indica rice. The ecology for japonica rice and quality preferences of local 
consumers in high-latitude areas might have entailed a narrow genetic basis in 
temperate japonica rice. Despite narrow genetic diversity in japonica, breeders 
have made incremental improvements in yield potential by conventional 



164     Moon et al

selection while maintaining desired grain quality characteristics. To broaden 
the base of genetic variability in temperate rice, breeders have been reluctant 
to venture far afield for genetic diversity because of the standards for grain 
quality (Rutger 2005). Standards of high rice quality in Korea are characterized 
by components such as short or medium size with 1.7–2.0 length/width (L/W) 
ratio, translucency, minimal or zero chalkiness, low amylose content (below 
20%), low gelatinization temperature, and high milling recovery. 
 Beginning in the 1960s, breeders started to introgress semidwarfism 
and/or resistance from indica sources into local japonica elite germplasm. 
Korea had made a quantum jump in yield potential by developing indica/
japonica varieties. “Tongil,” the first rice variety derived from indica/japonica 
hybridization in Korea, was developed and released in just seven years 
through Korea-IRRI cooperative shuttle breeding in 1972, contrasting with 
a 15-year breeding cycle under a single crop per year in Korean climatic 
conditions. The Tongil variety was developed through a three-way cross. 
A single cross (IR568) was made between Yukara, an early-maturing and 
cold-tolerant japonica, and Taichung Native 1, a semidwarf indica. The F1 
plant was subsequently top-crossed to IR8, an improved indica variety with 
semidwarf stature and high yield potential. A three-way cross was obviously 
necessary to overcome hybrid sterility between indica and japonica. In 1970, 
three promising selections, Suweon 213, Suweon 213-1, and Suweon 214 
from the pedigree of IR667-98-1-2-2, were evaluated in a replicated yield 
trial. In 1971, the outstanding line, Suweon 213-1, was finally selected from 
regional adaptability tests at 68 sites across the country and nominated as a 
new cultivar, “Tongil,” which means the unification of the Korean peninsula 
(Choi et al 1974). The Tongil cultivar itself, however, was not widely grown 
because of problems such as cold susceptibility and unfavorable palatability 
with medium grain size and intermediate amylose content. But, it served as 
the model genotype for 34 subsequently developed Tongil-type cultivars due 
to its semidwarfism, high yield, and neutral photoperiod. The Tongil cultivars 
yielded milled rice of 5.13 t ha–1, 30% higher than the best commercial 
temperate japonica variety when it was the first released in 1972 (Table 
1). The milled rice yield in subsequent indica/japonica cultivars steadily 
increased up to 6.05 t ha–1 for Yongmoonbyeo in 1985 (Park et al 1990), 
leading to self-sufficiency of rice in Korea. 
 Major genetic advances in rice cultivars have been made by improving 
plant architecture for high nitrogen response and lodging tolerance, semidwarf 
stature, high light transmission rate (LTR) with erect leaves and proper leaf 
angle, greater translocation of photosynthesis with larger vascular bundles, 
neutral photoperiod, and high harvest index and tillering ability (Kwon 
1988, Lee and Suh 1993, Park 1988). 
 The breeding strategy adopting a cross scheme to overcome cross sterility 
is responsible for this success. Common incidence of hybrid sterility and 
undesirable traits accompanied in remote crosses could be overcome through 
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Table 1: Change in yield productivity (potential) of representative rice cultivars developed 
in different eras.

Variety Yield productivity (t ha–1)
group 
 1930 1940-50 1970 1980 1985 1990 1997 2000

Japonica (%) 2.98 3.48 3.98 4.51 4.93 5.34 5.52 5.96
   (100) (113) (125) (134) (139) (150)
Tongil (%) – – 5.13 5.34 6.05 – 6.77 7.41
   (100) (104) (118)  (132) (144)

Breeding Temperate jap. Temp. japonica, indica, Temp. and trop. Japonica
   resources (jap./jap.)  ind./japonica Tongil-type wild rice
  (japonica/indica) 
    
Farmers’ – 2.7 3.3 4.4 4.6 4.6 5.2 5.2
   fields (%)   (100) (133) (139) (139) (152) (152)

a cross system of indica//japonica/indica instead of the previously employed 
scheme of japonica//japonica/indica or japonica//indica/japonica. This 
cross scheme in intervarietal hybridization seemed to give better results for 
overcoming cross sterility as well as greater opportunity for diverse genetic 
variability. In the past, indica rice was often used as a donor of disease and 
insect resistance, and subsequently backcrossed several times to a japonica as 
a recurrent parent to produce a japonica-like cultivar, in which there was less 
opportunity to incorporate other desirable characters from indica rice (Chung 
and Heu 1991). Tongil-type rice cultivars illustrated that japonica/indica 
hybridization was quite conducive to improving temperate rice. However, 
shortcomings were cold susceptibility, grain shattering, and unfavorable 
palatability. 
 As Korean economic growth increased and consumers’ dietary habits and 
food consumption changed, rice breeding objectives also shifted to emphasize 
rice quality in the national rice breeding program since the late 1970s. The 
subsequently developed Tongil-type varieties during the first half of the 1980s 
were significantly improved for low amylose content and short round grain 
shape as well as cold tolerance. However, consumers’ preferences for higher 
grain quality with japonica-like eating quality led to a rice breeding plan to 
return to improved traditional japonicas during the 1980s.
 The breeding experiences from the indica/japonica breeding program 
greatly helped enhance the yield potential of japonica rice by improving 
plant architecture by incorporating the semidwarf gene (sd1) and disease 
and insect resistance. Milled yield potential of modern temperate japonica 
cultivars also increased from 3.98 t ha–1 in the 1970s to 5.34 t ha–1 in the 
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early 1990s, and to 5.96 t ha–1 in the 2000s, which was an increase of 50% 
during the last 25 years. Breeders’ continued efforts raised milled rice yield 
potential up to 7.41 t ha–1 with the Tongil type in the 2000s, which is 44% 
higher than the 5.13 t ha–1 of “Tongil” (Table 1). The yield potentials were 
higher with the varieties developed in recent years than with the old varieties, 
and higher with Tongil-type than with japonica.

BREEDING PROGRAM FOR THE NEW PLANT TYPE 

Rationale of Ideotype for the NPT

During the last 40 years, rice yield potential was enhanced by improving 
canopy architecture for greater light penetration and photosynthetic capacity, 
and harvest index with higher tillering ability suitable for transplanting 
through conventional selection methods. Many scientists proposed further 
modifications of the semidwarf high-yielding plant type to support a 
significant increase in rice yield potential, particularly for direct-seeded 
crop establishment.
 Improving plant type was proposed as the most effective way to increase 
crop yield potential on a physiological and ecological basis (Donald 1968). 
Many plant breeders suggested that ideotype be one of the selection targets in 
their breeding program. It was also revealed that the stagnated yield potential 
of current indica rice is due to a plant type with more unproductive tillers and 
excessive leaf area index, which led to restricted sink and increased lodging. 
Computer simulation models have shown that changing the current plant 
type to an ideotype would increase yield potential by 25% (Dingkuhn et al 
1991). 
 IRRI initiated a breeding project to develop a new plant type rice variety 
to break through the current yield potential of indica rice (IRRI 1989).  The 
ideotype for the new plant type in indica rice was conceptualized as low 
tillering, with 3–4 tillers per plant, fewer unproductive tillers, 200–250 grains 
per panicle, 90–100 cm of plant height, thick and sturdy stem, thick and dark 
green leaf, erect leaf, vigorous root system, high harvest index of 0.6, and 
110–130 days of growth duration (Vergara 1988, Khush 1990, Dingkuhn et 
al 1991, Peng et al 1994). It has been reported that the further modification 
of plant architecture through development of new plant types has a 10–15% 
yield advantage in indica rice (Khush 2005). Increased biomass production 
could be achieved under high solar radiation and abundant supply of nitrogen 
(Akita 1989).
 A crop ideotype is defined as a biological model that is expected to 
perform or behave in a predictable manner within a defined environment 
(Donald 1968). Yoshida (1972) reported that high grain yield of any crop can 
be achieved only when a proper combination of variety, environment, and 
agronomic practices is obtained. Therefore, an understanding of crop yield 
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components and physiological processes is important for crop improvement 
and production. Yoshida also suggested that a high-yielding rice variety might 
have many upright tillers, which allows the variety to perform well under a 
wide range of plant spacing and compensate for missing hills. 
 Another breakthrough in yield potential of temperate rice for future food 
security may not be easy, but could be achieved by further improving the 
plant type of the ideotype with higher biomass and harvest index, and fewer 
ineffective tillers. Future improvement of temperate rice may need to enhance 
the genetic capability of rice varieties for high biomass production and harvest 
index by developing an ideotype suitable for temperate climate.
 A breeding program to develop the NPT for further improving yield 
potential of temperate rice began in 1994. An NPT suitable for temperate 
regions was conceptualized to increase biomass by improving canopy 
photosynthesis. The breeding objective was to develop improved germplasm 
with 10 t ha–1 in milled rice, with high biomass production and sink capacity 
through improved canopy architecture, increased harvest index, and increased 
yield stability. 

POSSIBILITY OF INCREASING YIELD POTENTIAL 
THROUGH INTRASPECIFIC HYBRIDIZATION

To increase rice yield potential, breeders must explore the possibility of further 
modifying the present high-yielding plant architecture (Khush 1995). Current 
challenges of rice breeders are to evaluate and use germplasm resources, 
including indica, tropical japonica, and related unadapted materials. A 
major part of the genetic improvement of a crop resides in the creation of 
new genetic recombinations from the available germplasm.
 Temperate japonica rice, which is well adapted in temperate regions, is 
generally less diverse in genetic variability than indica rice, which is well 
adapted in tropical regions. Japonica rice, however, is distributed over a wide 
range of latitudes, and divisible into two subgroups, temperate and tropical, 
with different morphological and physiological characteristics (Sato 1987, 
Oka 1988). The cultivated rice gene pools still contain adequate genetic 
variability to make significant improvement in productive traits, probably 
without restoring the use of germplasm from wild relatives as gene sources 
except for pest resistances (Frey 1981). 
 Tropical japonica rice, which is well adapted in high-elevation areas of 
tropical regions, has been suggested as a possible source of germplasm for 
further improvement of rice yield potential. Crosses between tropical and 
temperate japonicas are no barriers to recombination without hybrid sterility, 
but restrictions to recombination occur with varying levels of sterility between 
japonica and indica rice (Khush and Aquino 1994). Rice improvement 
through remote crosses between indica and japonica is not always easy due 
to partial sterility of the hybrid and its progenies, although indica/japonica 
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hybridization demonstrated a quantum jump in yield potential of rice from 
improving plant architecture during the 1970s in Korea. Tropical japonicas 
usually have long and heavy panicles with many grains, and tall and large 
sturdy stems.
 Tropical japonica rice, when it was crossed with different rice ecotypes 
including temperate  japonica, indica, and Tongil-type, generally excelled 
in within-ecotype inbreds in total dry matter and yield potential under 
temperate climate in Korea. The degree of superiority of yield potential was 
greater in F1 progenies of intervarietal groups than in intravarietal groups, 
depending on the cross combination of different varietal groups used as 
parents (Table 2). The F1 progenies from the cross of tropical japonica/Tongil-
type varieties showed the highest mean observed yield of 9.66 t ha–1 of milled 
rice, with a 20% yield advantage, followed by the cross of indica/tropical 
japonica varieties. The greater yield potential was mainly attributed to the 
superior yield components of longer panicle length and more spikelets (r = 
0.8267**) and heavier 1,000-grain weight (r = 0.4473**), but there was no 
significant difference in panicle number per plant (Moon and Ahn 1998). 
The performance of yield components with long heavier panicles and fewer 
tillers might be promising for creating ideotype characteristics. However, 
the long growth period and tall plant height of tropical japonicas appeared 
to be a key constraint to be overcome in using them as crossing parents. 

EVALUATION OF NPT INTRODUCTIONS

An IRRI-Korea co-project started in 1996 to develop NPT rice suitable for 
temperate regions. IRRI-bred NPT lines were introduced, and 337 lines were 
evaluated for agronomic traits and yield performance at various individual test 
nurseries and yield trial nurseries by both transplanting and direct seeding 
in Korean conditions. Most of them showed excellent plant architecture 
with semidwarfism, few tillers, thick and dark green leaves, and large and 
long heavy panicles. However, they generally had several undesirable traits 
such as late heading, poor grain filling, nonpreferable grain quality, early leaf 
senescence at the later stage of rice growth, and susceptibility to cold and 
diseases in Korean climatic conditions. Some of them that have a large but 
clustering type of panicles showed poor grain quality and big differences in 
grain filling, not only within panicles but between tillers. From those IRRI 
NPT breeding lines, we selected eight genotypes with few tillers and long 
and large panicles as a basic resource population to develop NPT rice suitable 
for the temperate regions in Korea. However, those selections were not yet 
acceptable in grain filling. 
 The general combining ability (GCA) of selected parental genotypes, 
including two each of NPT, Tongil type, and elite temperate japonica, is 
shown in Table 3. NPT genotypes generally had positive effects on panicle 
length and grains per panicle as well as on grain yield, and negative effects 
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Table 3: General combining ability (GCA) effect on the agronomic characteristics 
of selected NPT lines.

 GCA effect
Designations
 Positive traits Negative  traits

Suweon 472 Panicle no.,  grain no. Grain filling
Gillim 1 Panicle length,  grain no., grain filling Panicle no.
IR71178-45-2 Panicle length,  grain no. Panicle no., grain filling
IR66159-164 Panicle length,  grain no. Panicle no.                     
IR65600-27-1 Panicle length,  grain no. Panicle no., grain filling
IR71179-26-2 Panicle length,  grain no. Panicle no., grain filling

on panicle number and plant height. This would be desirable for developing 
an NPT ideotype with temperate japonica and/or Tongil-type rice, which are 
adapted to temperate regions. On the other hand, the negative GCA effects 
of NPT genotypes on grain-filling rate imply a critical obstacle to further 
improvement. Specific combining ability (SCA) showed a desirable direction 
of selection with NPT and improved high-yielding Tongil-type Dasanbyeo.

PROGRESS IN NPT BREEDING

Breeding efforts were made to develop new NTP rice adaptable to temperate 
regions in Korea by crossing IRRI-bred NPT selections with elite high-
yielding Tongil-type cultivars. This work has focused on improving the grain 
characteristics involving filling and shape with long and loose panicles by 
backcrosses and/or three-way crosses through shuttle breeding at IRRI and 
in Korea.
 Newly improved NPT selections from crosses between NPT and elite 
Tongil cultivars showed much higher yield than introduced NPT lines mainly 
because of the improved grain filling and shorter growth duration (Table 
4). Especially, grains per panicle decreased markedly and panicles per plant 
increased slightly. Seven outstanding lines were selected on the basis of yield 
performance. Their yield potential ranged from 6.91 to 8.07 t ha–1 in milled 
rice, exceeding the 6.50 t ha–1 of  high-yielding check variety (Tongil-type) 
Dasanbyeo.
 As shown in Table 4, grains per panicle of the selected lines (138–206) 
were much greater and panicles were fewer (9–12) than for the check variety 
(125 grains and 12 panicles). The grain-filling rate was lower (74.7–85.0%) 
than that of the check variety (83.5%). 
 From these lines, one selection, IR73168-B-51-2-2-2, was nominated as 
Suweon 490 (Table 5). Even though it has relatively lower yield potential 
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Selection

IR73109-B-R-25-1-1
IR73151-B-78-1-1
IR73151-B-48-1-3
IR73167-B-26-3-2
IR73579-15-1-3
IR73111-B-R-!5-3-3
IR73168-B-51-2-2-2
Introduced NPT
   IR69853-70-3-1-1
   IR71218-17-1-1
Dasanbyeo (check)

Days to
heading

109
106
115
104
114
117
111

121
126
109

Panicles
plant–1

(no.)

11
11
10
10
12
10
  9

  8
  8
12

Grains
panicle–1

(no.)

145
139
206
153
138
139
138

333
316
125

Grain
filling
(%)

79.6
83.7
74.7
85.0
78.4
78.9
81.0

60.0
37.0
83.5

Milled
yield

(t ha–1)

7.72
8.07
7.40
7.62
7.21
7.16
6.91

5.30
4.48
6.50

Table 4: Performance of selected newly improved NPT lines in Korea.

Selection

IR73109-B-R-25-1
IR73151-B-78-1-1
IR73168-B-51-2-2
   (Suweon 490)
Dasanbyeo (check)

Days to
 heading

109
106

111
109

Culm
length
(cm)

85
85

78
73

Panicle
length
(cm)

29
25

25
23

Panicles
plant–1

(no.)

11
11

9
12

Grains 
panicle–1

(no.)

145
139

138
125

Grain
filling
(%)

79.6
83.7

81.0
80.8

Milled
yield

(t ha–1)

7.72
8.07

6.91
6.50

Table 5: Performance of promising elite selections using NPT germplasm in Korea (2001-
02).

(6.91 t ha–1) in milled rice than the other two selections, Suweon 490 was 
much improved in major agronomic traits with medium growth duration 
of 111 days to heading, good leaf senescence at the later stage of growth, 
improved grain filling (81%), lower tillering, and 138 grains panicle–1 with 
long panicles. Its characteristics were compared with those of a check variety 
(Dasanbyeo), which is the improved Tongil-type cultivar with a high yield 
potential of 6.50 t ha–1 in milled rice. Also, two high-yielding lines, IR73151-
B-78-1-1 and IR73109-B-R-25-1-1, which showed the highest yield potential 
of 7.72 and 8.07 t ha–1 in milled rice, respectively, were selected to use as 
bridge parents for further improvement. They improved remarkably well with 
106 and 109 days to heading in growth duration, low tillering ability of 11 
panicles per plant, relatively long heavy panicles with 139 and 145 grains, 
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and relatively high grain filling of 79.6% and 83.7%. However, they have to 
be improved further in grain filling, culm length, leaf senescence, and grain 
quality. 

FUTURE OUTLOOK

According to various estimates, we need to produce 38% more rice by 2025 
to achieve food security. This demand will be met from reduced agricultural 
land, less water and labor, and reduced fertilizers and agricultural chemicals. 
To meet the challenge of more rice production under these constraints, we 
need to increase yield potential and the stability of rice varieties.
 Improving the yield potential of rice for temperate climatic conditions 
may not be easy, but could be achieved by further improving plant architecture 
of the NPT ideotype with low tillering capability, long heavy panicles, and 
higher biomass and harvest index. Considering the restricted growth period 
and some cool temperature during the early and late growth season of rice in 
high-latitude areas, the most significant characteristics for integration into 
NPT might be the optimal growth duration and cold tolerance of the rice 
plant. A neutral response of a short- and/or medium-duration rice plant on 
photoperiod secures high biomass for maximum yield in temperate regions, 
in which late-maturing varieties are generally more productive with high 
photosensitivity. These late high-yielding rice varieties, without having 
ecological adaptation, may yield less due to continuing growth till the arrival 
of cold weather in the fall season. The higher degree of grain filling directly 
influences harvest index, grain quality, and yield potential as well for NPT 
rice, which has long and heavy panicles with many seeds in temperate regions. 
Therefore, optimization of grain number per panicle and panicle structure is 
significant for improving the degree of grain filling of NPT rice. Grain size 
and shape also influence grain filling under unusual weather conditions in 
temperate regions. Thus, long grains and loose panicles with more primary 
branches may develop rapidly, resulting in greater grain filling compared 
with short and round grains. 
 Temperate regions can generally be divided into three different zones: 
higher (42°N), north temperate (from 38° to 42°N), and mid-south (from 30° 
to 38°N). Different zones require different growth duration and characteristics 
of the rice plant: very short growth period, with 100–140 days with short basic 
vegetative growth (BVG), neutral photo response, high thermo response, and 
cold tolerance in the cool-temperature zone (42°N);  150 days with short 
and medium BVG, medium to high photo and thermo response in north 
temperate zones; and over 160 days with long or short BVG and high photo 
response in the mid-south zone. 
 A crop ideotype is defined as a biological model that is expected to 
perform or behave in a predictable manner within a defined environment. 
High grain yield of any crop can be achieved only when a proper combination 
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of variety, environment, and agronomic practices is obtained. It follows, 
therefore, that an understanding of crop yield components and physiological 
processes is important for crop improvement and production.
 A breeding program to develop NPT in Korea for further improvement 
of yield potential of temperate rice began in 1994. An NPT suitable for 
temperate regions was conceptualized to increase biomass by improving 
canopy photosynthesis. Newly improved NPT selections showed progressively 
increasing yield potential compared with introduced NPT lines from IRRI 
mainly due to improved grain filling and shorter growth duration.
 To achieve these goals, we have conceptualized a new plant type with 
the following attributes for plant architecture: low tillering ability with fewer 
than 10 tillers, no unproductive tillers, short to medium stature with thicker 
panicle internodes, a thick and sturdy stem with broader and thicker leaves, 
slow leaf senescence of the top three leaves, low maintenance energy during 
grain filling with greater nitrogen-use efficiency, heavy panicle weight of 
150–200 g, with long primary branches, a vigorous root system at the later 
stage, and 100–120 days to heading. Considering the limited growth period in 
temperate regions, proper growth duration as well as photoperiod insensitivity 
of the rice plant are also important.
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Breeding for Enhanced Tolerance of 
Salinity and Mineral Stresses in Rice

B. Mishra

Abiotic stresses such as salinity and sodicity associated with toxicities and/or 
deficiencies of minerals limit rice yields across the world (> 831 million ha) 
and in India (approx. 8.5 million ha). Mineral stresses include zinc deficiency, 
iron toxicity/deficiency, aluminum toxicity, phosphorus deficiency, and boron 
toxicity. Though chemical amelioration can reduce the productivity losses of 
rice, the availability of soil amelioration chemicals such as gypsum is often 
limiting in interior villages and chemical amelioration is costly and thus 
beyond the reach of small and marginal farmers. Hence, the development 
of rice varieties that can tolerate these abiotic stresses is considered as an 
eco-friendly, economical, and socially acceptable strategy for biological 
management of salt-affected soils. The prerequisites for breeding for salt-tolerant 
rice varieties are the availability of germplasm with a wide range of variability 
for the traits, characterization of the target environment/site, availability of 
reliable selection criteria, and repeatable techniques for screening. Many 
Indian landraces and varieties with good variance for salt tolerance traits are 
available. Various breeding methods have been adopted for breeding salt-
tolerant cultivars. Conventional breeding for salt-tolerant rice varieties has been 
highly successful and has resulted in the release of more than 20 salt-tolerant 
varieties in India alone. Some popular varieties and a few rice hybrids are 
being widely grown in saline and alkaline areas in India. These varieties have 
one or more traits associated with salt tolerance such as Na+ tissue tolerance, 
compartmentalization of Na+, Na+ exclusion, maintenance of Na+/K+ ratio, 
maintenance of high osmotic potential, ability to synthesize compatible solutes, 
etc. An ideal salt-tolerant rice cultivar is expected to withstand a high quantity 
of Na+ in its tissues and have minimal per-day uptake of sodium, high per-day 
uptake of K+, and good initial vigor coupled with better agronomic performance 
and high reproductive-stage salt tolerance. But the development of a rice variety 
having a majority of these desirable traits has not been possible yet since the 
trait of salt tolerance is multigenic and controlled by many QTLs spread across 
the rice genome. Hence, it is necessary to understand the genetic and functional 
aspects of each QTL so that an ideal variety with an optimal combination of 
component QTLs can be developed. The deployment of molecular markers can 



178     Mishra

accelerate the process of QTL discovery and their exploitation. Major QTLs 
associated with salt tolerance have been located on chromosomes 1 and 7, 
while QTLs controlling the net quantity of ions transported to the shoot have 
also been found. With the availability of the complete rice genome sequence, 
more markers can be developed and deployed and this can help in the 
identification of the major salt-tolerance-associated QTLs in the near future 
and precise manipulation of the trait through marker-assisted breeding. The 
International Rice Research Institute (IRRI) has fine-mapped a major QTL for 
salinity tolerance located on chromosome 1 of rice called Saltol and identified 
the putative candidate genes present within the locus. Genomic tools such as 
microarrays are being deployed to understand the differential expression of 
genes in salt-tolerant rice cultivars. Genetic engineering is another powerful 
tool that can aid in the development of salt-tolerant rice cultivars. Many genes 
from rice and other crops/organisms associated with salt tolerance have been 
isolated and characterized and some of these have been deployed in rice. 
Transgenic rice containing genes for up-regulation of DREB and trehalose have 
been developed. It will be desirable to transfer these transgenes in the genetic 
background of salt-tolerant rice cultivars to further enhance the amount of 
salt tolerance. Progress in breeding to develop mineral stress tolerance has 
been limited, yet significant. Some landraces and wild species of rice have 
been characterized to have higher amounts of tolerance of Al3+. Recently, IRRI 
transferred a major locus for aluminum tolerance from Oryza rufipogon into 
IR64 and breeding lines developed through this effort are being evaluated in 
Vietnam. Efforts are under way to identify QTLs associated with tolerance of 
iron toxicity in rice through wide hybridization. The deployment of molecular 
markers is expected to accelerate these efforts.

Irrigation is the major cause of aggravated salinity in arable land while a 
considerable portion of wastelands is not suitable for cultivation due to the 

high amount of salts. About 20% of the world’s cultivated land and nearly 
half of the irrigated land are affected by salinity (Rhoades 1990). About 
8.5 million hectares of rice area in India are severely affected by salinity 
and alkalinity (Singh 1992, Tyagi 1998). The salt-affected soils of India are 
grouped into three major problem areas—sodic soils, inland saline soils, and 
coastal saline soils—with an area of 3.4, 3.1, and 2.1 million ha, respectively 
(CSSRI 1997). Given the amount by which food production will have to be 
increased, and with limited scope for expansion of cultivable area, an increase 
in the productivity of crops in such problem soils is an inevitable option for 
feeding an ever-increasing population. As indicated by Flowers (2004), a 
strong link with salinization (Ghassemi et al 1995) indicates a question about 
the sustainability of using irrigation to increase food production and it has 
been argued elsewhere (Shannon and Noble 1990, Flowers and Yeo 1995) 
that the primary value of increasing the salt tolerance of crops will be for 
the sustainability of irrigation. Although the tolerance of saline conditions 
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by plants is variable, crop species are generally intolerant of one-third of 
the concentration of salts found in seawater. Attempts to improve the salt 
tolerance of crops through conventional breeding programs have met with 
limited success, mainly because of the genetic and physiological complexity 
of the trait of salt tolerance (Flowers and Yeo 1995). Presently, considerable 
information related to the various mechanisms of salt tolerance in plants 
is available and some of the traits associated with salt tolerance are being 
frequently proposed for the identification of salt-tolerant plants (Zhu 2001, 
Munns and James 2003, Flowers 2004, Colmer et al 2005). This review is 
focused on the scope and constraints in breeding for tolerance stresses caused 
by salt and mineral nutrients. Opportunities for complementing conventional 
breeding with molecular techniques will also be discussed. 

SALT-TOLERANT PLANT TYPE 

The major goal of a breeding program for salt tolerance is a genotype 
that can outyield the existing varieties in salt-affected soils. However, a 
deep insight into the gravity of problems related to salinity reveals that a 
salt-tolerant genotype alone cannot be an exclusive solution, as salinity 
continues to increase on cultivated lands with every drop of water brought 
from ground level to the soil surface (Flowers 1994). Hence, any breeding 
effort to improve the productivity of crop plants should be coupled with 
parallel management practices that are essential to mitigate soil salinity. A 
salt-tolerant plant should be compatible with salinity management practices 
such as soil reclamation. Further, salt-tolerant rice genotypes should have 
capacity to withstand allelopathic or residual effects of any preceding salt-
tolerant plant used for the reclamation of saline soils. Further, a genotype 
that can survive under limited irrigation can provide a long-term benefit by 
reducing the amount of irrigation water brought onto the surface of the soil. 
This also implies that a genotype with cross tolerance for various abiotic 
stresses such as drought, mineral toxicity, and waterlogging will be highly 
suitable for salt-affected land.

GENETIC SOURCES OF TOLERANCE OF SALINITY IN RICE

The success of any breeding program depends on the availability of stress-
tolerant sources that can serve as donor parents and for screening a large 
number of segregating lines at an early generation. The limit of salt tolerance 
in rice is pH 9.4–10.2, which is much higher than that of other crops. Rice 
also has a higher range of intracrop variability for salt tolerance than other 
crops, which has formed the basis for successful salinity tolerance breeding 
programs in rice (Mishra 1994). Salt-tolerant indica rice cultivars such as 
Pokkali, Nona Bokra, Cehriviruppu, and SR26B will continue to be major 
genetic sources for improvement of rice productivity in salt-affected soils. 
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Some Indian traditional cultivars such as NV, Pat, Solla, and DH collected 
and evaluated by IRRI have salt tolerance similar to that of Pokkali. 
Studies have also revealed salt tolerance in rice cultivars such as Ketumbar 
(Indonesia), Khao Seetha (Thailand), and Soc Nau (Vietnam). Many of 
these cultivars have better grain quality than Pokkali. Among wild relatives, 
some wild rice (O. rufipogon) from Sri Lanka had salinity tolerance at the 
seedling stage comparable with that of Pokkali (Gregorio et al 2002). Oryza 
coarctata (Porteresia coarctata), a halophyte and distant relative of rice, can 
be another useful genetic source for improving salt tolerance, particularly 
through a molecular approach.
 The salt-tolerant rice variety CSR1 was found to possess a threshold 
value for exchangeable sodium percentage (ESPt) of 20.63, while MI-48, a 
sensitive genotype, had an ESPt of 8.02. Based on experiments conducted 
at CSSRI on alkalinity and salinity stress over the years, it has now been 
established that rice can tolerate a pH of 9.2–10.2 with respect to sodicity 
and an EC (in ds m–1) of 4.0–10.0 (Mishra 1996). 
 Among the various mechanisms of salinity tolerance in rice, tissue 
tolerance was found in some rice cultivars such as IR20 but not in Pokkali 
(Yeo and Flowers 1986), which indicates that some other mechanisms of 
tolerance exist in cultivar Pokkali.

SCREENING TECHNIQUES CRUCIAL FOR 
THE SELECTION OF SALT-TOLERANT GENOTYPES

By and large, screening techniques for plant breeding rely much on easily 
recordable traits that can explain variability for stress tolerance. Salt 
tolerance is determined by the capacity of plants to withstand a high amount 
of salt within the cell and/or to exclude salts from functional regions of the 
plant at the cellular level, organ level, and/or whole-plant level (Flowers 
2004, Zhu 2001). Several traits have been shown to be associated with 
these two different mechanisms. The feasibility of using these traits in crop 
improvement through breeding has been recently reviewed (Colmer et al 
2005). Some traits such as low transport of sodium to the shoot, cultivar 
vigor, and plant ability to sequester ions to old rather than younger leaves and 
tolerance of salt once it has reached the leaves have been used for screening 
rice seedlings (Yeo et al 1990). 

Screening Based on Morphological Parameters

Since salt tolerance in a crop is multigenic, a combination of criteria rather 
than the application of an individual criterion can give a good indication of 
the salt tolerance in crop plants. Therefore, several parameters are used for 
effective and reproducible screening. Germination percentage, coleoptile and 
radicle length, and plant survival can be good indicators of salt tolerance at 



Breeding for Enhanced Tolerance of Salinity and Mineral Stresses in Rice     181

the initial stages of crop growth. Alternatively, tolerance or sensitivity of salt 
can be scored by the following method proposed by IRRI (1988). Excessive 
tip burning, especially in younger leaves, spikelet sterility, and stunted 
growth are considered for the overall phenotypic expression of the genotype 
under a stress environment. Salt stress severely hampers root/shoot dry and 
fresh weight and genetic variation has been reported for this trait (Qadar 
1995). The absolute yield of genotypes under stress and a less than 50% 
yield reduction over normal are considered as effective criteria for selecting 
tolerant genotypes. The mean tolerance index (MTI), the percentage change 
in the trait under a stress environment in conjunction with performance in 
a normal nonstress environment, is also often used to identify salt-tolerant 
genotypes. 
 These screening criteria are specific to plant growth stages. Some of them 
are limited to the germination stage, whereas many of them can be used to 
screen even at later stages of growth. Combinations of techniques are used 
to screen rice genotypes through field and lab studies, depending upon the 
type of material, screening population, and growth stage (Mishra 1996).
 In the field, individual genotypes are evaluated by planting them in 2–5 
long rows of 8–20 m under stress to minimize the effects of spatial variability. 
Increased precision can be achieved in micro-plots specifically designed to 
maintain the desired levels of alkalinity and salinity. Experiments conducted 
in pots can be useful in precisely explaining the response of individual plants 
under a constant stress. Solution culture techniques can be used to screen 
genotypes from the seedling to maturity stage. In one of these techniques, 
a breadbox with a perforated lid or perforated Styrofoam with mesh is used. 
In the other technique, seedlings are planted in the soil in small pots and 
linked with a lower tank filled with culture solution that contains the desired 
amount of salt stress. Trays are used for large-scale screening of varieties at 
the germination/seedling stage and a glasshouse is basically used for the off-
season crop, generation advancement, and for conducting studies that need 
a precise environment.

Screening Based on Physiological and Biochemical Parameters 

  Na and K uptake: In general, tolerance of a crop variety can be 
associated with its ability to restrict the uptake of potentially toxic 
ions such as Na+ and the preferential uptake of a balancing ion such 
as K+. This is an adaptation for plant survival so that vital metabolic 
activities are not hampered. Na+ exclusion at the root level, its 
compartmentalization to older parts and restriction to the reproductive 
organ, and efficient mining of K+ relate to better salt tolerance.

  Na/K ratio: A lower Na/K ratio relates to higher salt tolerance (Mishra 
1991). Rice genotypes CSR10, CSR11, CSR13, BR4-10, and Pokkali 
maintain a lower Na/K ratio.
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  Tissue tolerance: This refers to the extent to which plant tissue can 
tolerate a lethal dose of sodium without much metabolic damage. It 
is calculated in terms of LC50, which indicates the concentration of 
sodium (in mmol g–1 ethanol-insoluble dry weight) in the leaf tissue 
that causes a 50% loss of chlorophyll. 

  Chloride uptake: This can be used in conjunction with other parameters 
but may not give a good indication of salinity tolerance if considered 
alone.

  P uptake: Higher P uptake under stress in general relates to higher salt 
tolerance.

  Zn uptake: Zn uptake by plants could also be considered as a good 
selection criterion as tolerant varieties accumulate a higher amount 
of Zn than salt-sensitive varieties. Moreover, this is more pronounced 
under sodic soils. A significant increase in zinc content was observed 
at higher levels of stress over normal and it increased with an increase 
in salinity and alkalinity. BR4-10, Pokkali, CSR10, CSR11, IR28, and 
Jaya showed high amounts of zinc in their shoot, whereas Bas 370, 
MI-48, and P. Bas-1 had the lowest amount of zinc content. 

  Zn:P ratio: This is a derived trait of the two variables for which enough 
genetic variability exists; hence, it could easily be used as a selection 
criterion. The concentrations of phosphorus and zinc in the shoot 
increased with an increase in salinity and alkalinity. A high Zn:P ratio 
was observed in tolerant genotypes and a low Zn:P ratio in sensitive 
genotypes such as Basmati 370 (Rao 2000).

  Proline content: An increase in proline content was observed in tolerant 
genotypes CSR28, CSR10, and CSR11 and a decrease in sensitive 
varieties MI-48 and Basmati 370 under saline stress.

  Biochemical markers: Salt-tolerant and salt-sensitive varieties have 
shown variation with respect to isozyme patterns of some isozymes 
(e.g., esterase).

GENETIC STUDIES ON SALT TOLERANCE

Studies over the years have revealed that sodicity tolerance is a polygenic 
trait, with additive gene interaction governing the trait in most cases along 
with interactions between alleles at some loci (Singh et al 2001). Studies 
have also indicated the role of a few major genes along with numerous minor 
genes related to salinity tolerance (Mishra et al 1998). 

Stability Studies 

Analysis of phenotypic stability of 30 genotypes for 11 characters across 14 
salt stress environments revealed the existence of genetic variation for many 
traits. Path coefficient analysis showed that the direct effect of panicle weight, 
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fertile tillers, and straw yield on grain yield was maximum in normal and 
saline soils, whereas fertile tillers, number of grains per panicle, and panicle 
weight exhibited a maximum direct effect in alkali soils. Salinity score at 
the vegetative stage was not correlated with the same at the reproductive 
stage. However, spikelet sterility had a significant negative correlation with 
salinity tolerance at the reproductive stage. Variability in grain yield could 
not be explained by Na accumulation, but Na/K ratio was found to have a 
negative correlation with grain yield (Mishra 1994). This study could lead 
to the identification of superior salt-tolerant rice genotypes such as CSR10, 
CSR11, CSR13, CSR1, CSR2, CSR3, and CSR21, which had stable grain 
yield across environments. CSR10, CSR11, and CSR1 were consistent in 
Na/K ratio and K absorption, whereas CSR 3, CSR10, CSR 11, Pokkali, and 
CSR1 exhibited low spikelet sterility.

Gene action and Heritability Studies

Estimates of genetic parameters following the method of Hayman (1954) 
showed significant additive and nonadditive gene action for salinity tolerance 
score, K+, and Na/K ratio in rice. Narrow-sense heritability estimates were 
0.65 for salinity tolerance score, 0.55 for K+ absorption, and 0.41 for Na/K 
ratio. The average dominance was within the range of incomplete dominance. 
The studies also suggested the involvement of one group of genes for salinity 
tolerance score and Na/K ratio and two groups for K+ uptake. There were 
more recessive than dominant genes in the tolerant varieties CSR10 and 
CSR1 for reproductive-stage salinity tolerance score and K+ uptake, whereas 
there were more dominant alleles than recessive ones in Nona Bokra. The 
preponderance of additive gene action with inheritance of the traits studied 
was clearly evident (Mishra et al 1990).

Heterosis

In the study undertaken at CSSRI, a significant heterosis over the mid- and 
better parent was observed for almost all the characters studied. Some 15 
F1s obtained from crosses Pokkali × IR28 (79.87), CSR10 × IR28 (67.18), 
CSR13 × IR28 (54.58), and CSR1 × IR28 (48.56) indicated a positive and 
significant heterotic response over the mid-parent and cross Pokkali × IR28 
(49.31) over the better parent in alkali soil, while the crosses CSR13 × IR28 
(35.17) and CSR10 × CSR13 (26.72) over the mid-parent and only cross 
CSR10 × CSR13 (24.53) exhibited better heterotic effects over the better 
parent in saline soil.
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BREEDING METHODOLOGIES ADOPTED FOR SALINITY 
TOLERANCE BREEDING

Conventional Breeding
 
Conventional breeding methodologies include introduction, selection, 
hybridization, mutation, and shuttle breeding. The salt-tolerant rice 
varieties Damodar (CSR 1), Dasal (CSR 2), and Getu (CSR 3) are pure-
line selections of the local traditional cultivars prevailing in the Sunderban 
areas in West Bengal, India. These were used as donor lines for subsequent 
breeding programs. The segregating populations were handled and advanced 
by the pedigree method or modified pedigree method. In the former method, 
individual plant selection is carried forward in segregating generations and 
the pedigrees of the selected plants are observed until homozygous lines are 
obtained. In the modified bulk pedigree method, the individual F2 plant 
harvest is bulked up to the F4 generation, followed by panicle selection, as in 
the pedigree method at later stages. Selection pressure was gradually increased 
with generation advancement simultaneously with moderate stress and high 
stress of alkalinity and salinity and this approach, which is followed at CSSRI, 
is called the “parallel pedigree method.” In addition to these methods, shuttle 
breeding was also adopted to develop salt-tolerant rice under the Indian 
Council of Agricultural Research (ICAR)-IRRI collaborative project. More 
than two dozen saline-tolerant rice varieties have been developed and tested 
under the national network program in India (Mishra 1994).

Nonconventional Breeding 

F1 anther culture/doubled haploid (DH) technique. Developing a high-yielding 
rice cultivar requires 8–10 years for developing a salt-tolerant line as 
only one crop season per year is possible in salt-affected soils. This period 
could be substantially reduced by adopting F1 anther culture or the DH 
technique, which ensures homozygosity of the recombinants within the 
shortest possible time following a conventional cross. The technique also 
offers the opportunity to screen haploid material at the stage of tissue 
culture. This also allows recessive mutants to be identified and a variety of 
selection pressures to be imposed. Experiments conducted to standardize 
this technique have revealed that the pretreatment combination of 10 oC 
for 10 days and growth hormone combination of 2,4-D (2.0 mg L–1) + K (1.0 
mg L–1) + NAA (1.0 mg L–1) in N6 is most appropriate for callus induction 
and green plantlet regeneration for rice anther culture (Singh et al 1998). 
These findings are being applied to diverse genotypes and F1 anthers from 
different cross combinations in breeding programs to develop salt-tolerant 
homozygous recombinants. Anther culture (AC) derivatives generated at 
the International Rice Research Institute (IRRI) under the ICAR-IRRI 
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collaborative network were evaluated at CSSRI. These efforts have led to 
the identification of promising rice varieties such as IR51500-AC-17(CSR 
21), IR511485-AC-1, and AC6534-4 for salinity, AC6533-3 for sodicity, and 
AC6534-1(CSR 28) for dual stress (Singh 1992, Singh and Mishra 1995). 
In 1996, some high-yielding salt-tolerant AC-derived lines were generated 
in just 3 years (Gregorio et al 2002). Most of these lines had been used as 
donor parents in breeding programs in Bangladesh, the Dominican Republic, 
Egypt, Mexico, Myanmar, the Philippines, and Thailand. IR51500-AC11-
1 was released as a salt-tolerant cultivar in the Philippines with the name 
PSBRc50 or “Bicol” (Senadhira et al 2002). This was the first AC-derived 
line from an indica-indica cross released as a cultivar.
 Breeding for multiple traits associated with salt tolerance. To incorporate 
multiple inherent physiological mechanisms responsible for salinity tolerance, 
intermating of the genotypes that possess contrasting salt tolerance traits 
was attempted at CSSRI, Karnal. The genotypes were grouped into different 
categories based on the physiological mechanism for salt tolerance. Group-1 
comprised tissue-tolerant genotypes such as SR26B, CSR21, CSR26, CSR27, 
Pokkali, IR4630-22-2-5-1-3, TCCP266-2-49-2B-3, and GR11. Group-2 had 
Na+ excluders such as CSR1, PAC-831, CSR8, CSR10, CSR11, CSR13, 
CSR19, CSR20, CSR22, CSR23, CSR24, and CSR25. Group-3 included 
K+ accumulators such as Hathwan, Swarnadhan, Achhi, IR4630-22-2-5-1-3, 
CSR21, GR11, SR26B, CSR1, CSR10, CSR11, Panvel23, CSR20, CSR23, 
and IR36. Genotypes such as PR108, Achhi, CSR1, CSR19, ADT 36, 
IR4630-22-2-5-1-3, CSR18, SLR 51214, CSR10, and IR42, which had a low 
Na+/K+ ratio, were in Group-5. Early vigor was the main feature of genotypes 
such as CSR-92IR-5, 89-H1-1-3 (96389), 91-H2-6-B-2 (96259), 92-H51-4 
(96228), 93122, KR1-24, CSR11, CSR1, and CSR27, which were in Group-
6. Crosses were attempted between the parents/donors possessing desirable 
physiological traits such as tissue tolerance, Na+ exclusion, K+ uptake, and 
Cl– exclusion to pyramid the genes associated with salinity tolerance in 
an agronomically superior rice cultivar. The existing salinity-tolerant rice 
varieties such as IR4630-22-2-5-1-3, Pokkali, CSR10, and CSR11 feature 
different mechanisms of salt tolerance that need to be exploited in the 
background of agronomically superior cultivars (Mishra et al 2001, Yeo and 
Flowers 1986, Yeo et al 1990). Current research projects at CSSRI, Karnal, are 
aiming at an ideal high-yielding salinity-tolerant variety that can withstand a 
high amount of Na+ (tissue tolerance), prefer K+ to Na+, and grow vigorously 
at the initial stages. 

Molecular Biology Approach

Marker-assisted breeding. The molecular marker-based approach is a robust 
tool that can supplement the conventional breeding approach to develop 
salt-tolerant rice genotypes with two or more tolerance mechanisms. 
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Investigations on molecular markers linked to salt tolerance began at CSSRI, 
Karnal, and IRRI, Philippines. Based on limited segregation analyses and 
DNA polymorphism pattern, a few crosses such as CSR27/MI-48 and CSR27/
CSR11 were used to develop permanent mapping populations (recombinant 
inbred lines, RILs). Initially, 150 ESTs and SNP markers at 15 centiMorgan 
(cM) distance covering a whole genome of about 1,500 cM were used for the 
identification of QTLs for salt tolerance (Singh et al 2002). Zhang et al (1999) 
mentioned that a QTL associated with salt tolerance is actually an allelic 
variation in the H+ ATPase gene. Prasad et al (2000) have identified major 
QTLs associated with salt tolerance on chromosomes 1 and 7. Transcription 
regulation in response to high salinity was investigated for salt-tolerant rice 
(var. Pokkali) with microarrays including 1,728 cDNAs from libraries of salt-
stressed roots (Kawasaki 2001). Koyama et al (2001) have identified the QTLs 
controlling the net quantity of ions transported to the shoot. Eight QTLs 
were found to be responsible for K+ and Na+ content, out of which a major 
QTL, SKC1, for shoot K+ content was analyzed by map-based cloning. SKC1 
encodes for a member of an HKT-type transporter involved in regulating K+/
Na+ homeostasis in plants that are exposed to salt stress (Lin et al 2004, Ren 
et al 2005). IRRI has identified multiple QTLs for salinity tolerance, forming 
the basis for a molecular breeding strategy that integrates DNA microarray 
expression data with candidate genes underlying key QTLs, followed by the 
development and validation of DNA markers targeting specific gene loci. A 
major QTL (Saltol) mapped on chromosome 1 is associated with selective ion 
uptake. This locus was further fine-mapped using near-isogenic lines derived 
from Pokkali, the original donor, and IR29 as the recurrent parent. Using 
large-scale gene expression analysis, several candidate genes were identified in 
the QTL region and are being further validated. It is now possible to transfer 
those loci, which are tightly linked with markers, into locally preferred yet 
sensitive varieties (Abdelbagi et al 2006). 
 Application of genetic engineering and genomics: a new paradigm for the 
development of salinity-tolerant rice cultivars. Genetic engineering and 
genomics are powerful tools that can aid in developing salt-tolerant rice 
cultivars and in gaining better insight into the molecular basis of salinity 
tolerance. Genomics involves DNA sequencing, the use of DNA microarray 
technology to analyze gene expression profiles at the mRNA level, and 
improved informatics tools to organize and analyze such data. Cultivated 
rice has evolved through domestication for centuries, which has allowed a 
limited diversity of genetic resources (Datta 2002). Hence, the potential for 
isolating novel saline-tolerant genes from the rice gene pool is very limited. 
Genes with salt tolerance from nonrice species could be useful in enhancing 
salinity tolerance in rice. Many genes from rice and other crops/organisms 
associated with salinity tolerance have been isolated and characterized. 
Transcription factors associated with salt tolerance have been identified 
and the transgenic approach has been adopted with genes such as the ACC 
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deaminase gene from tobacco (Grichko and Glick 2001), DREB from rice 
and Arabidopsis (Kasuga et al 1999), MsPRP2 from alfalfa (Winicov and 
Bastola 1999), and Tsi1 from tobacco (Park et al 2001). Transgenic salt-
tolerant plants have also been developed with genes associated with synthesis 
of osmoprotectants such as the betA (choline dehydrogenase) gene for 
glycine betaine synthesis from tobacco (Lilius et al1996), the codA (choline 
oxidase) gene for gycine betaine synthesis from Arabidopsis (Hayashi et al 
1997, Alia et al 1998, Huang et al 2000), the IMT1 (myo-inositol O-methyl 
transferase) gene for D-ononitol synthesis from tobacco (Sheveleva et al 
1997), the mt1D (mannitol-1-phosphate dehydrogenase) gene for mannitol 
synthesis from tobacco and Arabidopsis (Tarczynski et al 1993, Thomas et al 
1995), otsA and otsB (trehalose phosphate synthase and trehalose phosphate 
phosphatase) genes for trehalose biosynthesis from E. coli, and the p5CS 
(pyrroline carboxylate synthetase) gene for proline synthesis from tobacco 
(Kavi Kishor et al 1995). Genes such as Nt107 (glutathione S-transferase), 
which are for enzymes associated with the detoxification of reactive oxygen 
species, are also available for developing transgenic salt-tolerant plants (Roxas 
et al 1997).
 Transgenic rice containing genes for up-regulation of DREB and trehalose 
biosynthetic genes (Garg et al 2002) have already been developed and are 
expected to be tested in fields in the near future. Stress-inducible promoters 
such as OsDREB1 have induced strong expression of stress-responsive genes 
in transgenic rice, resulting in increased tolerance of drought, high-salt, 
and freezing stresses (Yamaguchi-Shinozaki and Shinozaki 2005). Transfer 
of these genes in the genetic background of a saline-tolerant rice cultivar 
such as CSR23 or CSR27 can help in enhancing the productivity of these 
genotypes. It is hoped that a judicious, pragmatic application of molecular 
markers along with genomic tools coupled with transgenic technology can 
help to develop durable saline-tolerant rice cultivars capable of producing 
higher yields in stress environments. 

MINERAL STRESS

Salinity problems rarely occur in isolation. Mineral deficiencies and toxicities 
frequently compound salinity problems. For inland salinity brought about 
by poor-quality groundwater or irrigation, associated stresses are alkalinity, 
phosphorus and zinc deficiencies, and boron toxicity. In these soils, crops 
cannot be grown without good-quality irrigation water. On the other 
hand, coastal salinity is often associated with acidity, where deficiencies in 
phosphorus, zinc, iron, and aluminum are prevalent (De Datta et al 1993).
In several areas with intensive rice-wheat cropping, zinc, boron, iron, 
manganese, and molybdenum deficiencies have been observed. Severity of 
these deficiencies, however, depended on soil conditions and the crop grown, 
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and rice removes larger quantities of micronutrients than wheat (Nayyar et 
al 2001). 
 Micronutrients were often considered as major constraints to improving 
productivity, particularly in marginal land. Although both deficiency and 
toxicity are major issues for micronutrients, suboptimal levels of major 
nutrients are very common even in highly productive land. Hence, breeding 
for nutrient stress should be an integral part of nutrient management for crop 
plants such as rice.

Zinc Deficiency

Zinc deficiency has been reported in various parts of the world in annual crops 
(Cakmak et al 1996a,b). In a global study initiated by FAO, it was shown that 
about 30% of the cultivated soils of the world are Zn-deficient (Sillanpaa 
1982). About 50% of the soils used worldwide for cereal production contain 
low amounts of plant-available Zn (Graham et al 1992). Zinc deficiency in 
crop plants reduces both grain yield and the nutritional quality of grain.
 Screening methods to identify Zn-efficient rice genotypes have been 
standardized and the most Zn-efficient rice genotypes (such as Metica 1, 
Epagri 108, CNA 7550, and CAN 86) have been identified (Fageria 2001). 
Considerable progress has been made to identify mechanisms that plant 
species and genotypes possess for efficient acquisition of Zn from soils low 
in Zn availability. These include higher uptake of zinc by roots, protection 
against superoxide-free radicals, and efficient use of zinc. Zn efficiency of 
cereals is mainly related to differences in Zn acquisition by the roots (Cakmak 
et al 1996a,b).
 At IRRI, a mapping population (Fs RIL) from a cross of Madhukar (tolerant 
of Zn deficiency) and IR26 (sensitive to Zn deficiency) was generated and 
a greenhouse method of phenotyping was used to identify contrasting RILs. 
Pregerminated seeds of each RIL were sown in pots with Zn-deficient soil 
(0.04 kg Zn ha–1) at a pH of 7.8. After 45 days, Zn-deficiency symptoms 
were visually evaluated (IRRI 1996). Selective genotyping (93 RILs) was 
done using microsatellite markers to locate putative QTLs. Preliminary QTL 
analysis demonstrated that Zn-deficiency tolerance was associated with a 
major QTL on chromosome 5 flanking microsatellite markers RM 167 and 
RM 87. These markers could facilitate marker-aided selection of Zn-efficient 
rice genotypes.

Iron Toxicity

Tolerance of Fe toxicity is a complex quantitative trait but a symptom 
such as leaf bronzing is a straightforward indicator. Tissue tolerance for Fe 
toxicity in rice was considered an important parameter for genetic studies. 
Wu et al (1998) mapped the QTLs involved using a doubled-haploid (DH) 
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population developed at IRRI. A total of 135 DH-derived lincs from the 
cross of Azucena (Fe-toxicity-tolerant japonica cultivar) and IR64 (sensitive 
indica cultivar) were phenotyped in a culture solution with Fe toxic con-
ditions (250 mg L–1) maintained at pH 4.5. Results revealed that Fe-toxicity 
tolerance as measured by leaf bronzing index (LBI) is associated with two 
loci of chromosome 1. The first locus was flanked by markers RG146 and 
RG345 and explained 31% of the phenotypic variation, and the second 
locus was flanked by RG810 and RG331, where both QTLs associated with 
LBI and Fe concentration in the shoot were located. The first locus was 
also associated with loci associated with the Fe-induced enzyme glutathion 
reductase involved in the ascorbate-specific hydrogen peroxide scavenging 
system, and dehydroascorbate concentration, which was also detected on 
chromosome 7 between markers RG773 and RG769. Another QTL was 
detected on chromosome 2, flanking PaII and RZ58 associated with Fe 
concentration in the shoot (Wu et al 1998).

Aluminum Toxicity

Toxic concentrations of Al are generally found in acid soils (pH < 5.0), 
which are one of the most important limitations to agricultural production 
worldwide. Approximately 30% of the world’s total land area consists of 
acid soils, and as much as 50% of the world’s potentially arable lands are 
acidic. Aluminum inhibits root growth (Lu-Ning and Hou-Tian 1989), 
restricting water and nutrient uptake and leading to poor growth and yield. 
Mapping populations for Al-toxicity tolerance were developed at IRRI with 
IR28 and IR1552 being highly sensitive to Al, whereas Azucena is tolerant. 
IR28/Azucena and IR1552/Azucena crosses were used to develop RILs. 
Most lines of the IR28/Azucena cross showed high spikelet sterility, making 
them unsuitable as a mapping population. The RILs produced from the 
IR1552/Azucena cross showed no abnormality, thus making them suitable as 
a mapping population. The population of IR64/Azucena was also suitable for 
mapping Al-toxicity tolerance because IR64 is sensitive to Al toxicity. Wu et 
al (2000) used the FH RILs of the IRl552/Azucena population developed to 
map the genes for Al-toxicity tolerance using relative root length (RRL) as a 
parameter. RRL was measured after 2 and 4 weeks in a nutrient solution with 
1 mM Al at pH 4.0. Three QTLs on chromosomes 1 and 12 were detected 
after 2 weeks of stress and a major QTL, flanked by markers RG323 and 
RZ80 I on chromosome 1, and they explained 19% of the total variation. 
These flanking markers were also associated with Fe-toxicity tolerance (Wu 
et al 1998).
 A QTL expressed on chromosome 12, detected after both 2 and 4 weeks 
of Al stress, was linked to marker RG9, which is linked with a major QTL 
for P deficiency. These relationships between QTLs associated with various 



190     Mishra

stress responses suggest a strong possibility of developing rice lines with 
multiple stress tolerance.
 Mapping populations made between subspecies indica and japonica or 
between indica and a wild relative (Oryza rufipogon) are highly polymorphic 
and likely to capture a great deal of the nucleotide diversity present in rice. 
Twenty-seven QTLs important for Al tolerance as estimated by relative root 
growth were identified in five studies. Only one region on chromosome 1 was 
held in common between all five studies. Three other chromosomal regions 
(chromosomes 2, 3, and 9) were identified as important in three of the five 
mapping populations. Given the conservation of location for Al tolerance 
loci among the Triticeae, it is natural to wonder whether an orthologous locus 
to Alp/Alt3/AltBH plays a similar role in rice. Rice chromosome 3 (linkage 
block 3C) is homologous to Triticeae 4L (34); genetic markers linked to Al 
tolerance loci are shared between rice, wheat, and barley (Nguyen et al 2003). 
The locus on rice chromosome 1 typically explains the largest variance.

Manganese Toxicity

Many acid soils contain excessively high amounts of both Mn and Al. Mn 
toxicity is possibly the second most important metal toxicity on acid soils 
after Al (Foy 1984). Whereas Al toxicity is primarily expressed in the root, 
Mn-toxicity symptoms are localized in the shoot, and are characterized by 
stunted growth, chlorosis, and necrotic lesions in the leaves. Differences in 
the ability to ameliorate Mn-induced oxidative stress could be involved in the 
genetically based variability in Mn tolerance seen in many crop species (Horst 
et al 1990). Several plant genes that encode transporters with the ability to 
transport Mn2+ have been isolated and characterized. CAX2 in transgenic 
tobacco conferred increases in Mn tolerance as well as Mn accumulation in 
both whole plants and isolated tonoplast vesicles. These findings may be 
relevant to improving Mn toxicity in cereals such as rice.

Phosphorus-Deficiency Tolerance

Phosphorus availability is particularly limiting on highly weathered acid 
soils of the tropics and subtropics due to its fixation with Al and Fe oxides 
on the surface of clay minerals. Because of the low availability of P in soil, 
plants have evolved numerous adaptive mechanisms to acquire P from the 
soil. These responses cover increases in root proliferation, including root 
branching, increased root hairs, and association with vesicular-arbuscular 
mycorrhizae. P efficiency can be based on the superior ability to acquire 
P from the soil through alterations in root morphology or architecture, 
exudation of P-mobilizing compounds, and alteration in plasma membrane 
P transporters. Additionally, this could involve enhanced P-use efficiency 
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through lower cellular P requirements or more efficient remobilization of P 
within the plant (Yan et al 2001).
 In one of the methods used by IRRI, tolerant lines are considered to be 
internally efficient or to have a low P requirement. In another method, which 
is specific for acid soil, the tolerant lines are considered to be externally 
efficient, internally efficient, or both. A total of 285 F8 RILs developed from 
the cross of IR20 (P-efficient) and IR55178-3B-9-3 (P-inefficient) were 
phenotyped using the first screening technique (internal efficiency) and 42 
efficient and 42 inefficient lines were identified for AFLP analysis. Based on 
qualitative data, a major gene for P-deficiency tolerance was mapped on chro-
mosome 12. The availability of some random fragment length polymorphism 
(RFLP) markers in this region allowed further analysis and linkage was found 
between RFLP markers RG9 and RG241 and a P-deficiency tolerance gene (Ni 
et al 1998). QTL analysis revealed that P-deficiency tolerance using relative 
tillering ability as a measurement has valuable QTLs. One QTL flanked the 
simple-sequence repeat (SSR) marker R69 and OSR 32 on chromosomes 
12 and 6 and explains 54.0% and 33.6% of the total phenotypic variation. 
This finding was confirmed by Ninamango et al (2003). Near-isogenic lines 
(NILs) carrying both the QTLs mentioned were found to be more efficient 
in P-deficient soil (Wissuwa et al 1998).

CONCLUSIONS

It is increasingly evident that salinity will continue to exist in cultivated 
lands that have access to irrigation. This situation may become aggravated 
in the absence of an appropriate salinity management approach and salt-
tolerant cultivars. This necessarily implies that breeding efforts to develop 
salt-tolerant genotypes should consider research results from other disciplines 
that are useful for mitigating salinity in cultivated land. Recent advances 
in molecular biology are likely to significantly complement conventional 
yield-based screening for salinity tolerance mainly through applicable 
information on salt-tolerance genes. With the identification of QTLs and 
genes, marker-assisted selection for salt tolerance will be a routine activity in 
rice improvement projects while functional genomics and bioinformatics will 
continue updating these techniques. Salt-tolerant genotypes that have been 
identified on the basis of various traits would be highly useful in facilitating 
molecular approaches for developing salt-tolerant genotypes. Salt tolerance 
is often coupled with micronutrient toxicities or deficiencies. Mechanisms 
of tolerance of these nutritional stresses are known and molecular markers 
associated with these traits have been identified. We believe that it is 
possible to enhance productivity of crop plants such as rice in soils affected 
by salinity and nutrient stress through an integrated approach involving 
multidisciplinary teams. 
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Drought regularly causes yield losses in bunded upper fields and unbunded 
uplands under rainfed conditions. Drought causes both direct yield loss and 
losses due to the disruption of important management steps, most notably 
transplanting. Progress in developing cultivars combining improved drought 
tolerance with high yield potential can be made if breeding programs 
incorporate direct selection for grain yield under drought stress as a selection 
criterion, in addition to selection for yield potential. Yield under drought stress is 
a trait that is at least as heritable as yield under favorable conditions. Currently, 
no secondary physiological traits are confirmed in their utility as selection 
criteria for drought tolerance in rice. Drought stress can be imposed by planting 
screening trials in drought-prone upper fields and withholding irrigation in an 
intermittent manner so that stress brackets the period of flowering. With these 
screening methods, several drought-tolerant upland- and lowland-adapted 
genotypes have been identified at IRRI, including hybrids, which generally 
outperform pure lines of similar background under both moderate drought 
stress and delayed transplanting. Aerobic adapted varieties that produce high 
yields under dry direct sowing are a promising option for areas where the 
risk of drought disrupting establishment is high. There is evidence that yield 
differences among genotypes under severe stress may be explained, at least 
in part, by the action of a relatively few QTLs with large effects. Some of these 
loci appear to have effects that are large enough to permit fine-mapping, and 
may be useful in marker-assisted selection.

Worldwide, approximately 23 million ha of rainfed rice area, and an 
additional area of inadequately irrigated rice, are subject to water 

shortage. Local watersheds in which rainfed rice is grown consist of 
toposequences, or series of terraced fields that drain into each other. Within 
distances of only a few hundred meters, the toposequence may include rice 
planted in unbunded uplands, drought-prone upper fields that do not retain 
standing water, well-drained mid-toposequence fields, and poorly drained 
lower fields in which water accumulates to depths of 1 m or more. Drought 
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is primarily a problem of unbunded uplands and bunded upper fields. Because 
total rainfall and distribution are highly variable in rainfed rice-growing 
areas, the occurrence and intensity of drought stress tend to vary greatly 
from year to year, but drought occurs with fairly predictable frequency in a 
given field based on toposequence position and soil texture. This variability 
can be great even within fields, due to soil variability and nonlevelness. This 
micro-scale variability results in very large estimates of genotype × location 
× year interaction and residual error in the analysis of rainfed rice trials, thus 
complicating selection (Cooper et al 1999). 

THE EFFECTS OF DROUGHT IN RICE PRODUCTION 
SYSTEMS: IMPLICATIONS FOR BREEDING

Direct Effects of Water Shortage on Growth and Seed Set

In upper bunded fields, yield is linearly related to the number of days in the 
growing season in which soil is saturated (Boling et al 2004). This relationship 
likely accounts for much of the genotype × environment interaction observed 
in rainfed rice variety trials, although this hypothesis has not been tested. 
The ability to maintain growth in relatively dry soils is a key feature required 
in drought-tolerant varieties. However, drought is especially damaging 
immediately before and during flowering, especially under upland conditions 
(Atlin et al 2006, Ekanayake et al 1990, Garrity and O’Toole 1994), so 
tolerance at this stage is particularly critical. Farmers relying on drought-
prone upper-toposequence fields therefore require varieties combining the 
ability to maintain biomass production in dry soils with tolerance of severe 
stress at flowering. 

Effects of Water Shortage on Crop Establishment

In addition to direct negative effects on growth and seed set, drought 
also reduces productivity by disrupting management operations such as 
transplanting. Delay or failure of transplanting due to insufficient water in 
paddies is one of the main causes of production loss in rainfed rice systems. 
The optimum age of seedlings at transplanting is from 2 to 4 weeks, but, in 
rainfed systems, farmers must often wait until seedlings are 60 to 90 days 
old for water to be sufficient in the field for transplanting (normally after 
400–500 mm of rainfall, about 30–40% of the average seasonal total in much 
of eastern India). Such delays result in large losses due to reductions in both 
panicle number and weight. In experiments at IRRI in 2005, transplanting 
65-day-old as opposed to 22-day-old seedlings resulted in an average yield 
reduction of over 50%. Yield reductions due to delayed transplanting were 
experienced on this scale in large areas of eastern India in 2004, and in 
Nepal and adjoining regions of Uttar Pradesh in 2006. Even high-rainfall 
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regions that are not considered drought-prone, such as southern Cambodia, 
may experience severe losses due to delayed transplanting resulting from an 
early-season drought. There has been little systematic research on tolerance of 
delayed transplanting, but preliminary work indicates that there is substantial 
genetic variability for the trait.

FACTORS AFFECTING THE ADOPTION 
OF DROUGHT-TOLERANT RAINFED RICE CULTIVARS

Improved drought tolerance alone will not induce farmers to adopt a new 
variety. Rainfed farmers also require acceptable quality and the ability to 
produce high yields in favorable years or in parts of the field (i.e., the lowest 
corner of a drought-prone field) that are more productive. Unwillingness 
to compromise on quality and yield potential means that adoption of new 
varieties has been infrequent in rainfed systems. A few improved varieties, 
including Swarna, Sambha Mahsuri, IR36, IR64, BR11, and MTU 1010, 
sometimes referred to as “mega-varieties,” together now account for much 
of South Asian rainfed rice production. They are valued for their quality, 
marketability, and yield potential, and have proven very difficult to replace. 
However, they were selected under favorable irrigated conditions, and 
performed poorly under drought stress in trials both at IRRI and in eastern 
India (IRRI-India Drought Breeding Network, unpublished data). They are 
suitable mainly for favorable mid-toposequence fields, but their high yield 
potential and desirable quality induces farmers to adopt them in fields above 
and below their optimum level of adaptation. Farmers with drought-prone 
fields are thus in urgent need of options, but adoption of varieties with 
improved stress tolerance is likely only if these varieties retain the quality and 
agronomic features of current mega-varieties. The key task for rice breeding 
programs focusing on drought tolerance is therefore the development of 
varieties that combine improved stress tolerance with preferred quality and 
high yield potential under favorable conditions. There is substantial evidence 
that high yield potential and improved drought tolerance are compatible. 
Genetic correlations are usually positive between the yield of random 
recombinant inbred lines in stress and nonstress environments (Atlin et al 
2004), and selection for yield under stress has not resulted in yield losses 
under nonstress conditions (Venuprasad et al, n.d.).
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PROGRESS IN DEVELOPING
DROUGHT-TOLERANT VARIETIES

The Failure of Selection for Secondary Physiological Traits 
to Improve Drought Tolerance

Variation exists within Oryza sativa for yield under drought stress, but 
progress in developing improved cultivars has been slow. Although many 
useful donors have been identified for tolerance of upland stress (Lafitte et 
al 2004), few have been reported for the more extensive lowland system. 
Screening is difficult due to the problems of imposing uniform stress on 
breeding populations segregating for phenology. The heritability (H) of 
yield under drought is therefore thought to be low (Fukai and Cooper 1995, 
Nguyen et al 1997), and few breeding programs select directly for it. Marker-
assisted breeding (MAB) for secondary drought-related traits such as osmotic 
adjustment, deep rooting, and maintenance of high leaf relative water content 
has been proposed under the assumption that they would be more reliable 
indicators of drought tolerance than yield per se, but most such traits are 
neither more heritable than yield under stress nor highly correlated with it 
(Fukai and Cooper 1995, Fukai et al 1999, Jongdee et al 2002, Pantuwan et 
al 2002, Babu et al 2003, Robin et al 2003). 

Progress from Direct Selection 
for Yield Under Stress: Heritability

Limited progress in using secondary traits to enhance rice drought tolerance 
has prompted IRRI to refocus breeding efforts for drought tolerance directly 
on yield under managed stress, by screening in the dry season under severe 
intermittent stress (imposed by withholding irrigation until a target soil 
water potential is reached at a specified depth in the root zone) bracketing 
the entire flowering and grain-filling period (a protocol previously shown 
by Lafitte and Courtois [2002] to rank cultivars similarly to when stress was 
targeted precisely at the flowering period of individual cultivars), as well 
as under full irrigation. Atlin et al (2004), in a summary of results of 10 
experiments, reported no mean difference between estimates of H for yield 
under drought and well-watered conditions, confirming that drought yield 
is a moderately heritable trait that is more repeatably measurable than many 
other putative drought-related traits.
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Progress from Direct Selection 
for Yield under Stress: Selection Response

Screening for yield under drought stress has now been incorporated as a 
standard step in the IRRI rainfed breeding program. Replicated evaluation of 
breeding lines extracted from the pedigree program is conducted under both 
stress and nonstress conditions. Stress screening is done in well-drained fields 
at the top of the toposequence. In the wet season, lowland drought trials are 
drained 1 week after transplanting and never re-irrigated. In the dry season, 
they are drained 1 week after transplanting, then re-irrigated when the soil 
surface is dry and cracked, susceptible checks show severe leaf rolling, and 
soil water tensions of –50 kPa are measured at 15 cm below the soil surface. 
The field is then re-irrigated and drained again after 24 hours. This cycle is 
repeated until maturity. A similar protocol is used under upland conditions, 
but irrigation is withheld beginning 30 days after sowing. Re-irrigation takes 
place when soil water potentials reach –50 kPa at 40 cm, and when susceptible 
checks show severe leaf rolling.
 Using this protocol, Venuprasad et al (n.d.) showed that direct selection 
for yield under managed upland stress in the dry season resulted in yield gains 
under both managed stress and naturally occurring wet-season stress, and that 
lines combining high yield potential and improved stress tolerance could be 
identified. Screening under managed stress has also identified large differences 
among rainfed breeding lines and mega-varieties in yield under stress, both 
at IRRI (Table 1) and in India (Table 2). Several lines have been identified 
that are comparable to current mega-varieties under nonstress conditions, 
but that outyield them substantially under stress. Screening for grain yield 
under drought stress has now been incorporated by several Indian breeding 
programs in collaboration with the IRRI-India Drought Breeding Network, 
a collaborative network serving drought-prone rainfed environments. 

PROGRESS IN IDENTIFYING CULTIVARS 
WITH IMPROVED TOLERANCE OF DELAYED 
TRANSPLANTING

Variability for tolerance of delayed transplanting appears to be large, even 
in photoperiod-insensitive germplasm. In a 2005 wet-season evaluation of 
125 medium-duration, photoperiod-insensitive varieties transplanted as 65-
day-old seedlings, cultivar mean yields ranged from 0.3 to 3.3 t ha–1. Some 
elite breeding lines and cultivars produced high yields when transplanted as 
25-day-old seedlings but performed very poorly under delayed transplanting. 
A notable example is the tungro-resistant IR64 derivative IR77298-14-1-
2, which yielded 4.0 t ha–1 under normal management, but only 1.8 t ha–1 
under delayed transplanting. Other entries produced relatively high yields 
under both conditions; for example, the hybrid IR80642H yielded 4.4 t ha–1 
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when transplanted as 25-day-old seedlings, with a reduction to only 3.3 t 
ha–1 as 65-day-old seedlings. In general, hybrids were more tolerant than 
pure lines (Table 3).

HYBRID RICE: A TECHNOLOGY 
FOR WATER-STRESSED ENVIRONMENTS

Hybrid varieties offer a route to combining improved tolerance of drought 
stress with high yield potential. In experiments conducted at IRRI during 
2004-06, hybrids previously unselected for drought tolerance were compared 
with elite inbreds from the IRRI irrigated and rainfed breeding programs 
under the moderate intermittent drought stress protocol described above, 
which reduces trial mean yield from approximately 4.0 to 1.5 t ha–1. Hybrids 
have consistently outyielded pure lines under this level of stress by an 
average of about 1 t ha–1, or about 60%. The advantage of hybrids is both 
proportionately and absolutely greater under moderate stress than under 
fully irrigated conditions. This is illustrated in Figure 1, which compares the 
performance of the hybrid IR80228H with that of the elite IRRI pure line 
PSBRc 82 over five trials in which hydrological conditions ranged from fully 
irrigated to severely stressed. Means of the two cultivars are plotted against 
the trial means, which serve as an index of the trial stress level. The cultivars 
did not differ significantly in fully irrigated, high-yield trials, but the hybrid 
outyielded the pure line by 0.5 to 0.7 t ha–1 under severe stress. As noted 
above, hybrids are also, on average, more tolerant of delayed transplanting 
than pure lines (Table 3). The tolerance of hybrids of moderate water stress 
and delayed planting, combined with their high yield potential in favorable 

Table 2: Yield, days to flower, and harvest index of medium-duration varieties and 
breeding lines under severe drought stress and full irrigation:  IRRI, 2006 dry season.

Line Days to flower Harvest index Yield (kg ha–1)

 Stress Nonstress Stress Nonstress Stress Nonstress

IR77298-14-1-2 94 85 0.21 0.40 1,241 3,278
IR80461-B-7-1 95 84 0.22 0.37 1,076 3,675
IR80228 H 101 85 0.27 0.46 920 5,782
IR64 112 91 0.06 0.38 275 1,331
PSBRc 82 104 91 0.10 0.36 256 2,647
IR36 103 87 0.10 0.25 238 996
      
Trial mean 100 88 0.10 0.34 447 2,233
      
LSD.05 8 2 0.10 0.16 355 944
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Table 3: Agronomic performance of 10 hybrids versus 115 pure lines when transplanted at 
22 or 65 days after sowing: IRRI, 2005 wet season.

 Days to flower Height (cm) Harvest index Yield (kg ha–1)
Cultivar
type Seedling age at transplanting (d)

 22 65 22 65 22 65 22 65

Hybrid 85.0 113.5 114.7 89.8 0.41 0.38 4,976 2,674
Inbred 81.5 112.9 118.9 91.6 0.37 0.28 3,377 1,484
        
Pr > F. nsa ns ns ns 0.0012 <0.0001 <0.0001 <0.0001

ans = nonsignificant.

Fig. 1: Yield of an elite inbred and hybrid compared under a range 
of water stress levels in 5 trials conducted at IRRI in the wet and dry 

seasons of 2005 and 2006. 
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environments, may explain, in part, their rapid and widespread adoption 
in eastern India, where they have been introduced by the commercial seed 
sector over the last five years.

 PROGRESS IN AEROBIC RICE DEVELOPMENT

Aerobic rice, a form of upland rice, is dry-sown in nonpuddled fields. It may 
be rainfed or irrigated, but no effort is made to maintain a layer of standing 
water in the field. Aerobic rice varieties share with upland varieties the 
ability to maintain biomass production and seed set in nonsaturated soils in 
which soil water tensions reach –40 kPa in the root zone. However, aerobic 
rice varieties have higher yield potential and are more responsive to inputs 
than traditional upland rice varieties (Atlin et al 2006). Dry direct-seeded 
aerobic rice is a promising alternative to transplanting in drought-prone 
rainfed fields where transplanting is often delayed or abandoned due to lack 
of sufficient water accumulation in paddies. Dry-seeded aerobic rice can be 
established with approximately 150 mm of total irrigation or rainfall for 
land preparation and germination, whereas transplanting requires at least 
400 mm. Currently, elite tropical aerobic rice varieties developed by IRRI 
have a yield potential of approximately 5 t ha–1 under nonsaturated soil 
conditions where soil water potential falls to –40 kPa in the root zone. They 
also develop biomass rapidly during the first 4 weeks after sowing. Zhao et al 
(2006) demonstrated that rapid early seedling growth is strongly associated 
with weed competitiveness under aerobic conditions. 

PROSPECTS FOR MARKER-AIDED SELECTION 
FOR DROUGHT TOLERANCE IN RICE

Prospects for the adoption of drought-tolerant varieties will be improved if 
yield under stress can be enhanced through the development of mega-varieties 
introgressed with a small number of genes for drought tolerance. IRRI has 
initiated a program to systematically identify such genes, in both donors 
known to have high yield under stress and random donors. Although the 
control of genetic variation in yield under drought stress is complex, evidence 
is accumulating that a relatively small number of genes can have a large 
effect. Lafitte et al (2006) reported that, in backcross populations derived 
from the susceptible recurrent parent IR64 crossed to unselected donors and 
mass-selected in the BC2F2 for yield under stress, lines were selected that 
significantly outyielded IR64 under stress. In another study, BC3-derived sister 
lines from the cross IR77298, developed with IR64 as a recurrent parent and 
the tungro-resistant pure-line variety Aday Selection as a donor, were shown 
to differ substantially in yield under severe lowland stress, despite sharing a 
coefficient of co-parentage of more than 0.9 (IRRI, unpublished data). More 
recently, a single QTL has been identified on chromosome 12 that accounted 
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for more than 50% of yield variation under severe upland stress over 2 years 
in the cross Vandana/Way Rarem (Bernier et al, n.d.). The allele conferring 
improved tolerance in the cross results in more than double the mean yield 
of homozygotes under stress (from approximately 0.2 to 0.6 t ha–1). These 
results indicate that relatively large improvements in performance under 
stress may result from the manipulation of a small number of genes. This is 
supportive of the idea that improved drought tolerance can be introgressed 
into desirable mega-variety backgrounds. 

CONCLUSIONS

Progress in developing cultivars combining improved drought tolerance with 
high yield potential can be made if breeding programs incorporate direct 
selection for grain yield under drought stress as a selection criterion, in 
addition to selection for yield potential. Yield under drought stress is a trait 
that is at least as heritable as yield under favorable conditions. Currently, 
no secondary physiological traits are confirmed in their utility as selection 
criteria for drought tolerance in rice. Drought stress can be imposed by 
planting screening trials in drought-prone upper fields and withholding 
irrigation in an intermittent manner so that stress brackets the period of 
flowering. With these screening methods, several drought-tolerant upland- 
and lowland-adapted genotypes have been identified at IRRI, including 
hybrids, which generally outperform pure lines of similar background under 
moderate drought stress. There is evidence that yield differences among 
genotypes under severe stress may be explained, at least in part, by the action 
of a relatively few QTLs with large effects. Some of these loci appear to have 
effects that are large enough to permit fine-mapping, and may be useful in 
marker-assisted selection.
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Abiotic stresses such as submergence, salinity, drought, and nutritional disorders 
are major constraints to rice production across rainfed rice ecosystems, and 
they predominantly impact poor farmers in these areas. Our efforts intend to 
identify sources of tolerance of these abiotic stresses, understand the causal 
mechanisms, and identify the genetic determinants, particularly for tolerance of 
salinity, submergence, and phosphorus (P) deficiency. Tolerance of these stresses 
is complex, involving several diverse physiological and adaptive mechanisms. 
Tolerant donors also seem to vary with respect to the presence/absence and 
extent of expression of any particular trait associated with tolerance, suggesting 
that an approach involving targeting individual traits associated with tolerance 
could probably be more effective, particularly if QTLs/genes for each trait were 
targeted. Major QTLs for salinity (Saltol), submergence (Sub1), and P-deficiency 
tolerance (Pup1) were identified using populations developed from contrasting 
parental lines. These QTLs were further fine-mapped and the respective loci 
were sequenced/annotated and are being analyzed to identify and validate 
candidate genes underlying tolerance at each locus. For submergence, a cluster 
of genes coding for putative ethylene responsive transcription factors (ERFs) 
was found to be responsible for the tolerant phenotype conferred by the Sub1 
locus and work is in progress for the Saltol and Pup1 loci. Parallel efforts aim 
at identifying PCR-based markers that are QTL-/gene-specific to be used in 
marker-assisted backcrossing (MAB) to incorporate these loci into popular but 
sensitive varieties. Substantial progress was made with the Sub1 locus, which 
was introgressed into several widely grown cultivars using MAB. The new 
varieties maintained high yield and other agronomic and quality attributes 
of recurrent parents and are tolerant of submergence. Use of these varieties 
is expected to provide protection against damaging floods and increase food 
security for farmers in flood-prone areas. Similar approaches are being pursued 
to incorporate Saltol and Pup1 into popular varieties. The ultimate goal is to 
integrate combinations of these QTLs/genes into suitable varieties and elite 
lines, based on prevailing stresses in target environments, to develop resilient 
cultivars for high and stable productivity.

Keywords: rice, submergence, phosphorus deficiency, salinity
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Improving yield stability in less favorable environments is one of the 
promising strategies to ensure food security and reduce poverty in the 

future, as the productivity of these areas still remains substantially below 
their potential. Rainfed rice-growing environments constitute virtually 
half of the total rice-growing areas of the world. These environments are 
considered less favorable than the irrigated ecosystem because of a plethora of 
prevailing complex biotic and abiotic constraints, including the uncertainties 
associated with rainfall patterns. Farmers often apply minimum or no inputs 
to reduce their risks but with consequent poor productivity of less than 2 
t ha–1 compared with more than 5 t ha–1 under favorable conditions. Yield 
gains associated with growing improved varieties in these ecosystems are also 
much less notable than those in favorable environments, leading to poor 
adoption of these varieties.
 Plant adaptation to variable environments is made feasible by several 
complex and interrelated physiological and morphological traits. Our long-
term goal is to understand the processes that are involved in plant growth 
and development and how such processes are integrated and regulated 
and, ultimately, to use this information to help improve the performance 
of crop plants in a particular environment. Traits that allow traditional 
cultivars to survive and produce well under such extreme conditions need 
to be incorporated into popular varieties and elite breeding lines, without 
substantial changes in their adaptive and quality traits. This will require 
a methodical understanding of the genetics and physiology of such traits 
together with careful evaluation of the target environments to select for 
pertinent characters.
 Complex processes such as tolerance of abiotic stress can potentially 
be dissected into discrete component elements that are highly interrelated, 
and each has an intricate regulatory system. The use of these component 
physiological traits in breeding can result in more precise targeting of 
factors limiting productivity and adaptability. This can involve either direct 
selection for such physiological traits or the use of indirect methods, such 
as molecular markers that are linked to genes that control particular traits. 
Research over the past few decades uncovered many potentially useful traits 
among cultivated and wild rice germplasm, making genetic improvement 
a feasible strategy. We will highlight some of the progress made on several 
abiotic stresses common to unfavorable rice environments: high salinity, 
phosphorus deficiency, and short-term submergence.

SALINITY TOLERANCE IN RICE

Excessive salt stress is a major problem in vast areas of the world, and, in Asia 
alone, more than 12 million ha of rice land are currently affected. Salinity 
in coastal areas fluctuates within the year, being high during the dry season 
because of tidal inundation and intrusion from underground water, but 
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decreasing with freshwater flushing in the rainy season. Secondary salinization 
also results from mismanagement of water for irrigation and drainage and is 
currently becoming a looming problem in inland areas worldwide, steadily 
leading to soil deterioration and eventually forcing poor farmers off their 
lands. About 10 million ha of agricultural lands in the world are believed to 
be lost annually to salinization (Pessarakli and Szabolcs 1999).
 Rice is moderately sensitive to salt stress, yet still preferred as a reclamation 
crop due to its unique ability to thrive in standing water. Sensitivity also varies 
with the climate and the stage of development, with poor association between 
tolerance at the two most sensitive stages, early seedling and reproduction 
(Moradi et al 2003, Peng and Ismail 2004). Considerable genetic variation in 
salinity tolerance is reported in rice (Flowers and Yeo 1981) and good progress 
has been made in developing elite breeding lines with a reasonable level of 
tolerance, some of which were released as commercial varieties (Gregorio 
et al 2002, Senadhira et al 2002).
 Salinity tolerance in rice is complex, and involves several physiological 
and adaptive mechanisms (Yeo and Flowers 1986, Mishra et al 1998, Peng 
and Ismail 2004). The physiological bases of salt tolerance during early 
seedling stage are fairly well understood; key traits include high seedling 
vigor with a consequent dilution of salt concentration in sensitive tissues, 
selective ion uptake at the root level, compartmentation of harmful ions in 
structural and older tissues, particularly older leaves and roots, and high tissue 
tolerance through compartmentation of salts in the apoplast to avoid buildup 
of toxic concentrations in the cytoplasm. The latter is probably achieved 
through a set of active processes involving a gene family of ion transporters 
such as Na+/H+ antiporters that sequester salt in vacuoles (Blumwald et al 
2000) or move it out of the cell cytoplasm and recirculate it back to roots 
(Berthomieu et al 2003). Responsive stomata that quickly close upon initial 
exposure to salt stress but partially reopen after a period of acclimation could 
also contribute to tolerance by minimizing salt uptake (Ismail, unpublished). 
Another tolerance mechanism involves the upregulation of antioxidant 
systems, particularly the ascorbate/glutathione pathway of oxidative stress 
(Moradi and Ismail 2007). Overexpression of superoxide dismutase, a key 
enzyme in this pathway, conferred tolerance of salinity in Arabidopsis (Gao 
et al 2003). During reproductive development, tolerant genotypes tend to 
exclude salt from flag leaves and developing panicles (Yeo and Flowers 1986, 
Khatun et al 1995).
 Although these traits are essentially independent, none of the known salt-
tolerant landraces had more than a few of them and considerable variation 
in their extent of expression exists among different genotypes, suggesting 
the likelihood of identifying even better donors and alleles of useful genes. 
Pyramiding of contributing traits at seedling and reproductive stages is needed 
for developing resilient salt-tolerant cultivars. This could help improve 
salinity tolerance beyond the present phenotypic range if selection is carried 
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out independently for individual contributing traits or ultimately by tagging 
major QTLs and genes underlying these traits. The opportunity to improve 
rice salinity tolerance through the incorporation and pyramiding of superior 
alleles of various mechanisms appears enormously promising.
 A few attempts were made to identify QTLs associated with salinity 
tolerance in rice (Zhang et al 1995, Prasad et al 2000, Lin et al 2004). 
Using a population of 80 recombinant inbred lines (RILs) generated from a 
cross between sensitive variety IR29 and a tolerant landrace, Pokkali, QTLs 
were identified on chromosomes 1, 3, 4, 10, and 12 for salinity tolerance 
during seedling stage, including a major QTL designated Saltol mapped on 
chromosome 1 (Gregorio 1997, Bonilla et al 2002). Recently, a sodium 
transporter was identified at the Saltol region and was found to be involved 
in the maintenance of K+ homeostasis (Ren et al 2005). Using the same RIL 
population, QTLs for tolerance during reproduction have also been identified 
(Islam 2004). Fine mapping of the Saltol QTL using newly available simple 
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Fig 1: Detailed view of the Saltol QTL region on the short 
arm of chromosome 1. Fifteen SSR markers across the QTL 
region are shown from 10.8 Mb to 16.4 Mb on the physical 

map (TIGR pseudomolecule version 4). Four loci targeted for 
developing gene-based markers are also shown.
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sequence repeats (SSRs) and gene-based markers is in progress (Fig. 1). At the 
same time, marker-assisted backcrossing is currently being used to incorporate 
this QTL into popular varieties sensitive to salt stress. Additional Pokkali-
derived QTLs for salinity tolerance are also being targeted to provide the 
foundation for pyramiding multiple QTLs to increase the level of tolerance 
in salt-stressed environments.

PHOSPHORUS DEFICIENCY TOLERANCE

Phosphorus deficiency is a major factor limiting the performance of modern 
rice varieties, and this problem is likely to be more important as high-yielding 
modern rice varieties remove about three times the P removed by traditional 
varieties. Application of P fertilizers is a quick remedy, yet fertilizers are not 
always available or affordable for resource-poor farmers and the tendency of 
some soils to rapidly fix P in forms that are hardly available for plants reduces 
fertilizer efficiency. This tight binding of P in the soil rather than a low total 
P content is often the primary cause of P deficiency. An attractive alternative 
is to develop rice cultivars capable of extracting a higher proportion of soil-
fixed P. Large variability among lowland and upland rice cultivars in their 
ability to use soil and fertilizer P was observed (Wissuwa and Ae 2001a); 
however, to date, no formal breeding program has been in place to exploit 
such genetic variability. 
 The concentration of available P in soils is usually very low and its 
mobility is extremely slow, particularly in highly weathered soils of poor 
fertility and high P-fixing ability. As a result, phosphorus acquisition in 
plants always occurs against a steep concentration gradient that requires 
active uptake and transport. This is believed to be through two main types 
of phosphate transport systems involving either high-affinity or low-affinity 
transporters. The low-affinity transport system appears to be expressed 
constitutively, whereas the high-affinity uptake system is strongly enhanced 
when phosphorus is limiting (Vance et al 2003). 
 Tolerance of P deficiency in rice is quantitatively inherited with both 
additive and dominant genetic effects. Putative QTLs controlling P-deficiency 
tolerance in rice were detected in a few studies (Wissuwa et al 1998, Ni et al 
1998). Using a population developed from the intolerant japonica cultivar 
Nipponbare and the tolerant indica Kasalath, four QTLs were identified for 
P uptake, and one of them is a major QTL located on chromosome 12 that 
controls most of the variation in P-deficiency tolerance. The major QTL 
(Pup1) substantially increased P uptake from P-deficient soils and with 
no apparent effect when P is not limiting. Transferring Pup1 to intolerant 
genotypes increased P uptake from a P-fixing soil by 3–4-fold, with equally 
large effects on plant growth and grain yield (Wissuwa and Ae 2001b). 
 Lines with Pup1 introgression maintained relatively higher root growth 
rates and root surface area in P-deficient soils. Assimilate supply from leaves 
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to roots did not explain a reduction in root growth in sensitive lines under P 
deficiency as root starch concentration was found to increase in P-deficient 
roots (Wissuwa et al 2005). Model simulations suggested that only small 
changes in root growth features are sufficient to explain the effects of Pup1 
in enhancing P uptake, and that these differences are mainly attributed 
to variation in external efficiency rather than in root growth or internal 
efficiency (Wissuwa 2003, 2005). 
 We aim to clone and characterize the genes at the Pup1 locus and to 
develop gene-specific markers to introgress Pup1 into popular varieties and 
breeding lines to improve their tolerance of P deficiency. About 34 putative 
genes were first annotated at the Pup1 locus based on the Nipponbare 
genomic sequence and two of them were identified that showed a differential 
response to P deficiency in contrasting near-isogenic lines (NILs). Sequence 
comparison of the Nipponbare and Kasalath Pup1 regions revealed a high 
degree of dissimilarity. The Kasalath sequence interval was much larger, due 
to large insertions, and with almost twice as many predicted gene models 
compared to Nipponbare, half of which are putative transposable elements. 
Many of these genes show limited sequence similarity to Nipponbare genes 
and some are present on different chromosomes. Preliminary analysis of 
the Kasalath Pup1 genes revealed similarities to some known genes, some 
of which may play a role in processes triggered by phosphorus starvation. 
Detailed analysis of genes annotated from the Kasalath sequence is ongoing 
and their potential role in tolerance of P deficiency is being depicted based 
on physiological evidence and sequence analyses. 
 Parallel efforts aspired to develop a marker-assisted breeding system 
to introgress Pup1 into popular varieties, to further test its potential in 
enhancing tolerance of P deficiency in a wider range of genetic backgrounds. 
SSR markers linked to the Pup1 locus were identified and tested in a sample 
of accessions and results indicated that some of these SSR markers clearly 
discriminated between the Kasalath donor parent and other accessions tested, 
suggesting that these markers could be useful for monitoring the Pup1 locus in 
breeding material (Collard et al 2006). PCR-based gene-specific markers are 
also being developed based on the genes annotated at the Pup1 locus. These 
markers are currently being tested in a range of diverse germplasm to assess the 
distribution and haplotypes of the Pup1 locus (unpublished). Identification 
and validation of candidate genes at the Pup1 locus will accelerate the 
development of this marker system and could also help elucidate the bases 
of tolerance. Eventually, we intend to tag the other QTLs associated with 
P-deficiency tolerance to facilitate combining them with Pup1 for enhanced 
tolerance of popular varieties. 
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SUBMERGENCE TOLERANCE

Flooding for several days usually reduces plant survival and productivity of 
rice in rainfed lowlands, with more than 14 million ha affected annually, 
with an estimated loss of more than US$1 billion. The adverse effects of 
flooding constitute a complex phenomenon that varies with genotype and 
pretreatments, carbohydrate status of the plant before and after submergence, 
developmental stage of the plant when flooding occurs, duration and severity 
of flooding, as well as degree of turbidity, turbulence, and temperature of 
floodwater (Jackson and Ram 2003, Das et al 2005, Ella and Ismail 2006). 
 Complete submergence restricts diffusion of gases by 104-fold, with 
a consequent impact on essential processes such as photosynthesis and 
respiration. Limited O2 and CO2 supply are considered the most damaging 
effects of flooding. The plant hormone ethylene also accumulates in plants 
during submergence because of its enhanced synthesis and entrapment, 
rendering it more available to promote both underwater elongation during 
submergence (Lee and Lin 1996) and leaf senescence (Jackson et al 1987, 
Ella et al 2003). Leaf senescence reduces photosynthetic carbon fixation 
during and after submergence. Both elongation growth and reduction in 
concurrent carbon fixation during submergence can result in depletion of 
carbohydrate reserves and subsequently reduce seedling survival. Processes 
that are potentially affected by ethylene during submergence as well as others 
involved in submergence tolerance are summarized in Figure 2.
 Submergence is also known to stimulate shoot elongation, which is a 
disadvantage under short-term flooding as shoot elongation competes with 
maintenance processes for stored energy (Jackson et al 1987, Singh et al 2001, 
Das et al 2005). This was believed to be through the effects of accumulated 
ethylene on two plant hormones, gibberellins (GA) and abscisic acid (ABA). 
Ethylene enhances synthesis and sensitivity to GA and inhibits ABA, both 
of which favor processes related to faster growth during submergence (Sauter 
2000). Rice genotypes tolerant of submergence are also known to accumulate 
higher amounts of nonstructural carbohydrates (NSC) in their shoots before 
submergence. This is also accompanied by a slower rate of depletion during 
flooding, with a higher proportion remaining after water recedes (Das et 
al 2005). NSC remaining after submergence are essential for regrowth to 
form new leaves and hasten recovery. Tolerant genotypes also retain higher 
amounts of their leaf chlorophyll contents and show less chlorosis during 
submergence, which is found to be linked to ethylene (Ella et al 2003). 
Sensitive cultivars, on the other hand, either do not accumulate sufficient 
carbohydrates before submergence or consume them through fast elongation 
as in the case with varieties adapted to deepwater conditions. The intolerant 
cultivars are also more sensitive to ethylene and they tend to accumulate it at 
higher levels than tolerant genotypes (Jackson et al 1987, Fukao et al 2006). 
This resulted in degradation of chlorophyll (Ella et al 2003, Xu et al 2006) 
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as well as enhanced stem elongation (Fig. 2). The negative effect of ethylene 
during submergence can be effectively overcome by treating seedlings with 
ethylene action inhibitors before submergence (Ella et al 2003). Blocking 
the action of ethylene decreased chlorophyll degradation, suppressed the 
activity and gene expression of chlorophyllase, and improved the survival 
of intolerant cultivars.
 Tolerant cultivars are known to maintain higher levels of alcoholic 
fermentation during submergence, and they upregulate their antioxidant 
systems upon desubmergence, though the role of ethylene in regulating these 
processes is still not clear. Another environmental factor to consider is poor 
light transmission underwater, resulting in lower irradiance, particularly in 
the presence of thick algal growth, and consequently limiting photosynthesis. 
Turbid water was found to be more injurious than shaded conditions 
that resulted in comparable levels of light penetration, suggesting that 
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Fig. 2: Summary of the processes involved in tolerance of short-term flooding in rice.
NSC = nonstructural carbohydrates, AOS = active oxygen species scavenging system. 

Details are provided in the text. 
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water turbidity is exerting additional effects besides interfering with light 
transmission (Sarkar et al, in preparation).
 Earlier genetic studies suggested both simple and quantitative inheritance 
for submergence tolerance (Suprihatno and Coffman 1981). Using a 
population developed from a cross between indica line IR40931-26, a 
derivative of FR13A but with a similar level of tolerance (Mackill et al 1993), 
and a susceptible japonica line (PI543851), a major QTL designated Sub1 
was mapped on chromosome 9 (Xu and Mackill 1996). This QTL accounted 
for about 70% of the phenotypic variation in submergence tolerance in the 
population studied. In a subsequent study (Nandi et al 1997), the importance 
of Sub in submergence tolerance was substantiated and four additional QTLs 
were identified on four different chromosomes. Recently, the Sub1 locus was 
fine-mapped to within 0.06 cM with a physical coverage of 5 overlapping 
bacterial artificial chromosomes (BACs) and spanning about 182 kb. This 
interval was found to encode three genes coding for putative transcription 
factors of the ERF type designated Sub1A, Sub1B, and Sub1C (Xu et al 2006). 
Using NILs, these genes are found to regulate processes known to be associated 
with submergence tolerance (Fukao et al 2006, Ismail et al, in preparation). 
Two of these genes, Sub1B and Sub1C, are consistently present in the Sub1  
region of all rice accessions analyzed. The Sub1A gene is absent from all tested 
japonica varieties and some intolerant indica varieties, or present with two 
alleles: a tolerance-specific allele, Sub1A-1, and an intolerance-specific allele, 
Sub1A-2. Overexpression of Sub1A-1 in an intolerant cultivar conferred 
enhanced tolerance, indicating that Sub1A-1 is a primary determinant of 
submergence tolerance (Xu et al 2006).
 A molecular marker-aided breeding system was developed and used to 
introgress the Sub1 locus into several popular varieties, for example, Swarna. 
It involved backcrosses between a tolerant FR13A-derived donor line and 
the recipient, widely grown Asian (mega-) varieties with selection aided 
by three sets of DNA markers: (1) markers that were tightly linked with 
Sub1 for foreground selection to ensure introgression of Sub1, (2) markers 
flanking Sub1for recombinant selection to ensure introgression of a small 
segment and to minimize linkage drag, and (3) markers unlinked to Sub1but 
evenly distributed on all rice chromosomes, for selection of the recurrent 
parent background (Neeraja et al 2006). Through this system, submergence 
tolerance was transferred into a few popular rice varieties (Swarna, IR64, 
Samba Mahsuri), with the new varieties possessing the same agronomic 
and quality characteristics of the recurrent parents but with substantial 
improvement in survival and yield under field conditions when submerged 
(Singh et al, unpublished). Swarna-Sub1is now being tested in India, 
Bangladesh, and Indonesia under natural field conditions. Based on this 
work, popular mega-varieties could be efficiently converted to submergence-
tolerant varieties in three backcross generations, that is, within 2 to 2.5 years, 
substantially reducing the duration normally needed when using conventional 
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breeding methods. Sub1is currently being introgressed in several additional 
mega-varieties using the same MAB approach to develop a wider range of 
submergence-tolerant varieties for flash-flood-prone areas. The approach 
demonstrates the effectiveness of MAB to incorporate major QTLs in a 
molecular breeding program.
 Efforts are ongoing to identify additional QTLs associated with 
submergence tolerance with the objective of pyramiding them with Sub1for 
a higher level of tolerance. Similar strategies were being followed to identify 
major QTLs associated with tolerance of other abiotic stresses, such as 
salinity and P deficiency. The use of molecular markers to introgress major 
QTLs will substantially speed up progress once QTLs with reasonable effects 
are identified. The approach will also help in developing higher levels 
of tolerance by combining superior traits from diverse donors, as well as 
combining traits associated with tolerance of multiple stresses, a condition 
commonly encountered in unfavorable rice environments. 
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Several biotic stresses involving fungal, bacterial, and viral diseases; insects; 
and nematodes cause significant yield losses. Furthermore, changes in pathogen 
populations and insect biotypes are a continuing threat to rice production and 
sustainability. To overcome these constraints, there is an urgent need to identify 
genes for resistance from diverse sources and incorporate these into commercial 
cultivars. During the last few decades, many resistance sources (donors) and 
more than 100 genes from traditional cultivars, landraces, and wild species 
governing resistance to various diseases and insects have been identified 
using conventional genetic analysis. As many as 30 major genes have been 
identified for resistance to both bacterial blight (BB) and blast, 18 for brown 
planthopper (BPH), 13 for green leafhopper (GLH), 3 for zigzag leafhopper, 
and 10 for gall midge. Some genes with a wide spectrum of resistance to 
grassy stunt virus, tungro disease, BB, blast, and BPH have been identified and 
transferred from different wild species into rice. Many of the resistance genes 
have been incorporated through conventional plant breeding methods into 
elite breeding lines and a large number of varieties with multiple resistance 
to biotic and abiotic stresses have been developed and cultivated worldwide. 
These varieties have played a major role in reducing losses from stresses and 
sustaining rice productivity. More recently, molecular approaches have offered 
new ways for genetic enhancement of resistance to biotic stresses. Some of these 
approaches are mapping and tagging of genes/QTLs for use in marker-assisted 
selection (MAS), map-based cloning of genes, selection for resistance based on 
defense-responsive candidate genes, and transfer of genes for pest resistance 
through transformation. Many genes for resistance to BB, blast, BPH, and gall 
midge have been tagged, including QTLs for resistance to blast, BPH, and rice 
yellow mottle virus. Some of these genes have been pyramided through MAS 
for resistance to BB, blast, and gall midge. Such pyramided lines exhibit a wide 
spectrum of resistance to these pests. As an example, Xa21 has been transferred 
and pyramided along with other BB resistance genes into many elite breeding 
lines in India, China, the Philippines, and Korea. Through MAS, varieties 
Pusa Basmati 1460 and RPBio226 in India and NSICRc142 in the Philippines 
and three hybrids in China have been released for commercial cultivation.  
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Candidate genes are now being explored in the selection and incorporation 
of QTLs for disease resistance. Genes for resistance to BB and blast (Pib, Pita, 
pi21, pikh) have been isolated using map-based cloning. Transgenics carrying 
genes for resistance to BB (Xa21), sheath blight (chitinase genes), and stem 
borer (Bt, CpTi) have also been produced. With the advances in molecular 
marker technology and genomics, the potential for genetic enhancement of 
germplasm resistant to biotic stresses seems more promising than before. A 
combination of conventional plant breeding approaches with new tools of 
molecular biology and genomics and close coordination among breeders, 
pathologists, entomologists, and biotechnologists are emphasized. 

Keywords: rice, biotic stresses, conventional methods, inheritance, multiple 
resistance, molecular approaches, major genes, QTLs, marker-assisted 
selection

During the last few decades, world rice production has doubled from 
256 million tons to nearly 600 million tons. This has mainly been 

achieved through the application of principles of Mendelian genetics and 
conventional plant breeding methods. The development and adoption of 
semidwarf high-yielding varieties of rice and wheat highly responsive to 
water and fertilizer application ushered in the Green Revolution. However, 
intensive cultivation practices have increased disease and insect pressure on 
rice cultivars. Several biotic stresses involving fungal, bacterial, and viral 
diseases; insects; and nematodes cause significant yield losses. Furthermore, 
changes in insect and pathogen populations are a continuing threat to rice 
production and sustainability. 
 Rice is attacked by more than 100 diseases and insects. Of these, 
bacterial blight (BB), blast, sheath blight, tungro, and rice yellow mottle 
virus (RYMV) are the most common and widespread diseases across Asia 
and Africa. Similarly, planthoppers such as brown planthopper (BPH), 
green leafhopper (GLH), and white-backed planthopper (WBPH); stem 
borer, particularly yellow stem borer; and gall midge cause significant yield 
losses. To overcome losses from biotic stresses, there is an urgent need to 
develop improved germplasm with multiple resistance to major diseases and 
insects. Recent advances in molecular biology have opened new avenues 
to supplement conventional plant breeding approaches in developing and 
deploying rice varieties with durable resistance to pests. 

BREEDING RICE VARIETIES WITH MULTIPLE RESISTANCE

Both conventional and molecular plant breeding approaches can be used. For 
conventional plant breeding approaches, some of the major steps involved 
are (1) searching for genetic donors for resistance to pests, (2) identifying 
genes governing resistance to pests, and (3) transferring genes for resistance 
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into elite breeding lines and developing varieties with multiple resistance 
to pests.
 Molecular approaches involve (1) mapping and tagging of genes/QTLs 
for resistance to pests, (2) gene pyramiding through marker-assisted selection 
(MAS), (3) using candidate genes for selection for QTLs governing resistance, 
(4) map-based cloning of genes for resistance, and  (5) genetic transformation 
to produce transgenic rice resistant to major pests.

CONVENTIONAL APPROACHES

Search for genetic donors. One of the prerequisites to developing pest-resistant 
cultivars is to identify appropriate genetic donors. This involves screening 
of primitive cultivars, traditional landraces, wild species, and other diverse 
genetic resources for resistance to various diseases and insects under both 
natural and artificial conditions. Numerous genetic resources have been 
screened worldwide. Many genetic donors with useful genetic variability for 
resistance to target traits have been identified (Table 1). These donors have 
been used extensively in genetic analysis of resistance (Khush 1989, 1991, 
Khush and Brar 1991) (Table 2) and to develop improved rice cultivars using 
conventional plant breeding approaches (Table 3). Some examples of the 
most widely used donors in breeding for resistance to diseases (BB, blast, 
grassy stunt, tungro, hoja blanca) and insects (BPH, GLH, stem borer, gall 
midge) are listed in Table 1.

Table 1: Some examples of genetic donors identified for resistance to biotic stresses 
in rice.

Biotic stress Donor(s) for resistance

Bacterial blight Kogyoku, Zenith, Sigadis, TKM6, Tadukan, DV85, BJ1,
  O. longistaminata, O. rufipogon
Blast Sigadis, Tadukan, Tetep, TKM6, GamPai 15, Moroberekan, 

O. minuta, O. glaberrima
Grassy stunt virus O. nivara 
Tungro virus Utri Merah, Utri Rajapan, ARC11554, Habiganj DW8,
  O. rufipogon
Hoja blanca virus CICA4, Tainan YU 487
Brown planthopper Mudgo, ARC5984, PTB33, ASD7, O. officinalis, O. minuta, 

O. australiensis, O. glaberrima
Green leafhopper Peta, Pankhari, Sigadis, PTB8
Stem borer TKM6, PTB18, O. longistaminata
Gall midge Siam29, Ptb21, BG380-2
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Table 2: Some examples of genes for disease and insect resistance identified in rice through 
classical genetic analysis.

Disease Genes identified

Brown planthopper Bph1, bph2, Bph3, bph4, bph5, Bph6,bph7, bph8, Bph9, 
Bph10, bph11, bph12, bph13, Bph14, bph15, Bph16, Bph17, 
Bph18t

White-backed planthopper  Wbph1, Wbph2, Wbph3, wbph4, Wbph5, Wbph6
Green leafhopper Glh1, Glh2, Glh3, glh4, Glh5, Glh6, Glh7, glh8, Glh9(t), 

glh10(t), Glh11(i), Glh12(t), Glh13(t)
Zigzag leafhopper Zlh1, Zlh2, Zlh3
Gall midge Gm1, Gm2, gm3, Gm4, Gm5, Gm6, Gm7, Gm 8, Gm9, 

Gm10
Blast Pi1, Pi2(t), Pit4, Pit9, Pi5(t), Pi6(t), Pi7(t), Pi9(t), Pi10(t), 

Pi11(t), Pi12, Pi18, Pi21, Pib, Pi20, Pikm, Pita-2, Pita, Pi-
38(t)

BB Xa1, Xa2, Xa3, Xa4, xa5, Xa7, xa8, Xa10,Xa11, Xa12, 
xa13, Xa14, xa15, Xa16, Xa17, Xa18, xa19, xa20, Xa21, 
Xa22(t), Xa23, xa24(t), Xa25, Xa26, Xa27, xa28, Xa29(t)

 Genetic analysis of resistance. During the last few decades, more than 100 
genes from the traditional cultivars, landraces, and wild species governing 
resistance to various diseases and insects have been identified through 
conventional genetic analysis. As many as 30 major genes each governing 
resistance to BB and blast, 18 for BPH, 13 for GLH, 3 for zigzag leafhopper, 
and 10 for gall midge have been identified (Table 2). Some genes with a wide 
spectrum of resistance to grassy stunt, tungro disease, BB, and BPH have 
been identified in wild species and transferred into cultivated rice (Brar and 
Khush 2002).
 Transfer of resistance into elite breeding lines and development of varieties with 
multiple resistance to pests. The resistance sources have been used as donors in 
crosses with elite breeding lines. Various breeding methods involving single 
crosses, multiple crosses, backcrossing, pedigree, and bulk selection have been 
used to incorporate these genes into improved germplasm. The procedure 
involves evaluating segregating progenies under natural and artificial 
conditions in laboratory, screenhouse, and field conditions. Promising 
progenies are evaluated repeatedly using different biotypes and pathogen 
populations. Agronomically desirable progenies possessing resistance to pests 
are identified. 
 A large number of high-yielding varieties with multiple resistance to 
pests have been developed and released for commercial cultivation. Some 
examples of IR varieties with multiple resistance are given in Table 3. As 
an example, IR36 had resistance to four major diseases (blast, BB, grassy 
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Table 3: Some examples of varieties developed with multiple resistance to 
diseases and insects in rice.

Disease or insect reactionsa

Variety Blast BB Tungro Grassy  GLH BPH Stem Gall 
    stunt   borer midge 

IR5 MR S S S R S MS S
IR8 S S S S R S S S
IR20 MR R MR S R S MR S
IR22 S R S S S S S S
IR24 S S S S R S S S
IR28 R R R R R R MR S
IR32 MR R R R R R MR R
IR36 MR R R R R R MR R
IR38 MR R R R R R MR R
IR42 R R R R R R MR R
IR46 R R MR S MR R MR –
IR50 MS R R R R R MR –
IR54 MR R R R R R MR –
IR58 R R R R R R MR –
IR60 R R R R R R MR –
IR62 MR R R R R R MS –
IR64 MR R R R R R MR –
IR66 MR R R R R R MR –
IR68 MR R R R R R MR –
IR72 MR R R R R R MR –
IR74 R S R R R R MR –

aR = resistant, MR = moderately resistant, S = susceptible, MS = moderately susceptible, 
– = not known.

stunt, tungro) and to four insects (GLH, BPH, stem borer, gall midge). 
These high-yielding varieties with multiple resistance to pests have played 
a major role in yield stability and in reducing the use of chemicals (Khush 
1995).  Similarly, varieties with tungro tolerance have been developed using 
different donors. IR69726-116-1-3 and IR68305-18-1 were released during 
2000 in Indonesia as Tukad Petanu and Tukar Unda, respectively (Khush et 
al. 2004). Breeding lines IR69726-29-1-2-2-2 with resistance to tungro from 
Utri Merah and IR73885-1-4-3-2-1-6 with resistance from O. rufipogon were 
named as Matatag 2 and Matatag 9 during 2001 and 2002, respectively, in the 
Philippines. These varieties were used as “stop-gap” varieties for areas with 
high incidence of tungro. Another elite line (IR76106-1-1-4-2-3-1-2) with 
resistance incorporated from Habiganj DW8 was released as a commercial 
variety (NSIC Rc110) in the Philippines in 2002. Some of the tungro-tolerant 
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indica lines with genes introgressed from O. rufipogon have been found to 
be tolerant of rice black-streak dwarf virus (RBSDV) in Korea. 
 Wide hybridization and alien gene transfer. Wild species of Oryza are an 
important reservoir of useful genes for resistance to diseases and insects. 
Following backcrossing and embryo rescue, hybrids and alien introgression 
lines have been produced from crosses of rice and wild species representing 
CC, BBCC, CCDD, EE, FF, GG, and HHJJ genomes. Many useful genes 
have been transferred from wild species into rice (Brar and Khush 2002, 
Jena et al 2006). One of the classical examples is the transfer of grassy stunt 
resistance from O. nivara into cultivated rice. This resistance has been bred 
into many IR varieties. Similarly, genes for resistance to BB, BPH, blast, and 
tungro diseases have been transferred from different wild species (Table 4). 
The genes transferred from wild species show a wide spectrum of resistance 
to pests. As an example, one of the IRRI breeding lines carrying genes from 
O. australiensis shows resistance to 14 Korean isolates of blast. 
 Some breeding lines carrying genes from wild species have been released 
as varieties. Examples include MTL98, MTL103, MTL105, MTL110, and 
MTL114 released in Vietnam with resistance from O. officinalis; Matatag 

Table 4: Transfer of genes at IRRI from different wild species 
into rice for tolerance of biotic stresses.

Trait transferred into rice Donor species

Grassy stunt resistance O. nivara (AA)
BB resistance O. longistaminata (AA)
 O. minuta (BBCC)
 O. officinalis (CC)
 O. latifolia (CCDD)
 O. australiensis (EE)
 O. brachyantha (FF)
Blast resistance O. minuta (BBCC)
 O. australiensis (EE)
BPH resistance O. officinalis (CC)
 O. minuta (BBCC)
 O. latifolia (CCDD)
 O. australiensis (EE)
White-backed planthopper resistance  O. officinalis (CC)
Tungro tolerance O. rufipogon (AA)
Blast, BPH resistancea O. australiensis (EE)
 O. minuta (BBCC)
Rice black-streak dwarf virusb O. rufipogon (AA)

aTransferred from indica alien introgression lines to japonica Korean 
cultivars. bUnder transfer.
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9 in the Philippines derived from O. rufipogon; NSIC Rc112 from O. 
longistaminata; and AS996 and Dhanrasi from O. rufipogon.

MOLECULAR APPROACHES

Mapping and tagging of genes/QTLs.  The availability of a dense molecular map 
comprising 4,000 DNA markers has enabled mapping of genes/QTLs much 
faster and more reliably. A large number of genes/QTLs governing resistance 
to pests have been tagged with molecular markers (Table 5). The genes for 
BB, blast, RTSV, and RYMV have been tagged with simple sequence repeat 
markers. Similarly, QTLs for BPH, blast, and RYMV have been mapped.
 Gene pyramiding through MAS.  Some of the genes for BB, gall midge, and 
blast are used in MAS. One of the most successful applications of MAS is for 
BB, for which xa5, xa13, Xa4, and Xa21 have been pyramided (Huang et al 
1995). These pyramided genes in two or three combinations show a higher 
level of resistance than when present singly. One of the BB resistance genes 
(Xa21) has been pyramided through MAS by national agricultural research 
and extension systems (NARES) in India, the Philippines, Thailand, and 
China (Table 6). Recently, MAS has been used successfully to pyramid BB 
resistance genes and varieties Pusa Basmati 1460 (Pusa Basmati 1 recurrent 
parent) and RPBio226 (Samba Mahsuri recurrent parent) in India and  NSIC 
Rc142 (Tubigan 7) in the Philippines (IR64 recurrent parent) have been 
released for commercial cultivation.  Three commercial hybrids with Xa21 
transferred through MAS have been released in China.  Molecular analysis 
has shown that Xa1 is induced only upon infestation by bacteria. Such genes 
are important in breeding for disease resistance and are inducible. MAS 

Table 5: Some examples of major genes for disease and insect resistance tagged with 
molecular markers.

Biotic stress Genes taggeda

BB blight Xa29 (1); Xa1, Xa2, Xa12, Xa14, and Xa25 (4); xa5 (5); Xa7 
and Xa27 (6); xa8 (7); xa13 (8); Xa3, Xa4, Xa10, Xa21, Xa22, 
Xa23, and Xa26 (11)

Blast resistance Pi1, Pi2(t), Pi5(t), Pi6(t), Pi7(t), Pi9(t), Pi10(t), Pi11(t), Pi12, 
Pi18, Pi21, Pib, Pi20, Pikm, Pita-2, Pita, Pikh

Virus resistance RTSV (4), Stv1 (12), RYMV (12)
BPH resistance Bph1, bph2, Bph9, and Bph18(t) (12); Bph3, bph12, and 

Bph15(Qbp2) (4); bph4 (6); Bph6 (11); bph11(t), Bph14(Qbp1), 
and Bph13 (3)

Gall midge resistance Gm2, gm3, Gm6(t), Gm7, Gm4 (4); Gm8 (8); Gm5 (12)

aNumbers in parentheses indicate chromosome location of the gene(s).
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Table 6: Pyramiding of Xa21 and other genes into elite 
breeding lines and cultivars for BB resistance through 

marker-assisted selection.a

Variety Institute/country

Swarna, Mahsuri, Triguna CCMB/DRR, Hyderabad, India
IR64, Swarna  CRRI, Cuttack, India
PR106, Pusa 44 PAU, Ludhiana, India
Pusa Basmati–1, Pusa 1527 IARI, New Delhi, India
Jyothi, IR55 Univ. of Madras, India
IR64 PhilRice, Philippines
Khao Dak Mali Thailand
Japonica cultivars RDA, Korea
Minghui 63 (restorer) China
IR24, new plant type IRRI, Philippines

aMAS released varieties:  Pusa 1460, RPBio226 in India; NSICRc142 
in Philippines and 3 commercial hybrids in China.

has also been practiced for gall midge involving Gm2+GM4, Gm2+Gm7, 
Gm2+Gm8, Gm4+Gm7, Gm4+Gm8, and Gm7+Gm8. 
 Candidate genes and QTLs: The candidate defense gene approach is 
becoming important for selection for disease resistance. Candidate genes 
involved in both recognition (resistance gene analogs—RGAs) and general 
plant defense (putative defense response—DR) are being explored as markers 
to test for association with resistance to blast, bacterial blight, and sheath 
blight. Blast QTLs have been associated with aldose reductase, oxalate 
oxidase, etc. Selection based on candidate genes would help to accumulate 
QTLs for durable resistance to diseases. 
 Map-based cloning of genes. A few genes for resistance to diseases (bacterial 
blight and blast) have been isolated; however, so far no insect resistance 
gene has been cloned in rice.  Some examples of the cloned genes are Xa1 
NBS-LRR-type expression induced by wound and bacterial inoculation; 
xa5 encoding TFIIA gamma subunit; xa13 homologous with the Medicago 
truncatula MtN3 gene; and Xa21 and Xa26 receptor-like kinase types.   Xa27 
derived from O. minuta has also been cloned but no informative sequence 
similarities have been identified. It is interesting to note that resistant and 
susceptible alleles of Xa27 encode identical proteins; however, expression of 
the resistance allele occurs only when rice is challenged with bacteria (Gu 
et al 2005). Four blast resistance genes, Pib, Pita, pi21, and pikh, have also 
been cloned.
 Molecular analysis of pathogen populations and gene deployment. Molecular 
analysis has provided valuable information on the genetic structure of 
pathogen populations in different regions/countries. Several strategies 
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are being considered for gene deployment. Some strategies include spatial 
and temporal gene deployment, multiline varieties, varietal mixtures, and 
gene pyramiding/stacking of genes to enhance the durability of resistance 
to pathogens. A set of 24 monogenic lines carrying an individual gene for 
blast resistance have been developed under IRRI-Japan collaboration and 
distributed to NARES. The monogenic lines have been used to develop 
multilines in Japan.   
 Transgenic approaches: A large number of rice lines carrying transgenes for 
resistance to biotic and abiotic stresses, including nutritional quality traits 
(such as Golden rice), have been produced in indica and japonica cultivars. 
Transgenes involving coat protein genes, chitinase genes, Xa21, and Bt genes 
have been produced (Table 7). These transgenics have shown increased 
resistance to diseases and insects. Transgenics with Xa21 and Bt genes have 
been field tested in China and India. The results demonstrate increased 
resistance to BB and stem borer. These transgenics offer new opportunities 
to enhance resistance to pests. 

FUTURE RESEARCH PRIORITIES

The following are priorities for future research:
  Identification of genes from diverse sources and mapping of genes/

QTLs. MAS should be practiced to accelerate resistance breeding.
  Pyramiding of genes/QTLs should be given priority for enhanced and 

durable resistance. Candidate defense response genes could further 
accelerate the identification of QTLs for pest resistance.

  Focus efforts to develop well-defined genetic resources such as isogenic 
lines, chromosome segment substitution lines, and mapping populations 
for tagging of genes/QTLs and use in functional genomics.

  Gene deployment strategies in both time and space need to be 
implemented in intensive rice cultivation systems.

Table 7. Transgenic rice with enhanced resistance to pests.

Transgene Useful trait

Coat protein Tolerance of stripe virus, rice tungro 
spherical virus

Chitinase Sheath blight resistance
Xa21 Bacterial blight resistance
Bt genes cry1A(b), cry1A(c), cry2A Tolerance of stem borer
CpTi Tolerance of stem borer
gna Insecticidal activity for brown 

planthopper 
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  Integration of conventional plant breeding methods with advanced 
tools of molecular biology and genomics is essential. Molecular 
protocols should be made cost-effective for routine use in resistance 
breeding.
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Selection of Intraspecific (O. sativa × 
O. sativa) and Interspecific
(O. glaberrima × O. sativa) Lines for 
Their Tolerance of Blast, RYMV, Stem 
Borers, and AfRGM in West Africa

M. Sié, Y. Séré, D. Dakouo, B. Kaboré, O. Youm, 
S.A. Ogunbayo, and A. Togola

Rice is grown in upland, rainfed lowland, and irrigated systems. The rainfed 
lowland system covers over 70% of the cultivated land and 48% of Burkina 
Faso’s rice production. However, farmers have been progressively abandoning 
inland valleys because of the poor distribution of rains in time and space and 
high insect pest and disease pressure. Our study was designed to identify 
genotypes adapted to inland valleys with stable resistance to or tolerance of 
those major constraints that are responsible for rice yield losses in Africa, with 
particular reference to Burkina Faso. It was based on the agro-morphological 
characterization of 76 intraspecific (Oryza sativa × O. sativa) lines and 493 
interspecific (O. sativa × O. glaberrima) lines obtained from 18 crosses. 
Progenies were tested in the Banfora rainfed lowland during the 2000, 2001, 
and 2002 rainy seasons. At the end of the first season, 91 lines were selected 
(14 intraspecific and 77 interspecific) and grown in the same conditions in 
2001. Fifteen lines were then selected (6 intraspecific and 9 interspecific). 
These lines were tested in rainfed lowland conditions at Banfora and in the 
irrigated rice scheme of Karfiguela in the 2002 rainy season. Tested lines 
showed low susceptibility to disease and insect attacks, with scores below 5 
for blast and RYMV for the 2000 rainy season. Individual crosses that seemed 
to be most susceptible to blast in the first year were WAS 127 and WAS 131 (O. 
glaberrima × O. sativa) and WAS 115 (O. sativa japonica × O. sativa indica). At 
the end of the 2001 rainy season, 15 lines (6 intraspecific and 9 interspecific) 
were selected based on genotypes with good resistance to diseases (blast, 
RYMV) and insect attacks (stem borers and African rice gall midge), and good 
agronomic characteristics such as short duration, resistance to lodging, good 
yield potential, and good grain quality. 

Keywords: AfRGM, blast, interspecific, intraspecific, O. sativa, O. glaberrima, 
RYMV, stem borers
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In Burkina Faso, rice cropping has shown an unforeseen expansion in 
the last two decades, although its development has remained relatively 
low compared with that of other cereals. In fact, rice crop area accounts 
for only 1.8% of the total area grown to cereals. Rice ranks fourth after 
sorghum, millet, and maize in both cropping area and production (CNRST 
2003). Consumption per inhabitant has been increasing rapidly from  
4.5 kg y–1 in 1960 to 8.5 kg in 1980 and 18.5 kg in 2000 (Gbikip 1996). 
National rice production is still too low to meet this demand, estimated at 
an average of 180,000 tons per year. This leads to imports of an average of 
150,000 tons of rice per year for CFA 25 billion1 (CNRST 2005). However, 
the country has a high potential in rainfed lowlands, especially in the south, 
where annual rainfall reaches and often exceeds 1,000 mm. The need for high-
yielding and well-adapted varieties led the rice research program to introduce 
and develop new cultivars. The instability of resistance to blast is the main 
flaw in introduced materials as it leads to the discarding of varieties a few 
years after release. In addition, new diseases such as rice yellow mottle virus 
(RYMV) have recently appeared and become a threat to varieties currently 
grown under irrigated and rainfed lowland conditions.
 To extend biodiversity, WARDA has therefore implemented a number of 
interspecific crosses: O. glaberrima × O. sativa japonica for rainfed upland 
conditions and O. glaberrima × O. sativa indica for irrigated conditions. The 
new lines were introduced and tested in the rainfed, lowland rice-cropping system 
in Burkina Faso. The objective of this study was to identify genotypes adapted 
to rainfed lowland rice cropping and based on agro-morphological characteristics as 
well as on resistance to diseases and insect pests.

MATERIALS AND METHODS 

The experiment was conducted at the rainfed lowland site of Banfora and in 
the irrigated rice scheme of Karfiguela (next to Banfora), in southwestern 
Burkina Faso. This region is situated in the better-watered zones in Burkina 
Faso. From 1951 to 2000, the mean rainfalls in the Banfora area reached 
1,030 mm, and in the 2000 rainy season, 1,200 mm. The experimental 
sites have hydromorphic and pseudogley soils with clay-loam texture and a pH 
of between 3.5 and 5.4.
 In 2000, tested entries were 76 intraspecific lines (O. sativa × O. sativa) 
and 493 interspecific lines (O. glaberrima × O. sativa) derived from 18 crosses. 
The best lines selected were tested in the same conditions in 2001. A new 
selection of a few lines was made in 2002.

1French African Financial Currency.
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 Direct sowing was carried out in two 2.4-m-long rows for each line, using 
three seeds per planting hill, with interspacing of 0.25 m × 0.25 m. Sowing 
was done after fertilization with 200 kg ha–1 of NPK. Later, 150 kg ha–1 
of urea were supplied in three 50 kg ha–1 applications. The infesting border was 
fertilized with 300 kg ha–1 of urea spread in three applications of 100 kg ha–1 
each.
 Lines to be tested and checks were transplanted in two rows each, 
perpendicular to an infesting border of susceptible varieties in order to 
homogenize the spread of diseases and to assess the resistance level of different 
lines. Controls were sown every 50 lines in order to assess the pressure level 
of diseases. The infesting border, sown along four continuous rows, consisted 
of a mixture of two varieties, one susceptible to blast (IR50) and the other 
one to RYMV (BG 90-2). The infesting border was sown 1 week before the 
varieties to be tested.
 Agro-morphological parameters observed were based on mean number of 
tillers per seedling 60 (T60) days after sowing (DAS), mean height of the mature 
plants (MH), sowing to heading duration (SHD), sowing to maturity duration 
(SMD), number of panicles per meter (P/M), panicle length (PL), panicle weight 
(PW), yield (Y), sterility level (St), number of deadhearts (DH), and number 
of silver shoots (SS).
 Blast disease was assessed using the INGER-IRRI (1996) standard evaluation 
system (SES).
 To determine the RYMV level of infestation on intra- and interspecific 
lines, disease severity was scored at 30 DAS and 95 DAS with the evaluation 
system of varietal resistance to RYMV developed by IITA (Rossel et al 
1982).
 Insect damage was observed at two stages of the crop: at tillering (for 
silver shoots and deadhearts) at 60 DAS and at heading (for white panicles) 
at 80 DAS. Two piezometers were installed next to the two adjacent plots and 
used to measure the water-table level on a daily basis during the vegetative 
stage.
 Statistical analysis of agro-morphological and entomological data was 
performed with Genstat and Statistical software.

RESULTS AND DISCUSSION

Fluctuation of the Water Table

The monitoring of water fluctuation was possible only from 19 July 2001. Results 
showed that variations in the water table depend on the inland valley topological 
sequence (minor riverbed, slope bottom). Observations also showed that 
fluctuations of the water table during the rainy season could be schematized 
into three successive phases at both the level of the minor riverbed and at the 
bottom of the hill: a rising, a flooding, and a drying-up phase. 
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Agro-Morphological Evaluation of the Lines

The projection of individuals shows a distribution of intra- and interspecific 
lines on axes 1 and 2 of the principal component analysis. On axis 1, two 
groups of lines can be distinguished: there is a high concentration of lines on 
the positive side of axis 1 close to 0 and over the first centimeters on the 
negative side (Fig. 1).
 Group 1, on the positive side and in the first centimeters of the negative 
side of the axis, groups most of the plant materials studied. This group 
contains lines with average to high levels of tillering; short, compact, and 
heavy panicles; and a seeding-to-heading cycle of average length.
 The lines of group 2 on the negative side of axis 1 are characterized by a low 
level of tillering, relatively long and meager panicles, and a short seeding-to-
heading cycle. 
 On the basis of agro-morphological characters and reaction to diseases and 
pests, 15 lines were selected and assessed in the third year (2002 rainy season). 
The characters of the selected lines over three years of experimentation are 
indicated in Tables 1, 2 and 3.
 The analysis of variance of the yields showed no significant difference, with a 
coefficient of variance of 18.59 and a mean of 2,937 kg ha–1. However,  WAS 
129-B-IDSA-B-WAS-1-1-FKR-B-B showed the best yield, with 3,912 kg ha–1 
(Table 3).
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Fig. 1: Distribution of individual lines on axes 1 and 2 of the PCA. 
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Screening for Blast and RYMV

Disease pressure, mainly from leaf blast and RYMV, was weak over the three 
years as compared to what was usually observed in this area (Séré and Nacro 
1992, Séré 1999). 
 The IR50 used in the infesting border showed very strong symptoms of neck 
blast, scoring up to 7. However, lines deriving from WAB 878 crosses were 
slightly more susceptible to leaf blast than the controls and WAS 880 and 
881 lines. No individual line exhibited visual symptoms of neck blast or RYMV. It 
remains questionable whether they escaped disease infection or they took 
advantage of the high level of tolerance coming from their japonica (IRAT 
144 or WAB 56-50) and O. glaberrima parents. However, looking at the stand 
of lines during the three seasons gave a useful indication of their resistance to 
blast disease. 

Resistance of Selected Lines to Diseases 
over Three Rainy Seasons

Data show that, during the first season, some lines displayed resistance to leaf 
blast as all recorded scores were between 0 and 1. For neck blast, only line WAS 
114-B-IDSA-WAS-1-5-FKR-B-B reached a score of 7 (Table 1)

Table 1: Performance of the 15 best inter- and intraspecific lines in Banfora rainfed lowland 
area in 2000.a

Variety T60 P/m SHD MH St LB NB DH SS

WAT 1176-B-FKR-B-B 79 74 90 103 3 0 0 1 5
WAT 1184-B-FKR-B-B 58 54 84 147 3 0 0 1 5
WAT 1191-B-FKR-B-B 73 72 86 113 5 0 0 1 7
WAS 105-B-I-B-WAS-2-1-FKR-B-B 102 96 86 112 3 0 0 1 2
WAS 114-B-I-B-WAS-1-5-FKR-B-B 77 65 86 115 3 0 7 1 5
WAS 129-B-I-B-WAS-1-1-FKR-B-B 96 95 84 130 5 0 0 3 2
WAS 122-1-1-WAS-6-1-FKR-B-B 44 41 86 114 1 0 0 0 14
WAS 122-1-1-WAS-2-V-FKR-B-B 89 73 86 117 3 0 0 5 12
WAS 122-1-1-WAS-B-FKR-B-B 65 53 87 122 3 0 0 – –
WAS 161-6-4-FKR-B-B 55 52 72 103 1 0 0 0 0
WAS 161-8-9-3-FKR-B-B 94 86 87 106 3 0 0 0 13
WAS 161-6-3-FKR-B-B 84 81 81 102 3 0 0 0 8
WAS 163-B-5-3-FKR-B-B 66 52 93 89 3 1 0 0 10
WAS 191-8 -3-FKR-B-B 71 69 93 88 3 0 0 3 11
WAS 191-9-3-FKR-B-B 35 30 101 92 3 0 0 3 0

aT60 = mean number of tillers per seedling 60 days after sowing, P/m = number of panicles per meter, SHD 
= sowing to heading duration, MH = mean height of mature plants, St = sterility level, LB = leaf blast 
score, NB = neck blast score, DH = number of deadhearts, SS = number of silver shoots. 
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During the second season, all lines showed signs of leaf blast, with scores varying 
from 0 to 5. Two lines scored 5. Neck blast attacks were low (Table 2). 
 During the third season, all lines performed well for both leaf and neck 
blast except WAS 161-6-4-FKR-B-B, which was susceptible to neck blast 
(Table 3). 
 Together, these data showed that the susceptibility of lines to blast 
depends on season. Under such conditions, assessing the severity of the 
disease requires a wide approach in time (over years) and in space (different 
environments) in order to ensure the selection of varieties with stable 
resistance to blast.

Monitoring Insect Attacks

Among intraspecific lines (O. sativa indica × O. sativa indica, O. sativa 
indica × O. sativa japonica, and O. sativa japonica × O. sativa japonica), 16 
crosses out of 36 showed an average of 5% to 15% silver shoots. All intra- 
and interspecific lines were susceptible to African gall midge attack, with 
damage ranging from 4% to 58% in 2000.

Table 2: Performance of the 15 best inter- and intraspecific lines in Banfora rainfed lowland 
area in 2001.a

                
Variety T60 P/m SHD MH St LB NB DH SS

WAT 1176-B-FKR-B-B 59 57 86 133 0 1 0 0 54
WAT 1184-B-FKR-B-B 72 55 93 124 5 3 0 5 41
WAT 1191-B-FKR-B-B 71 48 88 90 0 1 0 0 22
WAS 105-B-I-B-WAS-2-1-FKR-B-B 75 48 88 88 0 3 0 0 27
WAS 114-B-I-B-WAS-1-5-FKR-B-B 90 50 88 103 0 1 0 7 27
WAS 129-B-I-B-WAS-1-1-FKR-B-B 76 63 86 121 4 1 1 3 26
WAS 122-1-1-WAS-6-1-FKR-B-B 73 54 91 116 0 3 0 0 29
WAS 122-1-1-WAS-2-V-FKR-B-B 77 44 88 94 0 1 0 5 11
WAS 122-1-1-WAS-B-FKR-B-B 61 47 92 112 0 1 0 0 29
WAS 161-6-4-FKR-B-B 79 58 86 88 0 5 0 0 48
WAS 161-8-9-3-FKR-B-B 112 55 88 85 0 2 0 3 55
WAS 161-6-3-FKR-B-B 97 58 82 94 0 3 1 0 33
WAS 163-B-5-3-FKR-B-B 65 50 88 91 0 3 0 0 58
WAS 191-8 -3-FKR-B-B 75 62 85 96 5 5 0 0 45
WAS 191-9-3-FKR-B-B 76 76 86 97 5 3 1 5 41

aT60 = mean number of tillers per seedling 60 days after sowing, P/m = number of panicles per meter, SHD 
= sowing to heading duration, MH = mean height of mature plants, St = sterility level, LB = leaf blast 
score, NB = neck blast score, DH = number of deadhearts, SS = number of silver shoots.
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 With regard to interspecific lines (O. glaberrima × O. sativa japonica), 
a highly significant difference was recorded according to levels of silver 
shoots. 
 The average level of silver shoots for WAB 878 lines was 3.87% and 
below 1.85% for WAB 880 and WAB 881 lines. Deadhearts were below 1.35% 
for lines and 1.86% for checks. The check BG90-2 was more susceptible to 
deadhearts than the other check, FKR33. Interspecific lines O. glaberrima × 
O. sativa indica showed highly significant differences with regard to silver 
shoots, deadhearts, and white panicles. WAS 162 lines exhibiting an average 
of 9.18% were the most susceptible.
 For deadheart damage, WAS 122, WAS 163, and WAS 190 were identified 
as the most tolerant lines. WAS 190 averaged 0.26% damage and WAS 122 
0.63% damage.
 For damaged panicles, WAS 189 lines showed the highest susceptibility, 
with 2.33% whiteheads. There was no significant difference between 
intraspecific (O. sativa × O.  sativa) lines for all the parameters (silver shoots, 
deadhearts, and whiteheads). 

Table 3: Performance of the 15 best inter- and intraspecific lines in Banfora rainfed lowland 
area in 2002.a

Variety T60 P/m SHD MH LB NB DH SS  Y 
         kg/ha

WAT 1176-B-FKR-B-B 90 55 88 135 2 0 1 24 3256
WAT 1184-B-FKR-B-B 115 59 86 114 1 0 1 15 3291
WAT 1191-B-FKR-B-B 135 47 87 102 1 0 2 20 3309
WAS 105-B-I-B-WAS-2-1-FKR-B-B 125 55 90 100 1 0 1 24 3251
WAS 114-B-I-B-WAS-1-5-FKR-B-B 122 54 86 111 1 0 1 15 3589
WAS 129-B-I-B-WAS-1-1-FKR-B-B 133 60 85 107 2 0 1 18 3912
WAS 122-1-1-WAS-6-1-FKR-B-B 132 49 85 113 1 0 1 30 3357
WAS 122-1-1-WAS-2-V-FKR-B-B 99 43 85 106 1 0 1 23 3035
WAS 122-1-1-WAS-B-FKR-B-B 97 43 85 106 1 0 1 24 2173
WAS 161-6-4-FKR-B-B 118 48 84 103 2 1 1 19 2277
WAS 161-8-9-3-FKR-B-B 126 50 83 91 1 1 1 19 2157
WAS 161-6-3-FKR-B-B 123 65 80 97 1 0 2 21 2128
WAS 163-B-5-3-FKR-B-B 115 38 89 94 1 1 1 22 3000
WAS 191-8 -3-FKR-B-B 130 55 82 100 1 1 1 16 2261
WAS 191-9-3-FKR-B-B 104 61 82 107 1 1 1 16 3053
   Means         2937

aT60 = mean number of tillers per seedling 60 days after sowing, P/m = number of panicles per meter, SHD 
= sowing to heading duration, MH = mean height of mature plants, ST = sterility level, LB = leaf blast 
score, NB = neck blast score, DH = number of deadhearts, SS = number of silver shoots, Y kg/ha = yield 
in kg per hectare.
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CONCLUSIONS

During the 2000, 2001, and 2002 rainy seasons, intra- and interspecific lines 
were assessed. Based on agro-morphological assessment and susceptibility 
to insects, diseases, and water-table variations, several lines were selected 
for their adaptability to rainfed lowland rice-cropping systems. In 2000, 91 
among 569 (15.06%) intra- and interspecific lines were selected. In the 2001 
rainy season, these 91 lines were grown, allowing a further selection of 15 
lines that were reevaluated in the Banfora inland valley in 2002. Among 
these lines, 14 were tolerant of leaf and neck blast.
 The weekly scores for blast confirmed the good tolerance level of lines 
selected in 2002. The joint work of breeders from Mali, Burkina Faso, and 
Togo and the ROCARIZ coordinator confirmed the good stands of the 
following jointly selected lines: WAS 122-IDSA-1-B-FKR-B-B, WAS 122-
IDSA-1-2-FKR-B-B, WAS 122-IDSA-1-WAS-6-1-FKR-B-B, and WAT 
1176-B-FKR-B-B.
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Rice is one of the most important crops in the world. Rice yield lost to direct 
insect damage is estimated to cost at least several billion dollars. It is also 
known that several devastating diseases in rice are caused by viruses and 
transmitted by insects. Conventional control of insect pests in rice cultivation 
often depends upon the use of chemically synthesized insecticides, which 
already cause public concern on food safety and environmental pollution. 
Recent progress in rice transformation technologies has made it possible to 
produce genetically modified (GM) new rice cultivars with improved resistance 
to insect pests by genetic engineering. The major insect pests that attack rice 
plants in the field include the green and brown rice planthopper, gall midge, 
yellow stem borer, striped stem borer, leaffolder, gundhi bug, and rice hispa. 
Proteins with insecticidal activity that are known include crystal δ-endotoxins 
of Bacillus thuringiensis (Bt), protease inhibitors, α-amylase inhibitors, and 
lectins. They have been used for engineering plants with intrinsic insect pest 
resistance. Research has advanced to maximize the potential of Bt and to an 
extent lectin-producing rice plants. It has been documented in China that Bt 
rice has the potential to increase yields, to decrease pesticide applications, 
and hence to improve groundwater quality. The performance of insect-resistant 
GM rice in trials in China has already been impressive. Thus, substantial 
benefits already experienced by Bt cotton and Bt maize should motivate the 
development of improved Bt rice lines and accelerate approval of Bt rice for 
farmers in rice-growing countries in the developing world. Developing countries 
such as China, India, and Brazil indeed have real capacity to generate new 
varieties with the help of GM technologies on the basis of farmers’ needs as 
well as profit potential. In fact, Bt rice has been under development at several 
institutions for several years and some is indeed ready for commercial release. 
Advancements such as expression of the transgene, pyramiding resistance 
genes to broaden protection and delay resistance of the insects against these 
genes, and modification of the resistance gene to improve its toxic potential 
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and broaden the range of insect sensitivity have been actively considered. 
Although we have advanced markedly in the generation of insect-resistant 
GM rice lines to enter into the expansion phase of crop biotechnology, certain 
areas still need improvement.

It is satisfying to realize that we have advanced into the expansion phase 
of crop biotechnology, in which genetically modified (GM) plants are 

playing an important role in crop improvement. The future security of the 
food supply will depend on science providing the tools to allow efficient 
agricultural production that is sustainable in every sense. Amazing technical 
innovations have resulted in plant transformations coming into the market 
place. Transgenic insect-resistant plants have a track record of success that 
will become progressively more difficult for opponents of genetic engineering 
to ignore. Field and greenhouse tests of Bt rice produced by public institutions 
have demonstrated the effectiveness of Bt technology in controlling rice pests 
in China (Tu et al 2000, Ye et al 2001, High et al 2004), in India (Nayak et 
al 1997, Khanna and Raina 2002, Sen et al 2006), and in Pakistan (Maqbool 
et al 2001, Husnain et al 2002, Bashir et al 2004). Bt rice effectively controls 
lepidopteran pests without inducing the emergence of other rice pests. As a 
component of integrated pest management (IPM), Bt rice has the potential 
to increase yields and greatly reduce insecticide use in Asia (Toenniessen 
et al 2003). 
 Although there has been no evidence of detrimental effects, the potential 
of Bt rice to provide pest resistance and bring about indirect damage to 
nontarget species calls for caution in how we deploy transgenic plants 
expressing insecticidal genes. Thus, rational and innovative strategies need to 
be explored to test different hypotheses and arrive at strategies that provide 
an overall balance of cost versus benefit. The central thesis of this paper is 
to appreciate that while transgenic approaches for insect pest control have 
come far, they still have a long way to go.

THE INSECTS THAT CAUSE DAMAGE TO THE RICE CROP

Yield of rice lost because of direct insect damage is estimated to cost at least 
several billion dollars. It is also known that several devastating diseases in 
rice are caused by viruses and transmitted by insects. The insects that cause 
the damage are six species of lepidopteran stem borers (the yellow stem borer, 
white stem borer, pink stem borer, striped stem borer, gold-fringed stem 
borer, dark-headed stem borer); the homopteran rice brown planthopper and 
the rice green leafhopper; dipteran rice gall midge; the thysanopteran rice 
thrips; the coleopteran rice hispa; and the hemipteran paddy bug. They cause 
varying degrees of damage depending on the stage of growth of the crop and 
the environmental conditions relevant for that growth. 
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 The presence of genes with resistance against gall midge and planthoppers 
has been found only among rice germplasm. Some progress in developing rice 
cultivars for resistance against these insects has also been attained, following 
classical breeding methods.

POTENTIAL PLANT-INCORPORATED PROTECTANTS (PIP) 

The Backdrop

Various proteins with insecticidal activity can be used for engineering plants 
with intrinsic pest resistance, including protease inhibitors, α-amylase 
inhibitors, and crystal δ-endotoxins from Bacillus thuringiensis (Bt). The Cry 
proteins are highly specific against a narrow spectrum of insect pests. 
 Since the first Bt rice plant was generated (Fujimoto et al 1993), there 
have also been many successes in offering protection against lepidopteran 
insect pests of rice by expressing either Cry1Ab and/or Cry1Ac and to a 
limited extent Cry2A or Cry1C. Extensive field testing in China and at the 
International Rice Research Institute, Los Baños, Philippines, has established 
that Bt rice can eliminate yield losses due to lepidopteran insects and provide 
a safe strategy for pest control. 

Protease Inhibitors

Protease inhibitors are antimetabolites acting against a wide range of insect 
pests. Transgenic rice plants expressing protease inhibitors have already been 
produced. They include winged bean trypsin inhibitor (Mochizuki et al 1999), 
Oryzacystatin, cowpea trypsin inhibitors, potato protease inhibitors II, and 
another class of protease inhibitors, soybean Kunitz trypsin inhibitors (Xue 
et al 1996, Tyagi and Mohanty 2000, Sharma et al 2004) and barley trypsin 
inhibitors (Alfonso-Rubi et al 2003).

Plant Lectins

Plant lectins are a heterogeneous group of sugar-binding proteins that have a 
protective function against a range of organisms. The expression of mannose-
specific lectin gene GNA has been used in transgenic rice for protection 
against several homopteran, coleopteran, and lepidopteran insects (Foissac et 
al 2000, Tinjuangjun et al 2000, Tang et al 2001, Wu et al 2002, Nagadhara et 
al 2003, 2004). However, it has been observed (Foissac et al 2002) that rice 
brown planthoppers exhibit protease activity in the gut, which could limit the 
insecticidal functional property of the lectin. Tang et al (2001) have showed 
that the expression of GNA in rice could decrease survivability and fecundity 
as well as retard the development of brown planthopper. Additionally, the 
mannose-binding Allium sativum leaf agglutinin (ASAL) has also been shown 
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to be an antifeedant and demonstrate insecticidal properties against the 
rice brown planthopper and rice green leafhopper (Saha et al 2006a). The 
insecticidal properties of ASAL toward sap-sucking insects have been shown 
to be caused by the formation of a complex that results from the binding of 
the ASAL to the receptor molecule, an endosymbiotic chaperonin symbionin, 
situated in the insect gut. The formation of the complex reduces the surface 
accessibility, thereby altering its biological function. It has been known from 
past work (Van Den et al 1999, Young and Filichkin 1999) that symbionin 
plays a major role in virus transmission. Thus, the interaction of the lectin 
with symbionin is likely to cause an antimetabolic reaction to the sap-sucking 
insect on the one hand and may also prevent symbionin-mediated virus 
transmission on the other hand. That may be true in the case of tungro virus 
transmission in rice transgenic lines while expressing the ASAL gene (Saha 
et al 2006b). In a similar fashion, the leaf lectin of the onion (Allium cepa 
agglutinin, ACA) has been known to possess sufficient insecticidal property 
to be a potentially important component in the transgenic approach to sap-
sucking insect control management (Hossain 2005, Hossain et al 2006).

Cry Toxins of Bacillus thuringiensis

The Cry gene family is a large, still-growing set of homologous genes, with 
each gene encoding a protein active on the insect larvae of a subset of species 
usually belonging to the same order. Cry1 proteins are generally active against 
lepidopterans. These Cry toxins have been expressed in a number of plant 
species. Expression of one member of this family usually results in resistance 
against a single insect pest or against a few relatively closely related insect 
species within one order. The high degree of structural conservation among 
Cry toxins suggests that they possess a fundamentally common mechanism 
of action. In particular, biochemical studies with various toxins and target 
animals suggest the following two-phase mechanisms of Cry toxin action: 
(1) solubilization and proteolytic activation in the midgut and (2) specific 
binding to intestinal cells and cytolytic pore formation. Toxicological studies 
suggest that, for the many known Cry toxins, there are only a limited number 
of resistance mechanisms, but there is certainly more than one mechanism. 
Single Cry toxins, such as Cry1Ba, can affect a broad class of organisms. Very 
distantly related toxins such as Cry1Aa and Cry2Aa have shown similar 
activity spectra. Cry toxins that appear highly divergent by sequence analysis, 
for example, Cry1Aa, Cry2Aa, and Cry3Aa with approximately 20% amino 
acid identity in pair-wise analysis, have a remarkably similar three-domain 
structure.
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Novel Insecticidal Agents

Additional use of novel Cry toxins with dissimilar target sites and alternative 
non-Cry toxins with different modes of action and no cross resistance may 
have immense significance. Non-Cry toxin like the toxin A from Photorhabdus 
luminescens and Vip toxin of the Bacillus species may also carry the potential 
for integrated pest management (IPM), although safety of nontarget organisms 
to these toxins is not known.

The Search for an Endogenous Resistance Mechanism in Plants

All plants have some level of endogenous resistance to insect pests. A 
better understanding of molecular events that can be triggered in response 
to biotic stresses would enable the identification of such resistance genes in 
cultivated rice or its relatives. Discovery and manipulation of such genes and 
understanding of their expression pattern may facilitate the identification 
of genetic elements offering resistance against one or more pests through 
endogenous mechanisms.

MONITORING EFFECTIVE PIP EXPRESSION

The standard practice for monitoring the expression of PIP has been to feed 
laboratory-reared target insects with transgenic plants/plant parts or tissue in 
the laboratory. However, from experience, it has now been established that 
laboratory-feeding bioassays cannot accurately represent the situation in the 
field. The first-instar larvae of yellow stem borers hatched and grown under 
laboratory conditions are usually weaker than those grown under natural 
conditions and more prone to be killed. Hence, resistance to insects in field 
trials should offer the real-life test.

MODIFICATION OF INSECTICIDAL PROTEINS
TO IMPROVE THEIR ENTOMOCIDAL PROPERTY

The sensitivity of insect pests to PIPs varies considerably. Usually, a high 
expression of transgene in plants is difficult to achieve. Hence, the use of 
highly potent Cry toxins, if available, is preferred. Genes with enhanced 
insecticidal potency will require a relatively lower level of expression to be 
effective. Therefore, any modifications that would enhance the potential 
toxicity or broaden the spectrum of toxicity to insects are very desirable. 
Evidence of some success in this direction is already available and more 
evidence is forthcoming. For Cry toxin, the toxicity mechanism toward insects 
can be engineered for enhancement either by improving the pore-forming 
capacity of domain I or by altering the capacity for effective binding of the 
active toxin with the receptor molecule of the insect. A naturally found B. 
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thuringiensis strain harboring a variant cry1Ab gene coding for the Cry1Ab 
toxin with one amino acid change at the α-helix 7 in domain I resulting in 
200% increased toxicity toward yellow stem borer was identified (Dandapat 
2003). When the variant cry1Ab was expressed in an indica rice cultivar 
(Banga 2005), a large number of insect-resistant independent transgenic lines 
were able to be generated. A similar alteration of one amino acid in domain 
I in Cry3Bb toxin can also enhance the toxic potential to a very high level 
(Vaughn et al 2005). Further, that the structural rearrangement of the pore-
forming domain at α-7 can influence pore-forming potential of a cry gene 
has been documented as well (Gazit et al 1998, Chandra et al 1999). 
 The toxic potential of Cry2A toxin is low (Karim and Dean 2000ab, 
Alcantara et al 2004, Chen et al 2005). The utility in deployment as one of 
the toxins in a two-gene strategy for resistance management can be realized 
most when its toxic potency is enhanced. This deficiency can be made 
up through an increase in toxicity by a factor of 4 to 6.5 by the protein 
engineering of the putative transmembrane segment located in domain I of 
the Cry2Aa toxin peptide (Mandal 2005). 
 It had also been suggested earlier (Bosch et al 1994) that hybrid toxin, 
produced through the inclusion of one domain of Cry toxin from another, 
may result in increased potency of the fused protein by the shift in receptor 
binding. A Cry1Ba/Cry1Ia hybrid gene (SN19) was developed (Naimov et 
al 2001) encoding a protein consisting of domains I and III of Cry1Ba and 
domain II of Cry1Ia with a high activity against coleopteran insects. The 
relatively low homology of SN19 with Cry3Aa and Cry1Ab suggested that 
SN19 would bind to midgut receptors that are different from each other. 
Although the use of a single hybrid toxin would not have an advantage over 
the use of a single wild-type toxin, SN19 may well play the role of the second 
toxin for resistance management simultaneously with Cry1Ab and Cry3Aa 
(Naimov et al 2003). 
 Enhanced efficacy of Bt Cry proteins has also been achieved by creating 
fusions between domain III of Cry1Ac and domains I and II of other Cry 
proteins (Karlova et al 2005). Transgenic rice plants with Cry1Ab/Cry1Ac 
hybrids achieved by swapping regions of domain III of Cry1Ab with 
homologous regions of Cry1Ac showed increased resistance against the yellow 
stem borer (Basu et al 1999). Bt fusion gene Cry1Ab/Cry1Ac has also been 
found to be effective against lepidopteran insect pests of rice (Tu et al 2000, 
Ho et al 2006). A modified Cry1Ea toxin was developed when domain III 
of the toxin was replaced by 70 amino acids of Cry1Ca (Singh et al 2004). 
 Engineering of rice has been brought about (Mehlo et al 2005) with a 
fusion protein by combining the δ-endotoxin Cry1Ac with the galactose-
binding domain of the nontoxic ricin B-chain (RB). The fusion, designated as 
Bt RB, provides the toxin with additional binding domains, thereby increasing 
the potential number of interactions at the molecular level in target insects. 
Transgenic rice plants with Bt RB showed more toxicity than those containing 



A Transgenic Approach for Developing Insect-Resistant Rice Plant Types     251

the Bt gene. It was speculated that a fusion protein comprising an N-terminal 
Bt toxin and a C-terminal RB polypeptide would provide a unique binding 
domain that would allow the hybrid protein to bind a wider repertoire of 
receptors than the control Cry1Ac toxin. Additionally, translational fusion 
between Cry1Ab and Cry1B has been found to be effective in controlling 
lepidopteran insect pests in rice (Ho et al 2006). Further, a translational fusion 
product of lectin ASAL/ACA has also been shown to be effective against 
a broader spectrum of sap-sucking insect pests than any of the single-lectin 
types (Hossain et al 2006).

TECHNOLOGICAL CHALLENGES ASSOCIATED 
WITH THE TRANSGENIC APPROACH

Gene Transfer Methods 

Rice is among the plants that can be transformed routinely by methods that 
involve Agrobacterium tumefaciens. Methods for direct delivery of genes in 
rice are also available. Agrobacterium-mediated transformation is considered 
to possess an advantage over methods that involve the direct uptake of DNA, 
although there are counterarguments as well (Altpeter et al 2005). Thus, 
there is a need to further refine the existing set of methods to provide durable 
and clean transgenic technologies that can simplify the route to regulatory 
approval and offer assurances to the public about the safety and stability of 
GM products. 

Site-Specific Integration of Transforming DNA

Plant transformation methods integrate DNA at random locations and often 
in a complex pattern of multiple intact and/or partial copies. The lack of 
site-specificity means that chromosomal influences on transgene expression 
are likely to differ among independent transformants (Meyer 2000). Complex 
multiple-copy patterns add another concern as they are often linked to gene 
silencing (Kumpatla and Hall 1998). In higher plants, gene targeting via 
homologous recombination has not yet been possible in practice, though some 
success has been achieved in recombinase-mediated site-specific integration 
(Day et al 2000). Several site-specific recombination systems have properties 
suitable for directing DNA integration in plants (Ow and Medberry 1995). 
One such system is known as Cre-lox. Precise single-copy integration into 
genomic lox sites was found in nearly a third of the selected events in tobacco 
(Day et al 2000). Some initial success has also been achieved in delivering 
the integrating DNA into rice tissues for Cre-lox site-specific integration 
(Srivastava and Ow 2001).
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Generation of Transgenic Lines with Multiple Transgenes

Although there are several conventional and new techniques, no single 
method has emerged as ideal. One of the most effective current approaches 
appears to be a combination of co-transformation and linked transgene 
strategies. Two or more transgenes can be sequentially introduced into a 
plant by conventional iterative procedures. A plant containing one transgene 
can be crossed with individuals harboring other transgenes, or alternatively 
re-transformed with new genes. However, only a handful of GM crops with 
three or more stacked genes have gained regulatory approval. The principal 
limitations lie with transgenes that are not linked and are situated at different 
random loci in the plant’s genome. In such cases, the production of breeding 
stock takes generations before homozygosity can be achieved.

Expression of the Transgene

In Bt plants, protein concentration is directly related to the level of insect 
resistance. Concentrations of foreign protein usually show large differences 
among different independent transgenic lines with the same Bt construct 
(Maqbool et al 1998, Breitler et al 2000, Husnain et al 2002, Ramesh et 
al 2004). The level of expression of a transgene thus remains variable and 
is influenced by various factors, such as the site of integration. Transgene 
stability also varies among transformants and some plants show a spectrum 
of instability even in subsequent generations. Transgene silencing and the 
low-level expression of foreign genes are common obstacles in identifying 
transgenic plants with the expected performance. Single-copy insertion is 
extremely important for transgenic breeding. Rice transgenic lines (Vain et 
al 1999) containing an MAR (matrix attachment region) show significantly 
increased transgene expression levels. MARs also improved the stability of 
transgene expression. The use of MARs may be an important strategy for 
stabilizing transgene expression levels. 
 Chen et al (2005) observed that the foreign protein in hybrids and 
backcross progenies remained unaffected compared with that of their 
homozygous parental transgenic lines, suggesting that the heterozygous 
transgenic plants have a nature of resistance similar to that of their 
homozygous parents. This is contrary to earlier reports (Duan et al 1996, 
Wang et al 2001). Duan et al (1996) had reported that the homozygous lines 
produced almost double what the heterozygous lines could produce. However, 
Wang et al (2001) had, on the contrary, observed that hybrids sometimes 
produced more Bt protein than did the parental lines.
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Coordinated Expression of Multiple Transgenes

Unfortunately, we do not know the reason why different transgenes cannot be 
expressed coordinately at similar levels. The use of MARs has been suggested 
to ensure coordinate expression (Mlynárová et al 2002), but some studies have 
had no such success (Liu and Tabe 1998, De Bolle et al 2003). MAR elements 
have been claimed to protect against transgene silencing and improve the 
stability of expression of the transgene (Mlynárová et al 2003). One way to 
overcome problems relating to the coordination of expression of different 
transgenes could be to express several transgenes put under a single promoter 
functioning as a single transcriptional unit. Such strategies have not yet been 
tried enough times in plant systems to warrant any conclusion. Polycistronic 
constructs for engineering the plastid genome can be an effective strategy. 
This has indeed resulted in the highest level of foreign protein production 
yet achieved in plants (De Cosa et al 2001). But this system is useful only 
where engineering of a plastid genome is possible among plant systems, and 
rice is not one of them. Moreover, the stability of transgenes in the plastid 
genome cannot be ensured (Stegemann et al 2003, Huang et al 2003).

A Selectable Marker Removal System

Although many strategies have been suggested for a marker gene removal 
system, most of them are slow and they use multistep procedures (involve 
sexual crossing) that make them unsuitable for plants that are asexually 
propagated. Only a few single-step marker gene removal systems have so 
far been developed. The MAT vector system works on recombinase-based 
excision of markers (Ebinuma et al 1997, Sugita et al 2000a,b, Endo et al 
2002a,b) with the help of yeast site-specific recombination system R/RS and 
the ipt gene providing a positive and visually selectable marker. Mannose 
has been used as a selective agent (Lucca et al 2001) so that the GM rice 
lines contain no antibiotic resistance genes (Datta et al 2003). Another 
potential marker excision system, CLX (Cre/Lox PDNA excision system), 
uses chemical-regulated expression of Cre recombinase to excise the marker 
gene (Zuo et al 2001). Although these technologies are still too immature 
and inefficient for routine use (König 2003), the prospects for their further 
improvement remain high. Screening for transformants by PCR (de Vetten 
et al 2003) could be effective in cases where efficient transformation systems 
exist. The Agrobacterium-mediated transformation system of rice could 
possibly entertain such a strategy. A co-transformation strategy has been 
used to generate marker-free transgenic rice lines by segregating out the 
marker gene (Komari et al 1996, Dutta et al 2003a, Ghosh 2004). For co-
transformation, both the Agrobacterium-mediated and biolistic method for 
gene transfer protocol have been adopted in rice (Maqbool et al 2001, Ye et 
al 2000, Datta et al 2003, Hoa et al 2003).
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INSECT RESISTANCE MANAGEMENT

Emergence of Resistant Insects

The potential for insects to evolve resistance against Bt toxins is a serious 
threat to the technology of generating insect-resistant transgenic crop plants. 
In fact, several resistant insect strains have been found under laboratory, 
greenhouse, and/or field conditions (Frutos et al 1999, Shelton et al 2002, 
Ferre and Van Rie 2002, Tabashni et al 2003), indicating potential for the 
evolution of resistance in most pests. 

Mechanism for Developing Resistance

The elucidation of a Cry toxin-resistance mechanism has only begun. It is 
clear that invertebrates are able to arrive at diverse solutions to the challenge 
of Cry toxin exposure, reminding us that Cry toxins are drawn from nature 
and that the interaction between toxin and invertebrate target has acquired 
a considerable level of complexity over time. Changes in toxin-binding sites 
are the most commonly occurring resistance mechanism against Cry proteins 
in insects (Ferre and Van Rie 2002). 

Strategies for Control Against Emergence of Resistant Insects

To meet the possible challenge of an emergence of resistant insects, several 
strategies have been proposed to manage insect resistance, such as the high-
dose/refuge strategy, gene-stacking strategy, and the temporal or spatial-
specific expression of the toxin (Rousch 1998, Frutos et al 1999, Ferre and 
Van Rie 2001, Shelton et al 2002, Bates et al 2005). 
 1. High-dose/refuge strategy. This strategy is not applicable to Bt rice crops 

in Asia, for two main reasons. First, the isolated and small scale of 
rice farming in Asia causes difficulties in establishing and enforcing a 
mandatory policy of planting refuges. Second, with a few exceptions, 
the yellow stem borer and the striped stem borer feed only on rice; 
hence, there cannot be any natural refuge provided by alternate 
hosts.

 2. Gene stacking. Gene stacking is a strategy based on the assumption 
that a single mutation in a pest is unlikely to confer simultaneous 
resistance to two different Bt toxins, and thus two-toxin rice cultivars 
would require smaller refuges and would have potential to delay 
the development of resistance more effectively than single-toxin 
cultivars (Gould 2003, Zhao et al 2003). Thus, the use of multiple-
toxin genes with different modes of action has been proposed so that 
cross-resistance is unlikely to occur. As a recipe, two cry genes for 
toxins with different receptors or a cry gene in combination with an 
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altogether different unrelated toxin gene have been suggested (de 
Maagd et al 1996, Frutos et al 1999). The Cry2A toxin along with 
Cry1Ab or Cry1Ac may fulfill this requirement for rice. It has been 
observed that Cry2A is toxic (Karim and Dean 2000a, Alcantara 
et al 2004) to several of the main lepidopteran pests of rice such as 
yellow stem borer, striped stem borer, and two species of rice leaffolder 
(Marasmiapatnalis and Cnaphalocrocis). Moreover, Cry2A toxin does 
not share the binding sites of Cry1A toxin with the receptor molecules 
present in the insect gut. On the same count, any one of Cry1B (Ho et 
al 2006) or Cry1C (Christou et al 2006) or Cry 9C (Bajaj and Mohanty 
2005) may be considered as another alternative instead of Cry2A. It is 
expected that such two-transgene plants will provide better control of 
the entire range of pest complex as the species that are less sensitive to 
one toxin may still obtain a high dose from the other. Second, plants 
with pyramided Bt toxins would require a smaller refuge as there is no 
cross-resistance between the two toxins. Concurrent use of transgenic 
plants expressing a single and two Bt genes will select for resistance to 
two-gene plants more rapidly than the use of two-gene plants alone 
(Zhao et al 2005). Bt rice with multiple Bt genes that have different 
receptor-binding domains and a fusion Cry gene Cry1B/Cry1Ab has 
been evaluated in the field in China for more than 4 years (Datta 
et al 2003b). An expanded host range through gene pyramiding has 
economic advantages, although it may also have disadvantages in the 
form of increased effects on nontarget beneficial insects. 

 3. Selective expression of the transgene. The use of temporal, tissue-specific, 
or chemically inducible promoters is recognized as potentially an 
effective way to delay resistance (de Maagd et al 1999). This would 
allow Bt expression to occur only where or when it is needed. This 
has been shown to be effective in the case of broccoli with the 
help of a chemically inducible promoter, when the expression of 
the Cry1Ab gene could be regulated (Cao et al 2001). Breitler et al 
(2001) demonstrated that wound-inducible expression of Cry1B could 
control lepidopteran insects in transgenic rice plants. However, this 
strategy has been limited by the ready availability of the technology. 
Besides, the insects can move between toxic and nontoxic plant parts 
in the case of tissue-specific expression, lowering the benefits of Bt 
expression.

INSECT RESISTANCE IN HETEROSIS BREEDING

The effectiveness of insect-resistant GM rice would perhaps be best realized 
when the insect resistance trait becomes an integral component of hybrid 
rice for productivity enhancement. Stable cytoplasmic male sterile lines are 
available in rice. In fact, attempts have already started in this direction (Tu 
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et al 2000, Balachandran et al 2002). Engineering male sterile lines will also 
help in transgene containment (Bhat and Chopra 2005).

BIOSAFETY ISSUES

Biosafety issues that are relevant in the safe release of insect-resistant GM 
rice are (1) food safety of the GM rice, (2) gene flow of GM rice to wild rice 
and its relatives, and (3) the impact of insect-resistant GM rice on nontarget 
organisms. 
 Most of the insecticidal agents that are used as suitable PIPs are known 
to be innocuous in terms of toxicity and allergenicity when consumed by 
humans or herbivorous vertebrates. Although regulatory rules for the release 
of GM crops are in place in most countries, the acceptance of GM food by 
consumers has been limited. Besides the promotion of public awareness on 
the safety of GM food through public-funded institutions, efforts should also 
be aimed at making Bt rice grains free from the toxin. The toxin content in 
the cooked grains of Bt rice has been found to remain low (Wu 2003), but a 
further reduction or total elimination needs to be carried out. To fulfill this 
requirement, selective silencing of Bt gene expression through the antisense 
approach is being carried out in the author’s laboratory. Similar efforts should 
also be directed toward generating the presence of Bt rice without the presence 
of any selection markers. Additionally, there remains a strong likelihood that 
certain negative influences of GM rice on the survivability of beneficiary and 
nonpest organisms will almost inevitably take place. This negative impact, 
however, appears to be insignificant when one looks into the potential gain 
in the cost-benefit analysis of the insect-resistant GM crop.

RELEASE OF GM RICE FOR INSECT RESISTANCE

It has become apparent that the release of GM rice is lagging behind when 
compared with that of maize. This has happened in spite of the considerable 
progress already attained in rice—and which is not less than that attained 
for maize—for the successful application of GM technology. This may have 
resulted as the consequence of commerce influencing the decision-making 
process of the maize-growing countries versus the rice-growing nations. Based 
on the benefits already experienced in Asian countries from Bt cotton and Bt 
maize, the benefits of Bt rice ought to be made available to the rice growers 
of developing countries. Of course, this should be done only after fulfilling 
the regulatory requirements that need to be satisfied for the ultimate safe 
release of Bt rice. 
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Metabolic modification in rice plants has been one of the most important 
breeding targets for many years. Modification of metabolic composition is 
crucial for nutritional improvements for amino acids, lipids, starch, and other 
ingredients, which are important components for human consumption. The 
metabolic engineering of plants through modifying the biosynthesis pathway 
would provide stress-resistant as well as nutritious rice. We present a good 
example of metabolic engineering of rice plants through modifying flavonoid 
and the NAD pathway leading to stress-resistant plants. Such plants also 
acquired resistance to rice blast disease and other abiotic stresses. These results 
suggested that the regulation of a small proportion of metabolites in transgenic 
rice contributed to multiple stress tolerance. 

It has been considered that modification of plant quality as well as stress 
perception is one of the most important parameters for plant breeding. In 

this sense, protective plant breeding is an important issue since pests, diseases, 
and environmental stresses are the principal constraints threatening rice 
production. Such stresses with detrimental effects on the physiology of plant 
cells are thought to be mediated through the production of reactive oxygen 
species (ROS: O2–, H2O2, and ·OH) and other potential toxic substances 
(Deak et al 1999, Levine et al 1994). The defense system of plant cells against 
oxidative stress comprises a variety of antioxidants such as glutathione, 
ascorbate, thioredoxin, urate, and anthocyanin, and various enzymes such as 
superoxide dismutase, catalase, and glutathione peroxidase (Inze and Montagu 
1995). Accordingly, modification of related genes for ROS regulation has 
been successfully carried out. 

Molecular Analysis of Metabolic 
Regulation for Stress Tolerance
in Rice

H. Takahashi and H. Uchimiya
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RESULTS 

A Novel Gene Possessing Both HCTR and DFR Activities

Regarding plant resistance to diseases, previous studies have shown that 
several reductases are responsible for the detoxification of toxins produced by 
microorganisms (Meeley et al 1992). For instance, the NADPH-dependent 
HC-toxin reductase (HCTR), encoded by the Hm1 gene in maize (Zea mays 
L.), inactivates HC-toxin produced by the fungus Cochliobolus carbonum 
(Johal and Briggs 1992). Interestingly, HCTR activities have been reported 
in barley, wheat, oats, and sorghum (Meeley and Walton 1993). Uchimiya 
et al (2002) identified a partial cDNA clone similar to HCTR in rice cDNA 
libraries (Hihara et al 1997) and isolated the full-length cDNA clone (YK1; 
Uchimiya et al 2002), which contained 1,272 nucleotides. The deduced 
363 amino acid sequences shared 78% homology to the maize HCTR gene. 
The αβα-dinucleotide binding consensus sequence in the YK1 gene is also 
identical at the N-terminal side to its homologues. From BLAST searches, 
Hayashi et al (2005a) identified six YK1 homologues in the rice genome, 
which include a DFR-like gene. Metabolic and biochemical analyses revealed 
that this protein possessed both HCTR and dihydroflavonol-4-reductase 
(DFR) activity. 

Stress Tolerance of Modified Rice Plants

We previously demonstrated that transgenic rice plants overexpressing YK1 
under the maize ubiquitin promoter (Toki et al 1992) showed enhanced 
resistance to biotic and abiotic stresses (Uchimiya et al 2002). YK1 transgenic 
plants conferred high tolerance of several abiotic stresses such as UV 
radiation, salinity, submergence, and H2O2. Evaluation of cell death caused 
by exogenous H2O2 with suspension-cultured cells and 7-day-old seedlings 
showed that incubation of control cells with 2–5 mM (in calli) or 30 mM 
(in plants) H2O2 caused a marked increase in cell death as judged by Evans 
blue staining in calli and ion leakage in seedlings. 

Biotic Stress Resistance

Furthermore, we observed resistance to rice blast disease, bacterial blight 
disease, and bacterial brown stripe in such transgenic plants (Uchimiya 
et al 2002, Hayashi et al 2005a). The development of lesions, in rice 
leaves, which had been infected with spores of Magnaporthe grisea, was 
evaluated and YK1 plants showed less susceptibility. The rice bacterial 
blight pathogen, Xanthomonas oryzae pv. oryzae, is a vascular pathogen, and 
entering and multiplying of the bacterial cells in xylem vessels are essential 
for symptom development (Agrios 1988). Since no obvious difference in 
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disease responses was obtained between the control and the YK1 plants, it 
is inferred that YK1 has no function in preventing the infection processes, 
or that it may not be expressed around the xylem tissues. In contrast, YK1-
transformed plants showed increased resistance to bacterial brown stripe 
caused by Acidovorax avenae. Although the infection mechanisms of the 
disease are largely unknown, as the pathogen forms initial water-soaked 
lesions on infected leaves that soon elongate and coalesce into irregular 
yellowish or brownish stripes, the primary infection site is considered to be 
the mesophyll parenchyma. As reported earlier, the maize ubiquitin (Ubi-1) 
promoter warrants site-specific expression in plant tissues that have been 
exposed to external stresses such as sheath blight pathogen (Rhizoctonia 
solani; Takimoto et al 1994). Thus, this may explain why infection by brown 
stripe pathogen was prevented by YK1 protein overexpression in rice leaves. 

Evaluation of NAD(P) Biosynthesis

NAD is known to serve as an important co-factor over a few hundred 
biochemical reactions in living cells. Since DFR is an NADPH-dependent 
enzyme, nicotinamide dinucleotide contents and the activities of NAD(P) 
biosynthesis-related enzymes in YK1 overexpressing plants were quantified. 
In seedlings and cultured cells of YK1 plants, the total amount of nucleotide 
dinucleotides (NAD(P)(H)) was higher than in the control, and the activities 
of NAD synthetase and NAD kinase increased. Moreover, several enzymes 
responsible for NAD(P)H generation were activated in YK1 plants and 
cultured cells. NAD(P)(H) play important roles in redox reactions and in 
the regulation of metabolic pathways. The pentose phosphate pathway and 
malic enzyme are the major sources of NADPH (Rasmusson and Moller 
1990). NADPH is required for several biosynthetic processes such as fatty acid 
synthesis, and is supplied by the glutathione redox cycle for protection against 
ROS (Dorval and Hontela 2003). DFR requires NADPH as a coenzyme. Thus, 
a novel strategy was proposed that the combination of DFR activity and the 
elevated level of the NAD(P)(H) pool may confer the prevention of induced 
cell death in planta. In this connection, effects of knockout of the Hm1 gene 
in maize were investigated (Hayashi et al 2005b). The maize mutants are 
recessive in the Hm2 locus, whereas the Hm1 locus was either dominant 
(Hm1hm2) or recessive (hm1hm2). The ion leakage assay using excised 
leaves treated with 10 mM H2O2 showed that hm1hm2 leaked more ions than 
Hm1hm2. Thus, the hm1hm2 line showed more accelerated death than the 
Hm1hm2 line by H2O2. Quantitative measurement of NAD(H) level in these 
mutants indicated that the hm1hm2 line showed lesser amounts of NAD(H) 
than the Hm1hm2 line. Thus, it is possible that Hm1 and related genes may 
confer NAD(P)(H) levels and ROS stress tolerance. It was apparently shown 
that the overexpression of a single gene can cause metabolic alterations by 
changing the activities of other enzymes related to NAD homeostasis. It 
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can be presumed that overexpressed YK1 protein may use more NAD(P)H 
than the normal level, which in turn pumps up nicotinamide coenzymes by 
activating responsible enzymes. 

Metabolome Studies to Identify Alterations 
of Other Metabolite Levels

To elucidate alterations of metabolites in plants, a metabolome study (Fiehn 
et al 2000), especially composed of multitarget profiling, is necessary. The 
new high-throughput technology using Fourier-transform ion cyclotron 
mass spectrometry (FT-MS) allowed the detection of enormous numbers 
of metabolites in plants (Penn et al 1997, Aharoni et al 2002). Hirai et al 
(2004) reported alterations of metabolic pathways in Arabidopsis leaves and 
roots in response to a deficiency of sulfur or nitrogen. Furthermore, nuclear 
magnetic resonance and gas chromatography mass spectrometry were used 
for analysis of metabolites in Arabidopsis (Rohloff and Bones 2005), squash 
(Fiehn 2003), soybean (Sriram et al 2004), and potato tubers (Roessner et 
al 2000). These approaches also reveal metabolic profiles constructed by 
various metabolites, which are highly effective for metabolic engineering of 
higher plants (Trethewey 2004, Yanagisawa et al 2004). 
 Comparison of metabolic patterns by FT-MS revealed that compositions 
of organ-specific metabolites were altered in transgenic plants overexpressing 
DFR (YK1), showing the significance of high-throughput metabolite analysis 
(Takahashi et al 2005). The metabolic profiles obtained from callus, leaf, and 
panicle tissues were different from one another. Highly-expressed metabolites 
(S/N >100) were also distinctive in the respective organs. However, the 
metabolic profiles and the compositions of organ-specific metabolites in the 
transgenic rice were almost the same as in the control. 
 Principal component analysis of the main metabolites revealed that 
the metabolic differences between the control and transgenic YK1 callus 
were slight, but those in the leaf and panicle were nearly identical. Up-
regulated metabolites were 5.9%, 3.7%, and 3.9% in callus, leaf, and panicle, 
respectively. On the other hand, down-regulated metabolites were 7.0%, 
3.7%, and 5.2% in callus, leaf, and panicle, respectively. 
 These results suggested that the compositions of metabolites were 
obviously different, but the overexpression of YK1 had little effect on plant 
metabolism. However, since YK1 rice conferred several stress tolerances, there 
was a possibility that less than 10% of the metabolic alterations contributed 
to stress tolerances. 
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CE/MS Analysis for Precise Identification of Metabolites

It has been shown that capillary electrophoresis-electrospray ionization mass 
spectrometry (CE/MS) has opened a way to detect charged compounds such 
as carboxylic acids, amino acids, and nucleotides (Soga 2000, Sato et al 
2004). Sato et al (2004) quantified 88 primary metabolites in rice leaves by 
CE/MS, where the time-dependent alterations of metabolites were noted. 
Additionally, the CE/MS method revealed that the amount of metabolites 
engaged in the TCA cycle was altered in transgenic rice expressing the 
antisense methylmalonate-semialdehyde dehydrogenase gene (Tanaka et al 
2005). Using the same method, quantification of metabolites in transgenic 
YK1 rice plants was performed (Takahashi et al 2006). 
 Because NAD(P)H synthesis was up-regulated in transgenic YK1 rice 
plants, metabolites in glycolysis, the TCA cycle, pentose phosphate pathway, 
and their neighboring pathways were analyzed. The detected metabolites were 
identified by comparing their m/z values and migration times with those of 
various standard metabolites. The amount of each metabolite was calculated 
from the peak areas of the corresponding standards. 
 In the leaves, the amounts of TCA metabolites such as cis-aconitate, 
isocitrate, and 2-oxoglutarate were higher in both YK1 lines than in the 
control. In the roots of both YK1 transgenic plants, fructose-1,6-bisphosphate 
(FBP), glyceraldehyde-3-phosphate (GA3P), and isocitrate amounts were 
lower (by about 50%) than in the control. 
 The composition of free-amino acids (FAAs) in the leaves and roots of 
the control plants and both transgenic rice plants was also compared. In the 
leaves, there were no significant differences between the samples, except 
for threonine. In the roots, arginine tended to be lower in transgenic lines 
than in the control. FAA amounts were similar to those reported by Chen 
et al (2004). FAAs and sugars are essential compounds not only for plant 
metabolism but also for human nutrition. Since rice is an important staple 
food in the world, measurement of these metabolites in seeds is important for 
nutritional evaluation. Therefore, the amounts of FAAs and sugars in seeds 
of transgenic rice were investigated. There were no significant differences in 
the total amount of FAAs between control and transgenic seeds. However, 
in those plants, the concentrations of asparagine and tryptophan were 64% 
and 187% of those of the control, respectively. Further work is needed to 
elucidate the reason for this difference. The concentrations of total sugars 
and starch were consistent among different lines. Likewise, there were no 
differences in amylose contents. A general illustration of such incidences is 
summarized in Figure 1.
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CONCLUSIONS

As discussed in this review, metabolic modification in rice plants is quite 
important for molecular breeding. Modification of metabolic compositions 
sometimes causes a number of side effects in the levels of amino acids, lipids, 
starch, and other ingredients. It is important to point out that the metabolic 
engineering of plants through modifying the biosynthesis pathway could 
provide stress-resistant crops. Further studies regarding precise biochemical 
modification are required. In conclusion, metabolic modification and analysis 
are important tools for nutritional improvement as well as stress breeding 
in rice.
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Fig. 1: Diagram illustrating various metabolite changes in transgenic rice 
overexpressing the DFR gene.
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The major nutritional problems common in rice-consuming countries are 
protein-energy malnutrition and iron, zinc, iodine, and vitamin A deficiencies. 
It is estimated that more than 3 billion people in the developing world are iron-
deficient. Around 3 million children of preschool age have visible eye damage 
owing to vitamin A deficiency. Estimates of subclinical prevalence of vitamin 
A deficiency range from 100 to 250 million. Similarly, hundreds of millions of 
people are at risk for zinc deficiency. The cost of these deficiencies in terms 
of lives lost and lower quality of life is enormous. Since rice is the dominant 
cereal crop in most Asian countries and is the staple food for more than half 
of the world’s population, even a small increase in its nutritive value would 
be highly beneficial for human health.
 Several strategies, including supplementation and fortification programs, 
are continuing to address this problem. Recently, breeding staples with high 
micronutrient content, dubbed “biofortification,” has evolved as a new strategy 
to overcome micronutrient malnutrition. Biofortification provides a cost-
effective and sustainable solution to combat malnutrition. At IRRI, we have 
generated data for iron and zinc content in brown rice for more than 5,000 
lines. A subset of promising lines from the above was screened for micronutrient 
content in the polished grains. We have identified donors for high zinc content 
(> 20 ppm) and initiated a breeding program to incorporate this into elite 
germplasm. For iron content, we have identified lines with almost double 
the iron content of popular varieties in the polished grains. However, to find 
donors meeting our target level for iron (>10 ppm), we are currently screening 
a minicore collection of >2,000 accessions. To incorporate vitamin A in rice, 
we have started introgressing transgenic loci into varieties popularly grown 
throughout Asia, using marker-aided backcrossing. We are also investigating 
the effect of different fertility levels on the expression of micronutrients. Rice 
varieties with increased micronutrients would alleviate malnutrition, especially 
of poor rice consumers. The current status of our efforts to breed micronutrient-
enriched rice varieties is presented.

Genetic Enhancement for
the Nutritional Quality of Rice

P. Virk, G. Barry, and H. Bouis
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Micronutrient malnutrition is a massive and rapidly growing public health 
problem, especially among poor people living on an unbalanced diet 

dominated by a single staple grain such as rice. The major nutritional problems 
common in rice-consuming countries are protein-energy malnutrition and 
iron, zinc, iodine, and vitamin A deficiencies. However, we would limit this 
to three micronutrients: iron, zinc, and vitamin A. It is estimated that more 
than 3 billion people in the developing world are iron-deficient. The problem 
for women and children is more severe because of their physiological need. 
Iron deficiency during childhood and adolescence impairs physical growth, 
mental development, and learning capacity. On the other hand, in adults, 
it reduces the capacity to perform physical tasks. Billions of people are at 
risk for zinc deficiency. Zinc deficiency is more extensive in developing 
countries, where more than 60% of the population is at risk. Zinc is essential 
for survival and its deficiency has serious consequences for health. Around 3 
million children of preschool age have visible eye damage owing to vitamin 
A deficiency. Estimates of subclinical prevalence of vitamin A deficiency are 
around 250 million. Up to 500,000 preschool children go blind from vitamin 
A deficiency and about two-thirds of these die within months of going blind. 
Since the poor in many low-income Asian countries consume large amounts 
of rice, improving its micronutrient content for these three micronutrients 
will help to overcome to a large extent micronutrient deficiency–induced 
health problems.
 Other strategies, including supplementation and fortification programs, 
are continuing to address this problem. However, breeding staples such as rice 
with high micronutrient content, dubbed as “biofortification,” has evolved 
as a new strategy to overcome micronutrient malnutrition. Biofortification 
provides a cost-effective and sustainable solution to combat malnutrition. 
The current status of our efforts to breed micronutrient-enriched rice varieties 
is presented.

VARIABILITY IN IRON AND ZINC CONTENT IN RICE

Starting in the mid-1990s, brown rice samples were analyzed for various 
minerals, including iron and zinc content by Inductively Coupled Argon 
Plasma Atomic Emission Spectroscopy (ICP-AES). Iron concentration ranged 
from 6.3 to 24.4 ppm, whereas zinc concentration was higher and ranged from 
15.3 to 58.4 ppm (Gregorio et al 1999). However, rice is consumed primarily 
in the polished state; hence, it would be more appropriate to study the genetic 
variation for iron and zinc content in polished rice grains. Therefore, we 
have now shifted our entire screening work to polished rice. We evaluated 15 
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promising genotypes in replicated trials at two locations (IRRI and PhilRice-
Maligaya) and in three seasons (2004 WS, 2005 DS, 2005 WS) and detected 
genotype, season, and location effects as well as all second-order interaction 
effects for both iron and zinc content. These results suggested the importance 
of environmental influence on the expression of various micronutrients in 
the rice grain and highlighted that a multienvironmental data set should 
be generated before drawing inferences. For example, the performance of 
seven IRRI-bred genotypes across five environments is shown in Figures 1 
and 2 for iron and zinc, respectively. The range of average iron content in 
the polished rice is 2.97 to 7.4 ppm, with an average of 4.75 ppm; for zinc 
content, the range is 14.33 to 23.26 ppm, with an average of 20.02 ppm. 
These results suggested that ample genetic variation exists in the germplasm 
and it would be worthwhile to breed for enhancing iron and zinc content 
in rice grains. We would like to develop varieties with even higher levels 
of iron and zinc content. Therefore, we are currently screening a set from 
a stratified core collection defined on the basis of isozyme diversity and 
geographical origin. 
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Fig. 1: Iron content in the polished rice grains of seven lines in six 
environments. 
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A RICE VARIETY WITH HIGH IRON

From a cross between IR72 and Zawa Bonday (a tall traditional variety from 
India), an IRRI-bred line (IR68144-2B-2-2-3) was identified with high iron 
content in the rice grains. Sison et al (2006) reported its iron content as 
16.3 ppm in the brown rice. This IRRI-bred line was released as a variety, 
Maligaya Special 13, referred to as MS13 in the Philippines. Its iron content 
was reported to be around 6 ppm in the polished grains, which is higher 
than that in the market-sold rice, which is around 2–3 ppm. In a recent 
variety promotional trial conducted at 32 barangays in the Philippines, 
we determined that iron content varied from 2.2 to 6.0 ppm (Fig. 3), with 
an average of 3.29 ppm (±0.06) in the polished rice grains. These results 
suggest that we should be aware of a location effect on expression of iron 
in rice grain. 

EFFECT OF CONSUMING HIGH-IRON RICE

Haas et al (2005) carried out a human efficacy study during a 9-month 
feeding trial among young women in the Philippines. They concluded that 
17% higher total dietary iron consumption from biofortified rice resulted in 
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Fig. 2: Zinc content in the polished rice grains of seven lines in six 
environments.
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a modest increase in serum ferritin and total body iron. The response was 
also greater in nonanemic subjects for ferritin and body iron. Their study 
suggested that the consumption of biofortified high-iron rice increased body 
iron by 20%. 

BIOTECHNOLOGICAL APPROACHES

Increasing Iron Content

Soybean ferritin is the most-studied transgene and it appears to be the most 
successful in rice. For example, Goto et al (1999) reported an improvement 
in iron content of rice by transferring the coding sequence of the soybean 
ferritin gene into japonica rice cultivar Kita-ake by Agrobacterium-mediated 
transformation. Later, Vasconcelos et al (2003) also confirmed an increase 
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Fig. 3: Iron content in the polished rice of MS13 evaluated at 32 barangays.
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in the iron content in indica rice using the soybean ferritin gene. Our 
latest results also showed that iron content doubled in these transformants 
compared with the nontransformed higher iron background, after the rice 
grains were milled to the commercial level. Recently, Lönnerdal et al (2006) 
reported that the bioavailability of iron from soybean ferritin was quite high 
(approximately 30%), which is very good news. 

Adding Beta-Carotene

Beta-carotene, a precursor of vitamin A, does not occur naturally in rice. Ye 
et al (2000) engineered rice grains to produce provitamin A. They introduced 
the entire β-carotene biosynthetic pathway (three genes) into japonica rice 
(Taipei 309) endosperm in a single transformation effort. Similarly, Datta 
et al (2003) transformed various indica rice cultivars that were capable of 
producing provitamin A. Further improvements to increase β-carotene 
content have been made. Using a different promoter, Syngenta scientists were 
able to increase β-carotene content 5-fold from 1.6 µg g–1 to 8.0 µg g–1 (GR1). 
In fact, Syngenta has donated these events to the Golden Rice Humanitarian 
Board for use by the Golden Rice Network coordinated by IRRI.
 We at IRRI received three SGR1 events from Syngenta in the background 
of Cocodrie and have started introgressing these carotenoid loci into varieties 
popularly grown throughout Asia (e.g., IR36 and IR64) using marker-aided 
backcrossing. Using blast search, we placed each of the three transgenes (146, 
309, and 652) on chromosomes 5, 6, and 9, respectively, and identified SSR 
markers flanking each of the three transgenes. Recently, we have obtained six 
GR2 events in the background of Kaybonnet. In producing these transgenics, 
the psy gene from maize (instead of daffodil) was used (Paine et al 2005). We 
have mapped these six events on chromosomes 1, 2, 3, 5, and 10. F1s have 
been produced between these six events and IR36, IR64, PSB Rc82, and BR29 
varieties and backcrossing is being carried out. Introgression lines obtained 
after the second or third backcross will be evaluated for their agronomic 
potential and level of carotenoids.

COSTS AND BENEFITS OF BIOFORTIFIED RICE

According to one estimate, the development of iron- and zinc-enriched rice 
varieties using conventional breeding might cost US$10 million each over 
10 years (Hunt 2002). Such an investment is projected to have far-reaching 
impacts and the benefits should be sustainable at low maintenance costs. An 
economic evaluation of biofortification in Bangladesh and India, in which 
the ratio of the present value of benefits to the present value of costs was 
discounted at a 3% rate, was made. This study gave a benefit-cost ratio of 19, 
for returns, for better iron nutrition in humans (Bouis 2004). In the longer 
term (up to 25 years), a simulation study estimated that 44 million cases of 



Genetic Enhancement for the Nutritional Quality of Rice     285

anemia would be prevented if nutritionally enriched varieties were adopted 
on 10% of rice and wheat area in Bangladesh and India. 
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In addition to being the staple food of half the human race, rice is believed 
to have many medicinal properties. In the ancient Indian records such as the 
Susrutha samhitha and Charakasamhitha of about 1000 BC, there is a mention 
of rice having many medicinal values. In Chattisgarh, many traditional varieties 
are reported to have medicinal properties. Collection surveys made during 
the 1970s by Dr. Richaria and in the late ’90s by Das and Oudhia have led 
to the identification of more than 50 medicinal rice varieties. It is reported 
that variety Aalcha is used for the treatment of pimples while Baissor is used 
for chronic headache and epilepsy and Gathuhan, Karhani, and Kalimooch, 
respectively, are used for the treatment of rheumatism, paralysis, and skin 
diseases. In the Jeypore tract of Orissa, rice varieties Meher, Saraiphul, and 
Danwar are reported to be used by local tribal people against various ailments. 
In Uttara Kannada District of Karnataka, the presence of two medicinal rice 
varieties, Atikaya and Kari bhatta, has been reported. While Atikaya is used 
as a health tonic, Kari bhatta is used as a cure against skin infections. In 
Kerala, the important medicinal varieties grown are Navara, Chennellu, and 
Rakthasali. Among the medicinal rice varieties of India, Navara developed and 
conserved by the farmers of Kerala is unique in many respects. It is believed 
that Navara, which matures in 60 days, has medicinal property in overcoming 
thridosa, the root cause of all body ailments. This rice has the rare capability 
to enrich body elements; exclude toxic metabolites; strengthen, regenerate, 
and energize the body; regulate blood pressure; and prevent skin diseases and 
premature aging. The ancient Ayurvedic texts distinguish yellow-glumed and 
black-glumed varieties of Navara. Agronomic evaluation of Navara cultivated 
in Kerala revealed immense variation. Twelve ecotypes of Navara collected 
from different parts of Kerala when evaluated for yield and yield characters 
exhibited wide variability. Hence, it is important to identify and characterize 
the “real” Navara employing molecular techniques and to find out which 
biochemical compounds confer unique medicinal property to Navara. It should 
be emphasized that the system of Ayurvedic medicine practiced in Kerala over 
thousands of years has established the multiple medicinal properties of this 
variety. Also, its importance as a health food offers an opportunity to establish 
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a niche global market. There is an urgent need for careful conservation, 
characterization, and validation by modern methods.

The domestication of rice dates back to antiquity. Socio-cultural traditions 
and agroecological conditions have increased the diversity of rice in 

terms of morphological and quality traits. Such traditions have also given 
rise to several varieties on the basis of their unique medicinal properties. 
Sadly, this genetic wealth is being eroded because of neglect. Replacement 
of landraces and traditional and native varieties by high-yielding varieties, 
developmental activities, and exploitive land-use planning are destroying 
natural habitats, resulting in a reduction in and loss of valuable genetic wealth. 
Ancient Ayurvedic literature (Indian Materia Media) from the 15th and 16th 
centuries testifies to the medicinal and curative properties of different rice 
varieties grown in India. The age-old Indian classics Susruthasamhita (400 
BC), Charakasamhita (700 BC), and Astangahridayam were some of the 
earliest to mention rice varieties having medicinal properties. Susruta, the 
great Indian pioneer in medicine, has elaborated the medicinal properties of 
rice and these have been well documented. Rice is also considered to reduce 
the thridosa––Vatha, Pitha, and Kapha––the root cause of all body ailments 
(Moos 2004).

INDIA—A TREASURE TROVE OF MEDICINAL RICE

Arumugasamy et al (2001) examined the existence of medicinal rice varieties 
in Tamil Nadu and reported that rice variety Kuzhiyadichan (Kulikulichan) 
is given to lactating mothers to increase milk flow. Variety Pitchavari is used 
for the treatment of diarrhea in cattle. The natives and traditional healers 
of Chattisgarh, "the rice bowl of India,” are well aware of medicinal uses of 
rice and many medicinal rice varieties have been reported from the state. 
Das and Oudhia (2001) identified more than 50 traditional rice varieties 
that possess medicinal properties in the districts of Raipur, Bilaspur, Durg, 
Rajnanadgaon, Bastar, and Sarguja in Chattisgarh. Most of these varieties are 
under cultivation in very restricted areas. In Chattisgarh, rice is generally used 
in diets for the sick and it is invariably ordered as the safest and best food for 
all dysenteric complaints, especially with curd. Rice water is recommended 
as an excellent demulcent and refrigerant drink in febrile and inflammation 
diseases. It was also noted that inhabitants of Chattisgarh have named 
varieties on the basis of their medicinal properties. For example, medicinal 
rice variety Laicha was so named because of its unique ability to prevent 
Laicha disease (skin infection). The medicinal rice variety Bhejri is used by 
the traditional healers and natives of Chattisgarh to relieve hoarseness of 
voice and throat problems (Oudhia 1999). Cooked rice with curd is given as 
dinner to patients. It is also used for stopping the vomiting sensation resulting 
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from overuse of wine. Many varieties grown in other states have medicinal 
properties. In Jeypore tract of Orissa, rice varieties Meher, Saraiphul, and 
Danwar are reported to be used by tribals against various ailments. There 
are reports on the presence of two medicinal rice varieties, Atikaya and Kari 
bhatta, in Uttara Kannada District of Karnataka. Atikaya is used as a health 
tonic whereas Kari bhatta cures skin infections (Balachandran et al 2004). 

RICE AND AYURVEDA 

Certain medicinal rice varieties are used extensively in the Ayurvedic system 
of medicine. According to Susrutha, rice can be broadly classified into two 
kinds, Saali rice and Vreehi rice. Saali rice is characterized by a red husk and 
white kernels and is mostly grown during the winter season. Vreehi rice has 
different husk colors (ranging from white, straw, red, and brown to shades of 
black), with red kernels, and is grown during the rainy season. Saali rice is 
considered laghu, meaning light or easily digestible, is cooling and diuretic, 
alleviates thirst, and reduces Vatha, Pitha, and Kapha. It is also considered to 
be better from the medicinal point of view. Vreehi rice, on the other hand, is 
guru (heavy) vis-à-vis Saali rice. Some important Saali and Vreehi varieties 
mentioned in Ashtangahridayam, Charakasamhita, and Susrutasamhita are given 
in Table 1. Among the Saali rice varieties, the most important and best one 
is Raktha Saali, so called for its pigmented plant parts and red-husked grains. 
Among the Vreehi varieties, Shastikam, which matures in a short period of 
60 days, is superior to others and the rice from this is also laghu in contrast 
to the other Vreehis (Leena Kumary 2004).

MEDICINAL RICE HERITAGE OF KERALA

Some of the traditional varieties that were in cultivation in Kerala in olden 
days (Chennellu, Kunjinellu, Chembavu, Kalamappari, Neduvali, Velvali, 
Narikari, Erumakkari, Varakan, Poovali, Tanavala, etc.) are believed to be 
Saali varieties having medicinal value. Of these, Chennellu is considered as 
the best and least harmful. Anduvila Chennellu, another Saali variety that 

Saali varieties

Raktha Saali, Mahan, Kalamam, 
Thoornakam, Sakunahritham, 
Saromukham, Deerkhasukam, 
Lodhrasukam, Sugandham, Pathamgam, 
Thapaneeyam

Vreehi varieties

 Shashtikam, Mahavreehi, Krishna 
Vreehi, Jathumukham, Kukkudandakam, 
Lavaaksham, Paravathakam, Sookaram, 
Varakam, Uddalakam, Ujjualam, 
Cheenam, Saradam, Darduram. 
Gandhanam, Kuruvilam

Table 1: Important rice varieties with medicinal value.
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takes one year to mature, was considered to increase Kapha and Pitha and 
hence not recommended for daily use. Varieties such as Navara (Njavara), 
Karimkuruva, Perunellu, Ulimkathi, Valanellu, Chitteni, Modan, Aaru 
nellu, etc., were some important Vreehi varieties that were in existence in 
Kerala (Nair 2004). Varinellu, which is a weed found in rice fields, is known 
to possess medicinal properties and was used for preparing royal meals for 
the rulers. Kerala is blessed with a number of rice varieties with medicinal 
and curative properties. Several of these varieties have found mention in 
the ancient texts of Ayurveda, the traditional holistic health care system in 
India. Some of this medicinal rice is present only in literature and is not in 
cultivation any more. However, some varieties are still being cultivated in 
restricted pockets of Kerala on a small scale for their medicinal properties, for 
example, Navara, Chennellu, Kunjinellu, Erumakkari, and Karuthachembavu 
(Elsy et al 1992, Menon and Potty 1999). 

NAVARA, THE MAGIC SPELL FROM KERALA

Navara is a rice native to Kerala and it is unique in its medicinal properties. 
It has an important place in the Ayurvedic system of treatment and is used 
both internally and externally, alone or in combination with other herbs in 
the treatment of many diseases.  Navara rice is of two kinds, whitish and 
blackish. Shastikam is a Navara variety, which takes 60 days for harvesting. 
Two types of Navara have been mentioned in Ashtangahridayam, the white-
glumed (husked) and black-glumed, both of which are used in Ayurvedic 
medicine. Ashtangahridayam indicates that the white one is superior to the 
black one but many practicing physicians use black-glumed Navara (Anil 
Kumar 2004). The white (yellow) variety is popular in the southern districts 
of Kerala, whereas, in northern districts, practitioners use the black variety 
(Nair 2004, Leena Kumary 2004).

THERAPEUTIC VALUE OF NAVARA

Ashtangahridayam advocated the inclusion of Navara rice in the diet during 
the time of pathyacharana (observing a strict time schedule and following 
special rules and a regimen normally after undergoing Ayurvedic treatments, 
especially Panchakarma). This has a wide range of benefits, including as an 
aphrodisiac. The oil prepared out of Navara rice is used for a wide range of 
aches and pains such as cervical spondylosis, lower back ache, paralysis, and 
rheumatoid arthritis (Moos 2004). 
 Navara finds use in Njavarakizhi, which is mainly Navara-based. This is 
the specialty treatment from Kerala based on the preparatory procedure of 
Panchakarma therapy. This is practiced mainly in neuromuscular disorders 
such as hemiplegia, paraplagia, muscular dystrophy, etc. Oleation to head 
and body using special cloth pieces containing a smooth paste of Navara rice 



Potential and Prospects of Medicinal Rice with Special Reference to Navara     291

cooked in Sida (Sida rectusa. Lin.) decoction and milk makes the body supple, 
removes stiffness of joints due to various vitiated Vatha-dominant conditions, 
cleans the body channels, and brings about better blood circulation (Nair 
et al 2004). In addition, it is traditionally consumed as a replenishing drink 
called karkidakakanji during the monsoon season along with certain other 
herbal medicines. This gruel is considered a health tonic and is effective for 
removing general fatigue. Ayurvedic practitioners effectively use Navara rice 
paste, lepanam, for treating psoriasis. This is also found to be an excellent 
remedy for the removal of skin lesions. The use of Navara as a weaning food 
for babies with low weight is also reported. Navara gruel prepared in meat 
soup is reported to increase the body weight of fetuses and general health of 
expectant mothers. 

EVALUATION OF NAVARA ECOTYPES

The initial attempt at RAPD analysis, AFLP, and microsatellite studies for 
assessing intracollection diversity of Navara conducted at the Rajiv Gandhi 
Center for Biotechnology, Thiruvanathapuram, revealed high genetic 
diversity and the presence of distinct morphotypes (Thomas et al 2004). 
Isozyme analysis with respect to peroxidase and esterase in young leaves 
resulted in 11 bands. Out of the biochemical markers tested, the peroxidase 
banding pattern in leaves showed maximum polymorphism. Preliminary 
evaluation of Navara ecotypes by Elsy et al (2004) revealed isozyme and 
protein polymorphism in Navara and its significance in characterization 
of this cultivar. Both black- and yellow-glumed Navara types were found 
to be physiologically very active, with high amounts of chlorophylls and 
carotenoids, especially in black-glumed Navara (Nair 2004). 

MEDICINAL RICE: SCOPE AND FUTURE

We should be grateful to our forefathers for having preserved medicinal 
varieties of rice in spite of their poor yield and the introduction of high-
yielding varieties. Promotion of these varieties as speciality rice can open up 
greater awareness, benefit a broader public, and result in increased income 
for the poor farming community that has preserved these varieties against all 
adversities. This rice can also be promoted as a health food as the rice gruel 
made of Navara is considered beneficial in preventing various diseases and is 
a safe food for diabetic patients. Also, it can find a place as a weaning food 
for newly born babies and is considered good for postnatal care of mothers 
after delivery.
 Ayurvedic physicians in Kerala use Navara in different forms and 
combinations for treating of hemorrhoids, stomach ulcers, urinary complaints, 
dysentery, snakebite, and also as an aphrodisiac. It is also being used as a 
muscle toner. The promotion of eco-tourism by offering package tours that 
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include a taste of a traditional Ayurvedic treatment, such as njavarakizhi and 
uzhichil, could be explored and judiciously exploited.

RESEARCH ISSUES AND SOCIAL CHALLENGES 

There are many pertinent scientific issues to be examined and validated 
along with the popularization of the cultivation of medicinal rice. Some of 
these issues follow:
 1. Collection, conservation, characterization, and purification of medicinal 

rice and documentation of indigenous traditional knowledge.
 2. Biochemical and molecular characterization of these varieties and 

protection of intellectual property rights.
 3. Standardization of agro-techniques for higher productivity without 

losing quality.
 4. Strengthening marketing infrastructure and providing a niche 

market.
 5. Therapeutic validation of the medicinal properties of these 

varieties.
 These subjects need to be examined adequately for the benefit of the 
farming community, scientific community, and public at large. 
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The rainfed lowland rice production system in Asia covers about 46 million 
hectares, which is almost 30% of the total rice area worldwide. Production in 
much of this system is hampered by drought, submergence, and multiple soil 
constraints. The Green Revolution largely bypassed these difficult environments 
and they continue to be characterized by low agricultural productivity 
and widespread poverty. More recently, there has been some success with 
technology development and adaptation. However, the potential and realized 
benefits from research and development efforts in the rainfed lowland ecosystem 
will continue to strongly depend on indigenous soil fertility and soil-related 
constraints. As a first step in our effort to better characterize soil and water 
resources in rice-based rainfed lowland systems at the regional and landscape 
level, we characterized the distribution and frequency of soil constraints in 
rainfed lowlands. Seven percent of rainfed rice is grown on problem soils such 
as acid-sulfate soils or saline soils. One-third of rainfed lowland rice is grown 
on relatively fertile soils, slightly less than one-third grows on soils with low 
indigenous soil fertility, and slightly more than one-third grows on soils with 
considerable soil constraints often combined with very low soil fertility. Rainfed 
lowland rice in Southeast Asia is much more likely to be on poor soils with 
various soil constraints than in South and East/Northeast Asia. 

Rainfed rice ecosystems in Asia coincide to a large extent with regions 
of severe and extensive poverty where rice is often a principal source of 

staple food, employment, and income for the rural population (IRRI 2006). 
Important reasons for the coincidence of rainfed rice ecosystems and rural 
poverty are the limited quality of the natural resources in these areas and the 
slow progress in development and dissemination of improved varieties and 
resource management options. Nevertheless, developments in some rainfed 
environments during the past two decades do indicate that rice research 
can help improve rainfed rice ecosystem productivity and profitability. In 
some of these regions, alternative crop management options are becoming 
economically viable as a result of the considerable economic development 
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taking place in most Asian countries. However, the potential and actual 
benefits from research and development efforts will continue to strongly 
depend on the quality and availability of natural resources, particularly soil 
and water resources (Haefele et al 2006, Naklang et al 2006). Soil quality 
has historically been equated with agricultural productivity and, given the 
low-input systems common in rainfed lowland rice, it remains very important 
in this ecosystem. Soil characteristics determine the indigenous nutrient 
supply to the crop, they influence the amount of crop-available water, and 
conditions in the rhizosphere may affect crop growth negatively (e.g., salinity, 
acidity, alkalinity, and toxicities). 
 Rainfed rice is produced in agroecosystems that differ considerably 
in their characteristics and consequently present distinct challenges and 
opportunities. The most important rice-based rainfed system in Asia with 
respect to area and the number of dependent households is the rainfed 
lowland ecosystem; others are the upland and deepwater ecosystem. Rainfed 
lowland rice grows in bunded fields to retain ponded water and fields are 
flooded for at least part of the growing season. Rainfed lowlands can be 
further characterized according to the characteristic depth of ponded water 
and the dominant abiotic constraints. The two main types of rainfed lowland 
systems distinguished by Huke and Huke (1997) are shallow (0.1–0.3 m) 
and intermediate (0.3–1 m) rainfed lowlands. In shallow rainfed lowlands, 
submergence of the rice crop is usually limited to fewer than 10 consecutive 
days, whereas submergence in intermediate rainfed lowlands is more frequent 
and can last more than 10 days (IRRI 1984). Abiotic constraints to further 
distinguish shallow rainfed lowlands are drought, submergence, and the 
combination of drought and submergence.
 Here, we present a quantitative characterization of soil quality in shallow 
and intermediate rainfed rice ecosystems in South and Southeast Asia. The 
approach is similar to that of Garrity et al (1986), but we included the 
analysis of intermediate rainfed lowlands (which were excluded by Garrity 
et al [1986]), and used the most recent database on rice area distribution 
(update of Huke and Huke [1997]). Our objective was to contribute to a 
better understanding of the main opportunities and constraints in rice-based 
rainfed lowland ecosystems and to provide related maps. This could help in 
focusing research efforts and to delineate areas for the dissemination of new 
rice technologies. 

MATERIALS AND METHODS

We analyzed soil fertility–related characteristics of rainfed lowland 
environments by combining spatial databases of soil types and rice area. 
Rice data came from an updated and revised version of the database on 
the geographical distribution of rice areas classified for the different rice 
agroecosystems in South and Southeast Asia by Huke and Huke (1997). For 
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each country, the area in various rice ecosystems was compiled for second-
level administrative subdivisions such as counties in China and districts in 
India. In total, the database contained 2,788 of such units with information 
on rainfed lowlands.
 Soil information was derived from the digital version of the Soil Map of 
the World (FAO 1995). Each map unit describes a soil unit or associations of 
soil units. When a map unit is not homogeneous, it is composed of a dominant 
soil type and component soil types. The latter are either associated soils 
(maximum three, covering at least 20% of the area each) or soil inclusions 
(maximum four, covering together less than 20% of the area).  Each soil has an 
FAO soil name and additional information on texture, slope, and the presence 
of phases. To transfer these data to variables that can be related to soil fertility 
constraints, we classified each map unit according to the Fertility Capability 
Soil Classification (FCC) system (Sanchez and Buol 1985, Sanchez et al 
2003). The FCC groups soils according to their physical properties and the 
chemical properties that cause problems in crop production. It consists of two 
categorical levels, describing topsoil and subsoil texture (first category) and 
soil conditions affecting plant growth (second category). The second category 
consists of several modifiers indicating whether a soil has, for example, a low 
pH, cation exchange capacity, or salinity. The FCC modifiers were aggregated 
for each mapping unit (polygon) according to the relative area of each soil 
unit within the mapping unit. We distinguished four groups of soils with 
different levels of soil fertility and severity of soil constraints based on the 
interpretation of the FCC condition modifiers according to Sanchez and Buol 
(1985). The first two groups (“good” and “poor” soils) do not have major soil 
chemical constraints but differ in their degree of weathering and, therefore, 
their indigenous soil fertility (Table 1). The third group represents highly 
weathered soils with a high probability of soil chemical constraints to crop 
growth (“very poor” soils). The last group combines the most frequently cited 
“problem soils,” that is, acid-sulfate soils, peat soils, and saline and alkaline 
soils (Sanchez and Buol 1985), which are partly characterized by low fertility 
and partly by soil chemical constraints. We used ArcMap (ESRI, Redlands, 
CA, USA) to “intersect” the rice distribution and soil databases, resulting 
in rainfed lowland rice areas characterized by the various descriptors of the 
FCC system.

RESULTS

Shallow rainfed lowlands are almost equally distributed between South and 
Southeast Asia (15.3 and 16.1 million ha, respectively), whereas intermediate 
rainfed lowlands are concentrated in South Asia (6.9 and 3.7 million ha, 
respectively) (Table 2). Problem soils are not widespread but they are locally 
important, especially in northern India (sodic soils), in some coastal lowlands 
of Bangladesh, Myanmar, Thailand, and Vietnam (saline and acid-sulfate 
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soils), and in coastal regions of Borneo, Sumatra, and New Guinea (acid-
sulfate and organic soils) (Fig. 1A). Fertile soils without major constraints are 
relatively widespread in India, Bangladesh, western Myanmar, Java, northern 
China, and Korea (Fig. 1B). They also cover larger areas in Cambodia. Poor 
soils without major constraints are frequent in eastern India, Sri Lanka, 
coastal lowlands of Borneo and Sumatra, and New Guinea (Fig. 2A). Very 
poor soils with considerable soil constraints are particularly common in 
the eastern parts of Myanmar, most of Thailand, Laos, Vietnam, Malaysia, 
Borneo, Sumatra, and large parts of Cambodia (Fig. 2B). In India, they are 
mostly limited to the west coast and to mountainous regions in the north 
and northeast. 

Table 1: Description of the four soil fertility groups distinguished in this study. The groups 
were characterized based on the Fertility Capability Soil Classification system (FCC) and 

the description of modifiers according to Sanchez and Buol (1985).

1. Fertile (good) soils, no major soil constraints: all topsoils not designated with any of the 
FCC modifiers, h, k, e, a, i, s, c, O, n, or b; therefore, none of the constraints indicated by 
these modifiers occurs. The absence of the modifiers a, h, and b indicates soil pH values in 
the optimum range between 6.0 and 7.3. Soils included here might be designated with the 
FCC modifiers x (volcanic materials) or v (vertic soil properties). Soils in this group have 
a range of indigenous soil fertility but are generally much less weathered than the next two 
soil groupings below.

2. Poor soils, no major soil constraint: all topsoils with no other FCC modifier than h (10–60% 
Al saturation of the effective CEC or pH between 5 and 6). Crop growth is not limited by 
any major soil constraint, although severe P deficiency may occur. However, the acid soil 
reaction and the high Al saturation indicate highly weathered soils with limited indigenous 
nutrient supplies and low nutrient retention capacity.

3. Very poor soils, considerable soil constraints: all topsoils designated by one or several of 
the FCC modifiers k (< 10% weatherable minerals in silt and sand fraction or exchangeable 
K < 0.20 meq per 100 g soil), e (effective CEC < 4 meq per 100 g soil), a (> 60% Al 
saturation), or i (% free Fe2O3 divided by % clay > 0.15 and more than 35% clay or hues of 
7.5 YR or redder and granular structure). Crop growth on these soils is potentially limited 
by combinations of low nutrient reserves (k), low CEC (e), Al toxicity (a), and/or high P 
fixation. Generally, these are highly weathered soils with very limited indigenous nutrient 
supplies, low nutrient retention capacity, frequent and often severe P deficiency, acidic to 
very acidic soil reaction (pH < 5), and Fe/Al toxicities. 

4. Problem soils: all topsoils designated with the FCC modifiers s (saline soils), c (acid-sulfate 
soils), O (organic soils), n (sodic soils), or b (alkaline soils). Crop growth on these soils is 
likely to be limited by salinity (s), very low pH, P deficiency, and Fe/S/Al toxicity (c), nutrient 
deficiencies of N, Zn, K, P, Cu, and Mo (O), or high pH and P, Fe, Zn deficiency (n, b). 
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 Overlaying these soil groups and the rainfed lowland rice area databases 
allowed determining the rice area per ecosystem and soil group for each 
country (Tables 3 and 4). According to this analysis, only 33% of shallow 
rainfed lowlands and 40% of intermediate rainfed lowlands are situated on 
fertile soils without major constraints. However, soil quality limitations are 
not equally distributed across countries and, in general, rainfed lowlands 
in South and East/Northeast Asia have better soils than in Southeast Asia. 
In India and Bangladesh, fertile and poor soils without major constraints 
dominate and account in both ecosystems for 75% to 80% of the total 
rainfed lowland rice area. In contrast, problem soils and very poor soils with 
major constraints account for 58% to 82% of the total rice area in shallow 
rainfed lowlands of Thailand, Cambodia, Laos, and Vietnam, and for 51% 
to 67% of the total rice area in intermediate rainfed lowlands of Thailand, 
Indonesia, Cambodia, and Laos. In Southeast Asia, only Myanmar and the 

Table 2: Area and distribution of rainfed lowland rice across Asia in million 
hectares. The rice area represents an updated and revised version of the 

database established by Huke and Huke (1997).

  Shallow Intermediate
Region Country rainfed rainfed Total
  lowlands   lowlands 

South Asia  
 India 11.71 4.43 16.14
 Bangladesh 2.66 2.43 5.09
 Nepal 0.74 0.02 0.76
 Sri Lanka 0.19 0.02 0.22
 Bhutan 0.02 0.00 0.02
    
Southeast Asia  
 Thailand 6.41 1.79 8.20
 Indonesia 2.96 1.04 4.01
 Vietnam 2.19 0.73 2.91
 Cambodia 1.18 0.39 1.57
 Philippines 0.96 0.36 1.32
 Lao PDR 0.44 0.00 0.44
 Myanmar 1.96 0.45 2.41
    
East and Northeast Asia  
 China 1.75 0.00 1.75
 Korea, Rep. of 0.28 0.00 0.28
 Korea, DPR 0.11 0.00 0.15
    
Total  33.57 11.67 45.24
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Fig. 1: Distribution of “problem soils” (A) and “good soils” (B), based on the 
Fertility Capability Soil Classification system and the FAO soil map of the 

world (see Table 1). Only areas where rainfed lowland rice occurs are mapped.
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Fig. 2: Distribution of “poor soils” (A) and “very poor soils” (B), based on the 
Fertility Capability Soil Classification system and the FAO soil map of the 

world (see Table 1). Only areas where rainfed lowland rice occurs are mapped.
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Philippines have a larger share of better soils in rainfed lowland ecosystems 
(around 60% for fertile and poor soils without major constraints). Problem 
soils are relatively more widespread in intermediate rainfed lowlands and the 
most important rice areas on problem soils occur in India (1.0 million ha), 
Bangladesh (0.6 million ha), Thailand (0.4 million ha), and Vietnam (0.9 
million ha).
 Physical soil constraints were analyzed separately and the analysis was 
limited to characteristics indicating restricted soil depth and/or soil water 
storage capacity, that is, sandy topsoils (<18% clay and >65% sand), shallow 

Table 3: Comparative distribution of intermediate rainfed rice areas 
by soil fertility group for the countries of South, Southeast, and East/

Northeast Asia. For the description of the soil fertility groups,
see Table 1. 

Country Area Good Problem Poor Very poor
 (million ha)  soils  soils soils  soils

 (% of area per country)

South Asia     
India 4.43 42   9 34 15
Bangladesh 2.43 66 17 10   8
Nepal 0.02 48   0 40 12
Sri Lanka 0.02   6   6 25 64
Bhutana 0.00 17   0 38 45
     
Southeast Asia     
Thailand 1.79 12   6 21 61
Indonesia 1.04 21   8 28 43
Myanmar 0.45 59 22   4 15
Cambodia 0.39 36   7 13 44
Laos 0.00 – – – –
Vietnam 0.73 37 34 12 18
Philippines 0.36 32   0 25 43
East Timora 0.00 72   1   4 23
     
East/Northeast Asia     
China 0 – – – –
Korea, Rep. of 0 – – – –
Korea, DPR 0 – – – –
     
Total  11.67 4.69 1.34 2.61 3.03
Total (%)  40 12 22 26

aThe total rainfed rice area is below 2,000 ha.
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Table 4: Comparative distribution of shallow rainfed rice areas by soil 
fertility group for the countries of South, Southeast, and East/Northeast 

Asia. For the description of the soil fertility groups, see Table 1.

Country Area Good Problem Poor Very poor
 (million ha)  soils  soils soils  soils

 (% of area per country)

South Asia     
India 11.71 37   7 43 13
Bangladesh 2.66 67   8 12 13
Nepal 0.74 39   0 33 28
Sri Lanka 0.19 15   6 38 41
Bhutan 0.02 17   0 37 46
     
Southeast Asia     
Thailand 6.41 11   5 20 64
Indonesia 2.96 30   6 25 39
Myanmar 1.96 50 13 11 26
Cambodia 1.18 29 10 12 49
Laos 0.44 11   4   7 78
Vietnam 2.19 31 29 11 29
Philippines 0.96 32   0 26 42
East Timor 0.01 72   1   4 23
     
East/Northeast Asia     
China 1.75 41   3 15 41
Korea, Rep. of 0.28 42   0 15 43
Korea, DPR 0.11 75   2 20   3
     
Total  33.57 11.32 2.45 8.89 10.91
Total (%)  33   7 27 33

soils (a hard root-restricting layer within 0.5 m of the soil surface), and 
topsoils with gravel (>15% gravel). In shallow rainfed lowlands, shallow/
gravel soils and sandy soils each account for 8% of the total rice area in this 
ecosystem, whereas, in intermediate rainfed lowlands, shallow/gravel soils 
and sandy soils account for 9% and 7% of the total rice area, respectively.

DISCUSSION

Our tabulations of rainfed lowland rice areas for most countries and for 
both ecosystems are similar to those of Huke and Huke (1997). However, 
our study indicated considerably less (about 1.0 million ha) rainfed lowland 
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rice area in Bangladesh and slightly more shallow rainfed lowlands in Nepal, 
Indonesia, and Vietnam. In comparison with Garrity et al (1986), our 
results indicate considerable increases in rainfed lowland rice area in India, 
Thailand, Indonesia, Vietnam, and Cambodia, and decreases for Bangladesh. 
Our estimate of the total area of shallow rainfed lowlands in Asia at about 
34 million ha is similar to that of Huke and Huke (1997), whereas Garrity 
et al (1986) reported about 28 million ha for this ecosystem, which, after 
accounting for their omission of 2.2 million ha in East and Northeast Asia, 
confirms to what was reported by Huke (1982) for 1980. The total area of 
11.7 million ha of intermediate rainfed lowlands estimated here is slightly 
below the 12.1 million ha reported by Huke and Huke (1997). This ecosystem 
is most important in western India and Bangladesh, followed by Thailand 
and Sumatra (Indonesia).
 Alhough a characterization of intermediate rainfed lowlands had not 
been conducted before, our results for the shallow rainfed lowlands can be 
compared with those of Garrity et al (1986). These authors found that 44% 
of the shallow lowlands were fertile without major constraints and that the 
FCC modifiers a, e, and i (low CEC and low CEC plus high P fixation) 
accounted for 42% of the total area. Problem soils covered 11% of the rice 
area in this ecosystem. These results deviate considerably from ours although 
this is partly masked by our definition of soil fertility groups. Our results 
indicate that “only” 7% can be characterized as problem soils. Fertile soils 
without major constraints according to Garrity et al (1986) would combine 
good and poor soils (33% + 27% = 60%) in our study. This difference cannot 
be explained by soils typified by the k-modifier only because they cover only 
4% of shallow rainfed lowlands (we added these soils to the very poor soils, 
whereas Garrity et al [1986] added them to the fertile soils; data not shown). 
Similarly, poor soils with major constraints in our study cover considerably 
less rice area (33%) than in the study of Garrity et al (42%) although they 
include the 4% area of soils typified with the k-modifier only. It remains 
unclear whether these differences can be attributed to the changes in rice 
area of shallow rainfed lowlands outlined above (reduced area in South Asia, 
increases in Southeast Asia, and integration of areas in East/Northeast Asia) 
and/or methodological differences (manual overlay by Garrity et al [1986] 
and digital overlay in our study).
 Independent of these differences, presented results must be interpreted 
with some caution because of the methodology used. First, the limited spatial 
resolution of our input data restricts the resolution of the output data. The 
FAO soil map was generated at the 1:5,000,000 scale and rice distribution 
was recorded by second-level administrative units. Although the FAO soil 
map does not ignore variability within mapping units, the spatial distribution 
of distinct soil types within a mapping unit is not known. Similarly, within 
one administrative unit, there may be strong variation with rice grown 
in some parts, and not in other parts, which could be associated with the 
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presence of very different soils. Therefore, more accurate results from this 
type of characterization study can only be achieved if databases with a higher 
spatial resolution become available. We are currently working on improved 
rice distribution maps using remotely sensed land cover data for mapping 
rice-growing areas directly, but improving soil maps will be a much harder 
task.
 The other main limitation of our analysis is that soil characteristics 
and constraints can be strongly modified by local geomorpholgy and the 
hydrology (Homma et al 2003, Oberthuer and Kam 2000). Integration of 
soil characteristics with land properties such as slope and climate, that are 
available at a high spatial resolution, is a necessary next step to achieve more 
meaningful and useful characterizations of rainfed lowland ecosystems. 

CONCLUSIONS

Our results suggest that only about one-third of rainfed lowland rice is 
grown on relatively fertile soils, slightly less than one-third grows on soils 
with low indigenous soil fertility, and slightly more than one-third grows 
on soils with considerable soil constraints often combined with very low 
soil fertility. Overall, soil constraints are a little more common in shallow 
rainfed lowlands than in intermediate rainfed lowlands but the differences 
between both ecosystems are surprisingly small. Farmers growing rainfed 
lowland rice in Southeast Asia are much more likely to encounter very poor 
soils with various soil constraints than farmers in South and East/Northeast 
Asia. These results confirm that soil quality is a major factor contributing to 
the low productivity and widespread poverty in rainfed lowland ecosystems. 
However, our study did not include an analysis of water resources, which are 
the other main determinant of system productivity. For agronomic purposes, 
the integration of soil and available water resources is essential to achieve a 
meaningful characterization of rainfed environments. Our study is the first 
step toward that goal and we will continue these efforts to better characterize 
soil and water resources and their interactions within the landscape of the 
rice-based rainfed lowland ecosystem. 
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A decline in factor productivity has necessitated research on soil quality. Soil 
quality is a multifaceted concept, of which soil productivity is an essential 
component. Characterization of soil physical productivity has remained a 
challenge because of wide temporal and spatial variability in soil physical 
properties, their interdependence, and their complex interaction with crop 
growth and yield. Establishment of quantitative relationships among soil 
physical properties and crop yields has been attempted by several workers, but 
has failed to generate universal conclusions. The use of single-value indices that 
incorporate all or most of the soil physical properties affecting plant growth 
appears to be a potential means of characterizing soil physical productivity. 
The nonlimiting water range (NLWR) appears to be a useful index. It is based 
on three primary soil physical properties that affect plant growth: soil water, 
soil air, and soil penetration resistance, and has been significantly correlated 
with crop yields. The NLWR was successfully used in studying the impact of 
the long-term use of chemical fertilizer and organic materials on soil physical 
productivity under different cropping systems.

Crop productivity is the result of the complex interaction of several 
biotic and abiotic factors, including soil, genotype, climatic conditions, 

management options, and farmer skills. The decline in factor productivity 
in intensive and major cropping systems globally during the last two decades 
has necessitated research on soil quality issues, of which soil productivity is 
a major component. Assessment of soil productivity is essential to compare 
production potentials of different agroecosystems, to understand the rate 
and direction of change in soil productivity with time, and to understand 
the sustainability of production systems.

Indexing Physical Productivity
of Soils

Pradeep K. Sharma
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ASSESSMENT OF SOIL PHYSICAL PRODUCTIVITY 

Soil productivity, the ability of soil to yield crops, has three basic components: 
physical (soil physical properties), chemical (soil fertility), and biological 
productivity (biological activity in soil). But, probably because of spectacular 
effects of agricultural chemicals on crop productivity and poor understanding 
of critical values of soil physical properties limiting crop productivity, undue 
consideration has been given to soil nutrition without adequate consideration 
for soil physical productivity. Soil physical properties in several ways are 
linked with soil functions considered essential for good soil quality (Lal 1994). 
U.S. farmers and professional farm managers are probably aware of the role 
of soil physical properties in soil quality assessment, as most (>90%) of them 
assess soil quality based on the easily measurable soil physical properties that 
influence management decisions such as the timing of plowing and planting, 
etc. (Wander et al 2002). 
 The soil physical properties that directly influence crop growth and 
yield (primary physical properties) are soil water, soil air (oxygen), soil 
temperature, and soil mechanical impedance. The commonly measured 
soil physical properties, such as soil texture, bulk density, porosity, pore-
size distribution, aggregation, aggregate stability, hydraulic conductivity, 
infiltration, etc., influence plant growth indirectly by affecting the primary 
soil physical properties. The interaction among soil physical properties and 
crop parameters is complex; hence, it is difficult to develop workable criteria 
of soil productivity assessment. Several researchers have put in their thoughts, 
time, and energy to develop methodologies for the physical characterization of 
soil resources for specific purposes (Lal 1985, Tripathi et al 2005). This paper 
describes soil physical characterization in relation to crop production. 

QUANTITATIVE RELATIONSHIPS
AMONG SOIL PHYSICAL PROPERTIES AND CROP YIELD

Measuring soil physical properties and correlating them with plant growth 
and yield and their components is the simple and easy approach of soil 
physical characterization. Several quantitative relationships among soil 
physical properties and crop growth, yield, and yield attributes have been 
established and reported in the literature (Cannell 1977, Armstrong 1979, 
Sharma and De Datta 1986, Pagliai 2002). But these studies have failed to 
develop meaningful critical values of soil physical properties in relation to 
crop production for several reasons. The soil physical properties vary widely 
in time and space, and they are highly interdependent. Their effect on 
crop growth is also interdependent. The response of crops to soil physical 
properties varies with crop species, crop stage, and climatic conditions. The 
quest therefore continues for a soil indicator that is simple and has a physical 
meaning in relation to soil physical environment and plant growth. 
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SINGLE-VALUE SOIL PHYSICAL INDEX 

Any index evaluating the physical quality of soil for crop production must 
incorporate all or most of the critical measurable sources of stress that 
the soil imposes on growing plants. Letey (1985) introduced the concept 
of nonlimiting water range (NLWR), a single-value soil physical index 
incorporating three of the four primary soil physical properties affecting 
crop growth. The NLWR describes a range in water contents over which 
available water content, soil aeration, and soil strength do not limit crop 
growth and yield. According to da Silva et al (1994), the term NLWR was 
somewhat misleading because studies have shown that crop growth varies 
in a continuous fashion with soil physical properties rather than following 
a step function as indicated by NLWR (Dexter 1987, Allmaras and Logsdon 
1990). They therefore used the term “least-limiting water range” (LLWR) 
to describe “the range in soil water content in which limitations for plant 
growth associated with water content, aeration, and mechanical impedance 
are minimal.” The concept, however, remains the same as NLWR.
  Gupta (1983) developed an index called the “physical index” (PI) 
for physical rating of soils in relation to crop production. The PI is a product 
of ratings of eight soil physical properties: soil depth, bulk density, moisture 
storage capacity, cumulative infiltration/apparent hydraulic conductivity, 
aggregation, noncapillary pore space, water-table depth, and slope. A value 
has been assigned to each component of PI for upland crops as well as 
rice crops, ranging from a fraction to 1.0; 1.0 is the value for a condition 
considered optimum for plant growth. Soils are classified into five categories 
based on the PI for their suitability for cultivation.
 Singh et al (1992) developed a “tilth index” to assess soil physical 
productivity. It is based on five soil physical properties: bulk density, cone 
index, aggregate size uniformity coefficient, organic matter, and plasticity 
index. 
 Mohanty et al (2007) developed a soil quality index (SQI) based on 
bulk density, penetration resistance, water-stable aggregates, and soil organic 
matter and used it for evaluating a Vertisol under the rice-wheat system. The 
SQI was significantly correlated with rice and wheat yields; however, the 
relationship was negative with rice yield and positive with wheat yield. They 
argued that since soil physical conditions optimum for rice are not favorable 
for wheat, the opposite direction in correlation between SQI and grain yield 
is observed for rice and wheat crops.
 The concept of NLWR appears more convincing, and is discussed in 
detail in the following section.
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NONLIMITING WATER RANGE (NLWR) 
AS A SOIL PHYSICAL INDEX

NLWR (or LLWR) is the water range over which limitations with respect to 
primary soil physical properties—water content, soil aeration, and mechanical 
impedance to plant growth—are minimal/nonexistent. The upper limit of 
NLWR could be the water content at the critical oxygen diffusion rate (ODR), 
10% air-filled porosity, or –10 kPa water potential (Letey 1985, da Silva et 
al 1994, Carter et al 1999, Sharma and Bhushan 2001, Benjamin et al 2003) 
and the lower limit is the water content at a mechanical impedance critical 
to reduce root growth by half. The lower limit will vary with soil type and 
crop species. For wheat in medium-textured soils, for example, the critical 
mechanical impedance may be around 1.75–2.00 MPa (Carter et al 1999, 
Sharma and Bhushan 2001). NLWR is computed as the difference between 
water contents (vol.) at 10% air-filled porosity and at critical soil mechanical 
impedance. The higher the value of NLWR, the better is the soil physical 
condition for plant growth, and vice-versa. The conceptual relationship 
among bulk density, NLWR, and available water capacity (AWC) has been 
explained by Letey (1985) in Figure 1. 

Fig. 1: A generalized relationship between NLWR and soil physical properties (bulk     
density of soil increased from A to C) (adapted from Letey 1985).
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EXPERIMENTAL EVIDENCE

da Silva et al (1994) evaluated LLWR as an index of the structural quality 
of soils using undisturbed soil cores in a silt loam and a loamy sand soil 
cropped to maize and red clover. The LLWR values varied from 0 to 14% 
(by volume) for the silt loam, and from 5% to 13% for the loamy sand soil. 
The LLWR values decreased with the increase in soil bulk density. These 
authors suggested field studies to recommend LLWR as a soil structural index. 
According to Benjamin et al (2003), LLWR was a better index of soil physical 
productivity when water conditions for plant growth were optimum; under 
deficit water conditions, it gave a poor correlation with crop yield.

Effect of Tillage

Carter et al (1999) successfully used NLWR for physically characterizing a 
fine sandy loam soil subjected to long-term (12 years) direct drilling with 
a hoe-drill and moldboard plowing for cereals and protein crops. Although 
bulk density under direct drilling was lower than under moldboard plowing, 
the soil mechanical resistance was relatively higher in the former case: it 
lowered NLWR. NLWR under moldboard plowing and direct drilling was 
13.3% and 6.1% (by volume), respectively. Correspondingly, the available 
water content under two situations was 18.6% and 17.7%. This reveals that 
based on the classical concept of water availability, the two tillage systems 
were almost on a par, but a significant difference was observed when NLWR 
was used as a soil physical index. These authors, however, did not study the 
response of cereal crops to NLWR.

Effect of Organic Residues

Sharma and Bhushan (2001) studied the effect of long-term additions of waste 
plant residues on soil physical properties as indexed by NLWR in a silt loam 
soil under rice-wheat cropping. Lantana sp. biomass was added to the soil 
before puddling at 10–40 t ha–1 y–1 (fresh mass) for 10 years. At the end of 
10 cropping cycles, soil structural properties showed significant improvement 
with Lantana additions (Bhushan and Sharma 2002, 2005, Sharma and 
Bhushan 2001, 2003). Correspondingly, NLWR also showed an increase of 
1.7–3.5 times; the increase in available water capacity (AWC) was marginal 
(Table 1).  The NLWR was positively and significantly correlated with wheat 
yield (Fig. 2). Thus, NLWR proved to be a dependable soil physical index.
 In another study, water-stable aggregates increased with long-term 
additions of organic residues in rice-wheat and maize-wheat cropping 
systems, and so did the NLWR (Table 2). The NLWR again was positively 
and significantly correlated with wheat yield (Fig. 3). 
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Effect of Cropping Systems

Cropping systems and land-use patterns influence soil structure significantly 
(Sharma and Aggarwal 1984). In a recent field study, the NLWR was highest 
in soybean-wheat (16.8%), followed by grasses (14.4–15.6%), maize-wheat 
(13.1–15.4%), and the rice-wheat system (7.5–11%) (Verma and Sharma 
2006a). The soil aggregation (MWD) under these treatments also followed 
the same trend, with corresponding values of 1.69, 5.04, 1.64, and 1.47 mm, 
respectively (Verma and Sharma 2006b). This also conforms to our day-to-day 
observations. Additions of organic residues (as in the soybean-wheat system) 
and/or absence of tillage operations (as in the grass system) maintain lower 
bulk density and better soil structure. Puddling for rice is responsible for the 

Table 1: Effect of ten annual additions of Lantana biomass on mean 
weight diameter (MWD), available water capacity (AWC), nonlimiting 

water range (NLWR), and NLWR:AWC ratio. 

Lantana MWD AWC NLWR NLWR:AWC
addition (t ha–1) (mm) (%, vol.) (%, vol.) ratio

0 1.93 12.9   4.3 0.33
10 2.73 13.4   7.4 0.55
20 2.81 13.7 10.9 0.80
30 3.64 14.9 15.1 1.01
LSD (0.05) 0.28   1.1   1.0 0.17

Source: Sharma and Bhushan (2001, 2003).
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Fig. 2: Relationship between NLWR and grain yield of 
wheat in a long-term experiment on the use of waste 
plant residues in a rice-wheat system (adapted from 

Sharma and Bhushan 2001).
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destruction of soil structure under rice-wheat cropping. NLWR appeared 
sensitive to these changes in soil structure, and hence proved its utility as 
a soil physical index. 

Effect of Chemical Fertilizers

Studies on the effect of long-term fertilizer applications on soil physical 
properties under maize-wheat and rice-wheat rotations also proved the utility 
of NLWR as a soil physical index. As compared to the control of no fertilizer 
application, NLWR in the maize-wheat system with N alone (through urea) 
was lower, with NPK + lime it was the same, and with NP and NPK it was 
higher (Table 3). Under the rice-wheat system, NLWR increased with NPK 

Table 2: Long-term effects of organic residues on mean weight diameter (MWD), available 
water capacity (AWC), nonlimiting water range (NLWR), and NLWR:AWC ratio.

Cropping Duration  MWD AWC NLWR NLWR:
system (years) Treatment (mm) (%, vol.) (%, vol.) AWC
      ratio

Maize-wheat 32 100% NPK 1.67 17.1 13.1 0.77
  100% NPK + FYMa 2.52 18.0 16.5 0.92
Rice-wheat 18 100% NK 1.42 14.1   7.5 0.54
  100% NK + Lantanab 1.80 15.7 12.7 0.82

a10 t ha–1 FYM. FYM = farmyard manure. b40 t ha–1 fresh Lantana biomass.
Source: Verma and Sharma (2006a,b).
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Fig. 3: Relationship between NLWR and grain yield of wheat in 
a long-term experiment on the use of chemical fertilizers in the 
maize-wheat system (adapted from Verma and Sharma 2006a).
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by about 1.6 times over the control. The mean weight diameter followed 
exactly the same trend as the NLWR (Table 3). 

CRITICAL VALUE OF NLWR

Field observations under different cropping systems have shown that NLWR 
is a sensitive index for evaluating soil physical productivity. By comparing 
NLWR values in different cropping systems or under different management 
practices, one can assess the relative productivity status of soil. The higher 
the value of NLWR, the better is the soil physical productivity and vice-
versa. Soils with lower NLWR require intensive management practices to 
improve soil physical properties for better crop productivity. However, to 
assess the productivity status of a given soil, one needs to know the critical 
value of NLWR.  
 Presently, no such value is available in the literature to distinguish 
between a good and a bad soil physical productivity. One such attempt could 
be to compute the NLWR:AWC ratio, a value that indicates the magnitude 
of departure from the classical water availability concept. A physically 
productive soil will not have any limitation for crop growth with respect to 
water availability, soil aeration, and soil mechanical impedance. Hence, the 
NLWR:AWC ratio should be 1.0 or close to 1.0. As soil physical constraints 
increase, soil productivity declines and the difference between NLWR and 
AWC enlarges, thereby showing a smaller value of NLWR:AWC ratio. Such 
observations were made in different field experiments in which the NLWR:
AWC ratio increased and approached unity with improvement in soil physical 
properties  (Tables 1–3). What ratio is permissible for satisfactory crop growth 

Table 3: Long-term effects of chemical fertilizers on mean weight diameter (MWD), 
available water capacity (AWC), nonlimiting water range (NLWR), and NLWR:AWC 

ratio under maize-wheat and rice-wheat cropping systems.

Cropping  MWD AWC NLWR NLWR:AWC
system Treatment (mm) (%, vol.) (%, vol.) ratio

Maize-wheat  Control 1.36 15.6   9.0 0.58
   (32 years) 100% N 0.97 15.7   7.7 0.49
 100% NP 1.59 16.9 12.2 0.72
 100% NPK 1.67 17.1 13.1 0.77
 100% NPK + lime 3.59 16.2   9.4 0.58
Rice-wheat Control 0.72 14.0   6.2 0.44
   (14 years) 100% NPK 0.90 15.8 10.2 0.64
LSD (0.05)  0.14   0.6   1.2 0.06

Source: Verma and Sharma (2006a,b).
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is yet to be known; this needs to be investigated in field experiments. Further, 
the NLWR needs to be determined for different soil layers in the root zone 
for deciding tillage/water/other management practices aimed at modifying 
soil physical productivity.

CONCLUSIONS

NLWR appears to be a dependable soil physical index in relation to crop 
productivity.  However, its critical value needs to be investigated in field 
experiments under different agroecological situations. Further, being more 
sensitive to changes in soil physical properties than AWC, NLWR may be a 
better index for water management in crop production. 
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Increasing Field-Scale Water 
Productivity of Rice-Wheat Systems
in the Indo-Gangetic Basin

E. Humphreys, I. Masih, S.S. Kukal, H. Turral, and A. Sikka

Rice-wheat (RW) systems of the Indo-Gangetic Basin (IGB) are of immense 
importance for food security and livelihoods in South Asia. However, there 
are grave concerns about their sustainability, let alone their ability to increase 
production at a pace with population growth. In particular, current levels of 
groundwater extraction are unsustainable in much of the northwest IGB. There 
is an urgent need to produce more grain using less water and thus increase the 
water productivity (WP) of RW systems.
 This paper outlines the pitfalls and preferred approaches for rigorous study 
of the water use and WP of RW systems at the plot and farmer field scales. 
It then reviews the results of determinations from the scientific and “gray” 
literature, and discusses the opportunities for and limitations to increasing land 
and water productivity, and for saving water, through the adoption of resource-
conserving technologies (RCTs). These RCTs include dry-seeded rice, alternate 
wetting and drying (AWD) water management for rice, zero-till wheat, raised 
beds, and stubble retention. 
 Field-scale determination of water use and WP of RW systems requires 
a systematic approach, and there are many deficiencies in past studies in the 
experimental methods used or their documentation, or both. For example, 
many past estimates of irrigation requirement for ponded rice in the IGB may 
be unrealistically high due to excessive underbund and lateral seepage from 
small plots. Also, many studies do not consider irrigations prior to cultivation 
and sowing in determinations of irrigation water use and WP, and many ignore 
soil water use in the interpretation of results.
 Although there are numerous reports of plot and field-scale water use and 
WP for rice and wheat grown in RW systems, data for the total annual water 
cycle/RW system are lacking. The few WPET data for rice and wheat grown 
in the same field or region in the IGB suggest that WPET for wheat (0.7–1.6 g
kg–1) is consistently higher than for rice (0.4–0.8 g kg–1). Typical values of input 
water productivity (WPI+R) for rice (0.2–0.4 g kg–1) are much lower than for 
wheat (0.7–2.0 g kg–1), largely due to excessive deep drainage. However, deep 
drainage in the IGB is often reused via groundwater pumping and, as such, is 
not a loss to the system. There is considerable potential to reduce irrigation 
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water use and increase WPI and WPI+R of RW systems through targeted adoption 
of RCTs, with many benefits, including cost and energy savings. However, the 
impacts of RCTs on irrigation and total water use, yield, and the various types 
of WP will vary depending on site-specific conditions. In many situations, there 
may be no water savings and even an increase in water depletion (ET) from 
the field. To date, there are few rigorously determined data on the impact of 
RCTs on the various measures of WP, water use, and water savings for rice and 
wheat, let alone for the total RW system.

Rice-wheat (RW) systems are of immense importance for food security 
and livelihoods in South Asia. They are predominantly located in the 

Indo-Gangetic Basin (IGB) of South Asia, occupying about 10 million ha in 
India, 2 million ha in Pakistan, and 500,000 ha in both Nepal and Bangladesh 
(Timsina and Connor 2001). However, yields are declining or stagnant, 
and there are grave concerns about the sustainability of RW systems, let 
alone their ability to increase production at a pace with population growth 
(Pingali and Shah 1999, Ladha et al 2003). In particular, current levels of 
groundwater extraction are unsustainable in much of northwest India (Hira 
and Khera 2000), while the ability to develop water resources for irrigation 
in RW systems in the eastern IGB is economically limited. Therefore, there 
is an urgent need to develop RW systems capable of producing more grain 
while using less water, that is, to increase “crop water productivity” (WP). 
 In analyzing WP, it is important to specify which water is being considered. 
This paper considers three measures of WP: the amount of grain (rice or 
wheat) produced per unit of water consumed as evapotranspiration (WPET), 
or supplied as irrigation (WPI), or the total input of irrigation and rainfall 
(WPI+R). The data are presented as g kg–1 (g grain per kg of water), noting 
that (1 g kg–1 = 1 kg m–3 = 1 t ML–1 = 1 kg ha–1mm–1).
 Analysis of WP can help identify interventions that maintain or increase 
production using less water. However, it is important to recognize that crop 
WP is highly dependent on climate through its impacts on both evaporative 
demand and yield potential, and on other agroecological constraints to 
production. Thus, comparisons across locations may not necessarily be helpful 
in identifying scope for improvement at a particular location (Dawe 2005). 
Furthermore, “merely increasing WP may not solve the dual challenge of increasing 
production and saving water” (Bouman 2006, Ahmad et al 2006). It is also 
important to consider the impact of interventions on total production (as 
affected by both yield and crop area), on the total water balance of the system 
of interest (do the interventions really save water?), and on other factors 
such as water quality, the environment, and economic and social conditions. 
There are also issues of scale—spatial and time. Interventions that increase 
WP at one scale (e.g., farmer’s field) may not necessarily translate into similar 
increases at a larger spatial scale (e.g., irrigation scheme) because of reuse of 
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runoff, seepage, or deep percolation elsewhere in the system (e.g., Loeve et al 
2004). Even if the goal of increasing WP is achieved at larger spatial scales, 
it may actually result in greater water depletion due to increased crop area 
unless appropriate policies are implemented (Ahmad et al 2006). However, 
there have been only a few attempts to determine WP of RW systems of the 
IGB at scales other than the research plot (size of order 0.01 ha) and farmers’ 
fields (typically 0.45 ha in the northwest IGB, smaller in the east), or for 
time frames longer than a single crop.
 This paper outlines the pitfalls and preferred approaches for rigorous 
study of the water use and WP of RW systems at the plot and farmer field 
scales, reviews the results available in the scientific and “gray” literature, 
and discusses opportunities for and limitations to increasing land and water 
productivity through the adoption of resource-conserving technologies 
(RCTs) (RWC-CIMMYT 2003a, Gupta and Seth 2006). 

DETERMINATION OF CROP WP AT THE FIELD SCALE

Determination of WPI and WPI+R at the field scale is technically relatively 
straightforward and involves measuring irrigation and rainfall, in addition 
to yield. Determining WPET is more difficult as it requires measuring ET, 
which is technically very difficult. The most common approaches to date 
for estimating ET at the plot and farmer field scales involve the use of crop 
models (e.g., Ahmad et al 2002, Belder et al 2005, Jehangir et al 2006) or 
the water balance equation ET = I + R – ∆SWC – SD – DD, where ∆SWC 
is the change (final-initial) in soil water content of the root zone over the 
measurement period, SD is surface runoff, and DD is deep drainage below 
the root zone (e.g., Prihar et al 1974, 1976, Choudhury et al 2006).
 Assessment of WP for RW systems, as for any cropping system, requires 
a systematic approach involving as a minimum (1) measurement of all 
irrigations, rainfall, and runoff for all crops and fallows in the system, and 
(2) measurement of soil water content before and after each crop. Estimation 
of deep drainage below the root zone is also highly desirable, but difficult in 
practice. Although some progress has been made in quantifying WP of RW 
systems, there are many deficiencies in past and recent field experimentation 
and its documentation. Common deficiencies include

Documentation

  Inadequate contextual information , especially on irrigation 
management (e.g., scheduling rules, method of measurement, water 
source/quality); surface runoff and its measurement; dates of pre- and 
postcrop soil sampling for calculating soil water depletion; groundwater 
conditions (depth, salinity if shallow); plot size.
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  Failure to document all irrigations, including precultivation, 
prepuddling, and presowing (and to include them in calculations, or 
to justify their omission).

  Failure to report how soil sampling of bed/furrow systems was done 
and how “average” soil water content was calculated, taking into 
account geometry of the bed/furrow system.

  Failure to state clearly which measures of WP are being reported, 
e.g., WPI, WPI+R,  WPET,  and grain moisture content. 

Experimentation

  Most studies have been done in small plots, where irrigation contact 
times (and therefore deep drainage, especially on more permeable 
soils) are not representative of farmers’ fields. For example, it takes 
only a few minutes to irrigate a small plot, compared with a few hours to 
irrigate a 0.45-ha field; therefore, small plots may underestimate deep 
drainage if irrigation amounts aren’t representative of the amounts 
applied to farmers’ fields.

  Inadequate precautions to prevent excessive lateral seepage in small 
plots because of their high perimeter to area ratio (e.g., 0.4 in a 10 
m × 10 m plot, 0.06 in a square 0.45-ha field); this is likely to lead 
to overestimation of the irrigation requirement and deep drainage 
(countering to some unknown degree any effect of a short irrigation 
time in small plots), especially with continuously flooded rice (Tuong 
et al 1994, Kukal et al 2005a). For example, infiltration rates (measured 
in infiltration cylinders closed at the top and inserted into the hard 
pan) in continuously flooded puddled rice on sandy loam and loam 
soils in the northwest IGB are typically on the order of 5–10 mm per 
day (Kukal et al 2005a). Rainfall is usually similar to ET (approx. 
550 mm), although it doesn’t start until 2–3 weeks after the optimum 
planting date. Assuming 200 mm of evaporation between transplanting 
and the start of the monsoon, and 200 mm of irrigation water prior to 
puddling, the irrigation requirement for rice with a duration of about 
100 d from transplanting to maturity is on the order of 900–1,400 
mm, whereas many studies in small plots in the northwest IGB report 
irrigation applications of 2,000–4,000 mm.

  Failure to consider changes in the amount of water stored in the root 
zone between sowing and maturity in assessment of water use.

  Failure to monitor soil water changes to the bottom of the root zone of 
the deepest rooting crop in the system, for example, to approximately 
1.8 m for well-irrigated wheat on loamy soils with a deep water table 
in Punjab, India (Prihar et al 1976, Humphreys et al 2004).

  Attributing residual soil moisture after the rice harvest to rice when 
it is actually used by wheat sown after rice. This usually has only a 
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small effect on rice water use and WP as the amount of residual soil 
water in the root zone is a relatively small proportion of the total 
water input, but it can have a significant effect on the estimation of 
wheat WP.

  Lack of  consideration of system geometry and heterogeneity in 
sampling for soil water content  for calculating water balance, for 
example, soil water content under the center of beds and under furrows 
may be different. It is possible for the soil to be much wetter in the 
furrows than in the beds, whereas sampling is commonly only in the 
center of beds.

  Failure to analyze total system water balance and WP over the 
complete annual water balance cycle, including fallows between 
crops. 

  Lack of suitable control treatments to understand cause and effect. 
For example, comparisons of rice grown on beds with intermittent 
furrow irrigation with rice on puddled flat fields with continuous 
flooding—How much of the observed irrigation water savings is due 
to the different water management, and how much to the altered 
geometry/hydrology of the bed layout? 

WATER PRODUCTIVITY OF RICE-WHEAT SYSTEMS

The few data for rice and wheat grown in the same fields or region in the IGB 
suggest that WPET for wheat (0.7–1.6 g kg–1) is consistently higher than for 
rice (0.4–0.8 g kg–1), by a factor of up to 2 (Fig. 1). This is in contrast with 
other reviews that suggested that WPET for rice (0.4–1.6 g kg–1) and wheat 
(0.6–2.0 g kg–1) are similar; however, these reviews did not directly compare 
rice and wheat grown in the same environment (Tuong and Bouman 2003, 
Zwart and Bastiaanssen 2004). The wide range of values for each crop reflects 
the wide range of environments in which these crops were grown, affecting 
yield, evaporative demand, and input water requirement. 
 Irrigation WP of rice in RW systems in the IGB is very low and generally 
ranges from 0.2 to 0.4 g kg–1. The lowest values for rice are often associated 
with unusually high irrigation (2,000–4,000 mm or more) in small plots, 
which could be unrealistically high due to excessive seepage. However, it 
is noteworthy that the results of the few determinations of WPI in farmers’ 
fields are similarly low. WPI for wheat in the same environment tends to be 
much more variable (0.6–3.0 g kg–1) and always much higher than for rice 
grown in the same location, despite the fact that (1) rice yields tend to be 
higher than wheat yields and (2) net evaporative demand for rice planted at 
the optimum time is often lower than for wheat (rainfall roughly balances 
ET during the monsoon in much of the Punjab, India, while winters are dry; 
however, further west into Punjab, Pakistan, where monsoon rainfall is lower, 
net ET demand for rice exceeds that for wheat by approximately 150 mm). 
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The lower WPI of rice is largely the result of much higher deep drainage, 
which returns to the groundwater and is not a loss from the system where 
groundwater is used for irrigation (Ahmad et al 2002, 2005), as in much of the 
northwest IGB. The highest values for wheat in Punjab, Pakistan (Jehangir 
et al 2006), reflect the fact that wheat tends to be underirrigated in that 
region due to the cost of pumping groundwater (farmers in Punjab, Pakistan, 
have limited access to electricity and diesel is not subsidized). The greater 
variability in wheat WPI probably also reflects rainfall variability, which can 
range from zero to almost enough rain to satisfy evaporative demand (both 
incidence and amount) during the wheat season.
 Input water productivities for rice range from 0.1 to 0.4 g kg–1 (Fig. 2). 
The values for rice are again much lower than for wheat (0.7–1.6 g kg–1) 
in the same environment. Within the same environment, wheat WPI+R is 
much less affected by seasonal rainfall differences than wheat WPI, reflecting 
the fact that wheat needs only infrequent irrigation, which can be readily 
managed so that total I+R closely matches the crop water use requirement 
as affected by variation in seasonal conditions. 

FIELD TECHNOLOGIES FOR INCREASING WP OF RW 
SYSTEMS—OPPORTUNITIES AND LIMITATIONS

A range of resource-conserving technologies (RCTs) is under development 
with the multiple objectives of increasing the profitability, sustainability, and 
resource-use efficiency, and reducing the adverse environmental impacts, 
of RW systems (RWC-CIMMYT 2003a, Gupta and Seth 2006). These 
technologies include laser land leveling, optimum sowing/planting date, 
dry-seeded rice (with various degrees of tillage from well-tilled to a single 
pass with the “zero-till” drill), wet-seeded rice (into puddled soil), zero-till 
transplanted rice (into uncultivated soil), zero-till wheat (sown with the zero-
till drill or broadcast into uncultivated soil), alternate wetting and drying 
(AWD) in rice, raised beds for wheat and/or rice, and stubble retention. There 
are many anecdotal reports and some published papers in the popular and 
technical literature reporting reduced irrigation requirement and increased 
WPI with many of these technologies. However, whether these technologies 
actually reduce total water depletion and help alleviate the problems of 
declining groundwater levels or reduced surface supplies is unclear and 
little studied to date. In the following sections, we review the performance 
of several of these technologies and their potential to increase yield and 
the various measures of WP, and to save water. Many of these technologies 
have the potential to reduce irrigation amount due to reduced deep drainage; 
however, this is not a real water savings in which the water outflows can 
be captured and reused. Nonetheless, any savings in irrigation water use is 
a significant benefit to farmers, and to society if farmers are not paying the 
true cost of water or energy to pump water. There could be major economic 
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and lifestyle benefits from reduced demand for electricity for irrigation for 
pumping water in much of the IGB. Unpredictable, frequent, and prolonged 
blackouts occur throughout the region because the demand on electricity 
exceeds the supply, with hundreds of thousands of tubewell pumps powered 
by electricity, especially in the northwest IGB.

Time of Planting

WPI, WPI+R, and WPET can all be maximized by growing crops in the period 
of least evaporative demand for which yield potential is highest, but impacts 
on yield and WP of other crops in the rotation also need to be considered. 
For example, in northwest India, the ET requirement of rice declines from 
around 800 to 550 mm as the date of transplanting is delayed from 1 May to 
30 June, without compromising rice yield, or the ability to sow wheat at the 
optimum time (Hira 1994a in Hira and Khera 2000, p 57). Narang and Gulati 
(1995) reported irrigation water savings at Ludhiana of 25–30% (720 mm) 
by delaying transplanting from mid-May to mid-June, but this seems to be a 
gross overestimate, as mean Epan during this period (270 mm) is much less 
than the suggested water savings. Nonetheless, any water savings through 
delaying transplanting to late June are likely to be real water savings due to 
reduced ET. The recommended practice in northwest India is to transplant 
around mid-June to save water and electricity. Many farmers used to plant 
earlier than this because of external factors such as increased pest pressure on 
later planted crops, availability of labor, and, in the past, availability of canal 
water or electricity for pumping (Hira and Khera 2000). In 2004, 1 million ha 
out of a total of 2.5 million ha in the Indian Punjab were transplanted before 
10 June. The area planted by 10 June decreased to 500,000 ha in 2005 as a 
result of restricting electricity supplies to rural areas to approximately 4 hours 
per day and withholding canal water until 10 June (B.S. Sandhu, personal 
communication). It is likely that the primary driver of these restrictions is to 
reduce the demand for electricity, with water savings as a secondary benefit. 
In the Pakistani Punjab, transplanting of Basmati rice (the major rice type) 
is delayed until July for best rice quality, with reduced evapotranspiration 
demand compared with that of coarse grain varieties that are transplanted 
earlier. But the long duration of Basmati rice makes it difficult to plant the 
following wheat crop on time. Although delayed rice planting can save water, 
it is important not to delay it so late that wheat sowing is delayed beyond 
the optimal time (which varies depending on region), for example, causing 
yield loss in long-duration wheat varieties of 1–1.5% per day delay in sowing 
after 5 November in Punjab, India, or after 21 November in Punjab, Pakistan 
(Ortiz-Monasterio et al 1994, Aslam et al 1993).
 Mechanical transplanting could potentially enable more rice area to be 
transplanted at the optimum time, but the cost of mechanical transplanters 
is currently prohibitive, the performance of locally produced transplanters is 
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suboptimal, and their use requires specialized training in seedling production 
on mats, and good land leveling. 

Dry-Seeded Rice (DSR)

Dry seeding could also enable more of the rice crop to be sown at the optimum 
time, at reduced cost. However, the optimum sowing date may need to be 
earlier than the optimum transplanting date to avoid late harvest (Malik 
and Yadav 2007) unless shorter duration (but probably lower yielding) 
varieties are grown. The effect of changing to dry seeding on irrigation and 
total water requirement is likely to vary with location as affected by climate, 
soil permeability, and irrigation system (which affects duration and water 
use of the prepuddling soaking period—longer duration and higher water 
use where the only water supply to the seedling nurseries is field to field). 
Dry seeding in the northwest IGB is likely to increase ET because much 
larger areas would be planted earlier, before the monsoon starts. Studies 
in northwest India and Punjab, Pakistan (in small plots and small-farmer 
fields, respectively), consistently found reduced irrigation amounts with 
DSR compared with puddled transplanted rice (PTR); however, WPI+R 
was similar for both establishment methods (Jehangir et al 2006, Singh et 
al 2005, Bushan et al 2006, Choudhury et al 2006, Jat et al 2007). These 
findings were consistent with comparisons of PTR and DSR in the Muda 
Irrigation Scheme in Malaysia (Cabangon et al 2002). In three of the four 
studies in the northwest IGP, the decline in input water (up to approx. 
35%) was matched by a similar decline in yield (Jehangir et al 2006, Singh 
et al 2005, Choudhury et al 2006). The yield decline was associated with 
iron or zinc deficiency and increased incidence of nematodes in the study of 
Singh et al (2002). Jehangir et al (2006) attributed yield loss to the higher 
infestation of weeds, lack of precision in seed-drilling machinery, and the lack 
of adequacy, equity, and reliability of canal water supplies. Further research 
on DSR, including varieties, management of abiotic and biotic stresses, and 
water management use, is badly needed.

Alternate Wetting and Drying (AWD) in Rice

Many reports from northwest India (and many other regions in India) 
consistently show increased WPI and WPI+R as a result of substantial irrigation 
water savings (25–40% of the total amount applied, or up to 840 mm), while 
maintaining yield, by changing from continuous submergence to irrigating 
1 to several days after the floodwater has disappeared (Sandhu et al 1980, 
Sharma 1989, 1999, Choudhary 1997, Hira et al 2002, Kukal et al 2005b). 
However, several reports also show a yield decline with frequent AWD in 
some years (Singh et al 2001, Arora et al 2006, Yadvinder-Singh et al 2006). 
The reported irrigation water savings with AWD are probably overestimated 
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because many, if not all, of the evaluations were done in small plots with 
disproportionately high seepage in the case of continuously flooded rice. The 
recommended practice in the northwest IGB is to irrigate approximately 2 
days after surface water has disappeared, and to cease irrigating approximately 
2 weeks before harvest. The degree of adoption of this practice is unknown, 
and appears to vary depending on soil type and availability of cheap water/
electricity (D.S. Brar, unpublished data). A major constraint to adoption is 
the fact that electricity and canal water supplies are unreliable. Therefore, 
whenever electricity or canal water is available, farmers fill their fields in 
case they can’t get water when they next need it.
 Much of the irrigation water savings with AWD in the IGB are probably 
due to reduced percolation losses. The impact of changing from continuous 
flooding to frequent AWD on ET and WPET

 in the IGB environment has 
not been reported. Bouman et al (2006) used the ORYZA rice model to 
investigate the impacts of AWD on components of the water balance in the 
Yellow River Basin of China, in a location with a climate and soils similar 
to those of Punjab, India, but with a very shallow water table. For puddled 
transplanted rice with a 30-cm water table, changing from continuous 
flooding (ET approx. 650 mm) to AWD with periods of dry soil ranging 
from 3 to 30 d reduced ET by only about 25 mm for 3 d of “dry” soil between 
irrigations, and by approximately 50 mm for 6 d of dry soil between irrigations, 
while yield was maintained. Thus, changing from continuous flooding to 
AWD had a relatively small effect on ET and WPET

 in the presence of a 
shallow water table. Using the DSSAT-CSM-CERES Rice model for deep 
water table conditions in Punjab, India, changing from continuous flooding 
to withholding irrigations for up to 8 d after the floodwater had dissipated 
also had little effect on ET in most years (David Smith, unpublished data). 
Although yield and transpiration declined as the nonponded period increased 
beyond 1 d, evaporation from the soil and floodwater increased due to the 
reduced canopy. The results of these modeling studies suggest that AWD 
has only a small effect on ET unless the period of drying is increased to the 
degree that growth and yield also decline significantly. 

Zero Till (Wheat, Rice, Double ZT)

“Zero-till” (direct-drilled or surface broadcast) wheat enables rapid 
establishment of wheat after rice harvest, and is most beneficial for wheat 
yield in regions where rice harvest is late, such as after Basmati rice (the 
predominant variety in Punjab, Pakistan, and also grown in parts of northwest 
India). Farmer and researcher experience with direct drilling of wheat in 
the northwest IGB indicates irrigation water savings of 20–35% or 70–100 
mm compared with conventional tillage, with the largest savings in the first 
irrigation, and comparable or higher yields due to earlier sowing (OFWM 
2002, Hobbs and Gupta 2003a, RWC-CIMMYT 2003b, Malik et al 2004, 
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Jehangir et al 2006, Kahlown et al 2006). Malik et al (2004) reported 
an average increase in WPI of 50% (from 1.2 to 1.8 g kg–1) with zero-till 
wheat in farmers’ fields across four villages. Factors contributing to the 
reduced irrigation water application probably include faster flow across the 
nontilled fields, reduced soil evaporation compared with the loss as a result 
of cultivation, earlier sowing and the use of residual soil moisture before it is 
lost by evaporation, and the opportunity to finish the wheat crop in a period 
of lower evaporative demand. Thus, zero-till wheat may also reduce ET and 
increase WPET but the impact is yet to be quantified. On heavier soils, direct 
drilling may eliminate the need for a pre- or postsowing irrigation (Hobbs and 
Gupta 2003b). However, the success of zero till appears to depend to some 
degree on soil type, with reduced water and N-use efficiency and lower yields 
on coarse-textured soils (Gajri et al 1992, Yadvinder-Singh et al 2006). 
 Numerous farmer field trials in Haryana have shown that similar yields of 
transplanted rice can be achieved with zero till and puddling, and with lower 
irrigation requirement for zero-till transplanting, and about 15% higher WPI 
and WPI+R (Singh et al 2005, Malik and Yadav 2007). However, transplanting 
in nontilled soil is difficult, and the wheat stubbles can injure the feet of 
the paddy field workers. Therefore, the development of machinery capable 
of transplanting into untilled soil would help achieve the benefits of both 
more timely planting and zero tillage. Yields of zero-till dry-seeded rice can 
be comparable with yields of puddled transplanted rice provided weeds are 
well controlled and water is well managed during establishment to avoid crop 
failure, as for rice dry seeded into cultivated soil (Malik and Yadav 2007).
 In studies of the total RW system in northwest India, Bushan et al (2006) 
and Jat et al (2007) found similar total system yield (or rice-equivalent 
yield) with zero tillage or conventional cultivation for both crops. There 
was a trend for slightly higher WPI+R with double zero tillage, with small 
but significant differences in a relatively dry year (0.32 g kg–1 for double zero 
tillage compared with 0.28 g kg–1 for conventional tillage). 
 The area of zero-till wheat after rice in northwest India and Pakistan has 
expanded rapidly since 1998-99, reaching 1.9 million ha in 2004-05 (RWC 
2005), the main attraction to farmers being the greatly reduced diesel and 
labor costs in comparison with conventional tillage (one sowing pass instead 
of several tillage operations prior to sowing) (Malik et al 2004, Ahmad et al 
2006). However, successful establishment normally requires stubble burning, 
which may be partial or complete depending on the dryness of the straw. 
Burning is the normal practice for both conventional and zero tillage in the 
highly mechanized northwest IGB, where combine harvesting predominates, 
resulting in severe air pollution and loss of nutrients and organic matter.
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Raised Beds

The use of raised beds for the production of irrigated wheat commenced 
during the 1990s, inspired by the success of beds for wheat-maize systems in 
Mexico (Sayre and Hobbs 2004). In most situations, wheat can be grown 
successfully on beds in the IGB, with similar or higher yields and about 
30% less irrigation water than conventional layouts, thus increasing WPI, 
typically by around 30% (Malik et al 2004, Meisner et al 2005, Ram et al 
2005). Beds also benefit wheat production through 25–30% lower seed rate, 
reduced germination of Phalaris minor Retz, timelier machinery operations 
(due to better surface drainage), reduced waterlogging (more important on 
clay soils), the opportunity for mechanical weeding and fertilizer placement 
below the soil surface (the furrows enable more accurate driving), reduced 
lodging, and the opportunity for intercropping. However, the performance 
of wheat on beds tends to be poorer than for conventional sowing where 
early vegetative growth is set back and insufficient to close the gap between 
the outside rows on adjacent beds. Relatively poor performance of wheat on 
beds has been associated with late sowing (too cold), poor establishment 
on coarse-textured soils (probably water-deficit stress on the beds, which 
dry faster due to their much greater surface area), and sodicity and salinity 
(accumulation of salts on the beds). 
 Although the potential benefits of beds for wheat production in the IGB 
have been known for some time (Ram et al 2005), the performance of rice on 
beds has been variable in comparison with puddled transplanted rice (PTR) 
with respect to yield, and irrigation or input WP (Kukal et al 2005a). Some 
reports show similar yields of transplanted rice on beds and PTR, whereas 
others find lower yields on beds. Most (but not all) reports show small to 
large yield losses with direct-seeded rice on beds. Although reported irrigation 
water savings are usually substantial for rice on beds (12–60%), there is often 
little effect on WPI or WPI+R (values on beds typically being around 0.30–0.35 
g kg–1) due to a similar decline in yield (Sharma et al 2002, Singh et al 2002, 
Jehangir et al 2002, OFWM 2002). The causes of reduced rice yield included 
increased weeds and nematodes, suboptimal sowing depth due to machinery 
limitations, micronutrient (iron, zinc) deficiencies, and failure of rice plants 
to compensate for the large gap between rows on adjacent beds. In some 
situations, the decline in yield is greater than the reduction in irrigation, 
resulting in reduced WPI of both DSR and TR on beds compared with PTR 
(Jehangir et al 2006).
 Permanent beds offer additional potential advantages (over fresh beds), 
including improved soil structure due to reduced compaction in the beds 
(controlled traffic in the furrows), reduced tillage costs through using the 
same layout and direct drilling for all crops in the RW system, and enabling 
rapid turnaround between crops. Permanent beds also provide the opportunity 
to diversify to waterlogging-sensitive crops not suited to conventional flat 
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layouts (especially other summer crops during the monsoon), in rapid response 
to market opportunities, as the beds are already in place. 
 There is little information to date on the performance of the RW system 
on permanent raised beds. During a four-year RW experiment, Yadvinder-
Singh et al (2006) found similar or lower yields of wheat on fresh and direct-
drilled permanent beds compared with conventionally tilled and direct-drilled 
flats. The lower yields on beds were associated with poor establishment, 
possibly due to suboptimal moisture content at the time of sowing, and 
greater soil drying in the beds during establishment. There was no evidence 
of a wheat yield decline over time on permanent beds on both a sandy loam 
and a loam soil. However, yields of both TR and DSR on permanent beds 
declined relative to PTR as the beds aged, with yields of DSR on beds less 
than 25% of the yield of PTR in the third year. 

Mulching

The few reports on the effect of mulching on water use in RW systems refer 
to mulching of wheat, and suggest that sufficient water is saved (25–100 mm) 
to reduce the number of irrigations by one or irrigation time by an average of 
17% while maintaining yield, or to increase yield in water-limiting situations 
(Zaman and Choudhuri 1995, OFWM 2002, RWC-CIMMYT 2003b, Rahman 
et al 2005, Sidhu et al 2007). Mulching reduces soil evaporation (Lal 1989, 
Rahman et al 2005, Sidhu et al 2007) and transpiration losses via weeds 
(through weed suppression) and therefore enables real water savings and 
increased WPET. 
 Stubble retention and mulching are not commonly practiced in RW 
systems. In the eastern IGB, most residues are used for fodder, fuel, and 
thatch, while there are few economic uses for rice straw in the mechanized 
systems of the northwest IGB, where the majority of the rice is harvested by 
combine. Sowing into rice stubble after combine harvesting is problematical 
due to the loose straw clogging the tines and causing slippage of the drive 
wheel of the seed and fertilizer meters. Efforts are under way to develop direct 
drilling and stubble mulching machinery to overcome these problems (Gupta 
and Rickman 2002, Sidhu et al 2007, Sharma et al 2007). One promising 
approach is the “Happy Seeder,” which combines the stubble mulching and 
seed drilling functions into one machine (Sidhu et al 2007). The stubble 
is cut and picked up in front of the sowing tines (which therefore engage 
bare soil) and is then deposited behind the seed drill as a mulch. The cost of 
establishment is about half that with conventional tillage, but about one-third 
more than with burning and sowing with the zero-till drill. The technology 
will be included in the package of recommended practices for Punjab, India, 
for the 2006-07 season, and in various promulgation schemes. Manual straw 
mulching after surface seeding of wheat is also practiced by a few farmers in 
the Terai of Nepal and in eastern Uttar Pradesh and Bihar, India. 
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 In northwest India and Pakistan, a very hot dry period occurs for about 
two months between wheat harvest and rice planting, during which the fields 
are bare (or weedy) fallow and evaporative demand is very high. Mulching 
could help conserve soil water after rainfall during this period through 
suppression of weeds and soil evaporation. The magnitude of soil water 
loss by evaporation and the potential for stubble retention or mulching to 
reduce nonproductive evaporative losses during this period have not been 
explored. 

CONCLUSIONS AND RECOMMENDATIONS

Rice-wheat systems in parts of the IGB are unsustainable with current 
practices due to the depletion of water resources, soil degradation, and air 
and water pollution, especially in the northwest IGB. There is considerable 
potential to improve soil and water management through the development 
and adoption of RCTs tailored to site-specific conditions. Many RCTs 
reduce irrigation water and energy requirement while increasing WPI. 
However, whether they actually reduce water depletion, and, if so, the size 
of the reduction and the degree to which this can ameliorate the problem of 
declining groundwater levels are unknown. There are few well-documented, 
rigorous field-level determinations of the impact of RCTs on components 
of the water balance and WP for individual crops, let alone the total 
cropping system—more and better studies are needed across different RW 
agroecosystems. Some technologies have the potential to increase WPET 
such as planting at the optimum time, mulching, and zero-till wheat. Other 
technologies may increase WPI and/or WPI+R but not WPET; the latter may 
even increase. There is currently a lot of careless use of the term “water 
savings” when the real savings (if any) at the system scale are not properly 
understood. There is a great need for techniques and tools for scaling up the 
impacts of alternative technologies on the water balance, salinity, and WP 
over regional scales, to begin to quantify what is needed and what is possible 
to arrest the decline in water availability. Even if water savings accrue at the 
field scale, broad-scale water savings will not be realized unless policies are 
in place to restrict, re-allocate, or acquire the putative water savings—they 
will simply be used for different productive purposes within the system (e.g., 
Ahmad et al 2006).



336     Humphreys et al

REFERENCES

Ahmad MD, Bastiaanssen WGM, Feddes RA. 2002. Sustainable use of groundwater 
for irrigation: a numerical analysis of sub-soil water fluxes. Irrig. Drainage 
51(3):227-241.

Ahmad MD, Masih I, Turral H. 2004. Diagnostic analysis of spatial and temporal 
variations in crop water productivity: a field scale analysis of the rice-wheat 
cropping system of Punjab, Pakistan. J. Appl. Irrig. Sci. 39(1):43-63.

Ahmad MD, Bastiaanssen WGM, Feddes RA. 2005. A new technique to estimate 
net groundwater use across large irrigated areas by combining remote sensing 
and water balance approaches, Rechna Doab, Pakistan. Hydrogeol. J. 13(5-
6):653-664.

Ahmad MD, Turral H, Masih I, Giordano M, Masood Z. 2006. Water saving 
technologies: myths and realities revealed in Pakistan’s rice-wheat systems. 
Research Report 108. Colombo (Sri Lanka): International Water Management 
Institute. (In press.)

Arora VK, Gajri PR, Uppal HS. 2006. Puddling, irrigation and transplanting-time 
effects on productivity of rice-wheat system on a sandy loam soil of Punjab, 
India. Soil Till. Res. 85:212-220.

Aslam M, Majid A, Hashmi NI, Hobbs PR. 1993. Improving wheat yield in the 
rice-wheat cropping system of Punjab through zero tillage. Pakistan J. Agric. 
Res. 14:8-11.

Bandyopadhyay M. 2003. Actual evapotranspiration and crop coefficients of wheat 
(Triticum aestivum) under varying moisture levels of humid tropical canal 
command area. Agric. Water Manage. 59:33-47.

Belder P, Spiertz JHJ, Bouman BAM, Guoan Lu, Tuong TP. 2005. Nitrogen economy 
and water productivity of lowland rice under water-saving irrigation. Field Crops 
Res. 93:169-185.

Bouman BAM. 2006. A conceptual framework for the improvement of crop water 
productivity at different spatial scales. Agric. Syst. (In press.)

Bouman BAM, Tuong TP. 2001. Field water management to save water and increase 
its productivity in irrigated lowland rice. Agric. Water Manage. 49:11-30.

Bouman BAM, Feng Liping, Tuong TP, Lu Guoan, Wang Huaqi, Feng Yuehua. 
2006. Exploring options to grow rice using less water in northern China using 
a modelling approach. II. Quantifying yield, water balance components, and 
water productivity. Agric. Water Manage. (In press.)

Bushan L, Ladha JK, Gupta RK, Singh S, Sivaprasad B, Pathak H. 2006. Zero tillage 
and direct seeding: water- and labour-efficient alternatives to the conventional 
rice-wheat system. Agron. J. (Accepted.)

Cabangon RJ, Tuong TP, Abdullah NB. 2002. Comparing water input and water 
productivity of transplanated and direct-seeded rice production systems. Agric. 
Water Manage. 57:11-31.

Chaudhary TN. 1997. Water management in rice for efficient production. Directorate 
of Water Management Research, Patna, India.



Increasing Field-Scale Water Productivity of Rice-Wheat Systems in the Indo-Gangetic Basin     337

Choudhury BU, Bouman BAM, Singh AK. 2006. Yield and water productivity of 
rice-wheat on raised beds at New Delhi, India. Field Crops Res. (In press.)

Dawe D. 2005. Water productivity in rice-based systems in Asia – variability in space 
and time. J. Plant Prod. Sci. 8(3):221-230. 

Gajri PR, Arora VK, Prihar SS. 1992. Tillage management for efficient water and 
nitrogen use in wheat following rice. Soil Till. Res. 24:167-182.

Gupta RK, Rickman J. 2002. Design improvements in existing zero-till machines for 
residue conditions. Rice-Wheat Consortium Traveling Seminar Report Series 
3. New Delhi (India): RWC-CIMMYT.

Gupta RK, Seth A. 2006. A review of resource conserving technologies for sustainable 
management of the rice-wheat cropping systems of the Indo-Gangetic Plains 
(IGP). Crop Protect. (In press.)

Hira GS, Khera KL. 2000. Water resource management in Punjab under rice-wheat 
production system. Research Bulletin No. 2/2000. Ludhiana (India): Department 
of Soils, Punjab Agricultural University.

Hira GS, Singh R, Kukal SS. 2002. Soil matric suction: a criterion for scheduling 
irrigation to rice (Oryza sativa). Indian J. Agric. Sci. 72:236-237.

Hobbs PR, Gupta RK. 2003a. Resource-conserving technologies for wheat in the 
rice-wheat system. In: Ladha JK, Hill JE, Duxbury JM, Gupta RK, Buresh RJ, 
editors. Improving the productivity and sustainability of rice-wheat systems: 
issues and impacts. ASA Special Publication 65. Madison, Wis. (USA): ASA, 
CSSA, SSSA. p 149-171.

Hobbs PR, Gupta RK. 2003b. Rice-wheat cropping systems in the Indo-Gangetic 
Plains: issues of water productivity in relation to new resource-conserving 
technologies. In: Kijne JW, Barker R, Molden D, editors. Water productivity 
in agriculture: limits and opportunities for improvement. Wallingford (UK): 
CABI. p 239-253.

Humphreys E, Thaman S, Prashar A, Gajri PR, Dhillon SS, Yadvinder-Singh, Nayyar 
A, Timsina J,  Bijay-Singh. 2004. Productivity, water use efficiency and hydrology 
of wheat on beds and flats in Punjab, India. CSIRO Land and Water Technical 
Report 03/04. Griffith (Australia): CSIRO Land and Water. 

Jat ML, Gathala MK, Singh KK, Ladha JK, Singh S, Gupta RK, Sharma SK, Saharawat 
YS. 2007. Experiences with permanent beds in rice-wheat rotation of western 
IGP. In: Humphreys E, Roth C, Yadvinder-Singh, editors. Permanent beds and 
rice residue management for rice-wheat systems in the Indo-Gangetic Plains. 
ACIAR Workshop Proceedings, 5-7 September 2006. Canberra (Australia): 
Australian Centre for International Agricultural Research. 

Jehangir WA, Murray-Rust H, Masih I, Shimizu K. 2002. Sustaining crop and water 
productivity in the irrigated rice-wheat systems. Paper presented at National 
Workshop on Rice-Wheat Cropping System Management, Pakistan Agricultural 
Research Council, Rice-Wheat Consortium for Indo-Gangetic Plains, 11-12 
December 2002, Islamabad (Pakistan).



338     Humphreys et al

Jehangir WA, Masih I, Ahmed S, Gill MA, Ahmad M, Mann RA, Chaudhary MR, 
Turral H. 2006. Sustaining crop water productivity in rice-wheat systems of South 
Asia: a case study from Punjab Pakistan. Working paper. Lahore (Pakistan): 
International Water Management Institute. (In press.)

Kahlown MA, Azam M, Kemper WD. 2006. Soil management strategies for rice-wheat 
rotations in Pakistan’s Punjab. J. Soil Water Cons. 61(1):40-44.

Kukal SS, Humphreys E, Yadvinder-Singh, Timsina J, Thaman S. 2005a. Performance 
of raised beds in rice-wheat systems of north western India. In: Roth CH, Fischer 
RA, Meisner CA, editors. Evaluation and performance of permanent raised 
bed cropping systems in Asia, Australia and Mexico. ACIAR Proceedings No. 
121. Canberra (Australia): Australian Centre for International Agricultural 
Research. p. 26-40.

Kukal SS, Hira GS, Sidhu AS. 2005b. Soil matric potential–based irrigation 
scheduling to rice (Oryza sativa). Irrig. Sci. 23:153-159.

Ladha JK, Pathak H, Tirol-Padre A, Dawe D, Gupta RK. 2003. Productivity trends 
in intensive rice-wheat cropping systems in Asia. In: Ladha JK, Hill JE, Duxbury 
JM, Gupta RK, Buresh RJ, editors. Improving the productivity and sustainability 
of rice-wheat systems: issues and impacts. ASA Special Publication 65. Madison, 
Wis. (USA): ASA, CSSA, SSSA. p 45-76. 

Lal R. 1989. Conservation tillage for sustainable agriculture: tropics versus temperate 
environments. Adv. Agron. 42:85-197.

Loeve R, Dong B, Molden D, Li YH, Chen CD, Wang JZ. 2004. Issues of scale in 
water productivity in the Zhanghe irrigation system: implications for irrigation 
in the basin context. Paddy Water Environ. 2(4):227-236.

Malik RK, Yadav A. 2007. Direct seeded rice in the Indo-Gangetic Plains—progress, 
problems and opportunities. In: Humphreys E, Roth C, Yadvinder-Singh, editors. 
Permanent beds and rice residue management for rice-wheat systems in the Indo-
Gangetic Plains. ACIAR Workshop Proceedings, 5-7 September 2006. Canberra 
(Australia): Australian Centre for International Agricultural Research. 

Malik RK, Yadav A, Gill GS, Sardana P, Gupta RK, Piggin C. 2004. Evolution 
and acceleration of no-till farming in rice-wheat cropping system of the Indo-
Gangetic Plains. In: New directions for a diverse planet. Proceedings of the 
4th International Crop Science Congress. Available at www.cropscience.org.
au/icsc2004/symposia/2/2/459_malikrk.htm (verified 9 May 2006).

Meisner CA, Talukdar HM, Hossain Ilyas, Hossain Israel, Gill MA, Rahmen HM, 
Baksh E, Justice S, Sayre K. 2005. Introduction and implementing a permanent 
bed system in the rice-wheat cropping pattern in Bangladesh and Pakistan. In: 
Roth CH, Fischer RA, Meisner CA, editors. Evaluation and performance of 
permanent raised bed cropping systems in Asia, Australia and Mexico. ACIAR 
Proceedings No. 121. Canberra (Australia): Australian Centre for International 
Agricultural Research.

Narang RS, Gulati HS. 1995. On-farm water management. In: Proceedings of the 
symposium on water management – need for public awareness. Ludhiana (India): 
Punjab Agricultural University. p 117-129.

http://www.cropscience.org.au/icsc2004/symposia/2/2/459_malikrk.htm
http://www.cropscience.org.au/icsc2004/symposia/2/2/459_malikrk.htm


Increasing Field-Scale Water Productivity of Rice-Wheat Systems in the Indo-Gangetic Basin     339

OFWM. 2002. Impact assessment of resource conservation technologies (rice-wheat). 
DFID Project 1999-2002. Lahore (Pakistan): Directorate General Agriculture 
Water Management.

Ortiz-Monasterio JI, Dhillon SS, Fischer RA. 1994. Date of sowing effects on grain 
and yield components of irrigated spring wheat cultivars and relationships with 
radiation and temperature in Ludhiana, India. Field Crops Res. 37:169-184. 

Pingali PL, Shah M. 1999. Rice-wheat cropping systems in the Indo-Gangetic plains: 
policy re-directions for sustainable resource use. In: Sustaining rice-wheat 
production systems: socio-economic and policy issues. Rice-Wheat Consortium 
Paper Series 5.  Delhi (India): Rice-Wheat Consortium.

Prihar SS, Gajri PR, Narang RS. 1974. Scheduling irrigations to wheat, using pan 
evaporation. Indian J. Agric. Sci. 44:567-571.

Prihar SS, Khera KL, Snadhy KS, Sandhu BS. 1976. Comparison of irrigation 
schedules based on pan evaporation and growth stages in winter wheat. Agron. 
J. 68:650-653.

Qureshi AS, MasihI, Turral H. 2006. Comparing land and water productivities of 
transplanted and direct dry seeded rice for Pakistani Punjab. J. Appl. Irrig. Sci. 
41(1):47-60.

Rahman SM, Khalil MI, Ahmad MF. 1995. Yield-water relations and nitrogen 
utilization by wheat in salt-affected soils of Bangladesh. Agric. Water Manage. 
28:49-65.

Rahman MA, Chikushi J, Saifizzaman M, Lauren JG. 2005. Rice straw mulching 
and nitrogen response of no-till wheat following rice in Bangladesh. Field Crops 
Res. 91:71-81.

Ram H, Yadvinder-Singh, Timsina J, Humphreys E, Dhillon SS, Kumar K, Kler DS. 
2005. Performance of upland crops on raised beds in northwestern India. In: 
Roth CH, Fischer RA, Meisner CA, editors. Evaluation and performance of 
permanent raised bed cropping systems in Asia, Australia and Mexico. ACIAR 
Proceedings No. 121. Canberra (Australia): Australian Centre for International 
Agricultural Research. p 41-58. 

RWC. 2005. Acreage of RCTs (ha) up to Dec 2004 (RWC Highlights 2004/5). 
New Delhi (India): Rice-Wheat Consortium-CIMMYT. Available at www.rwc.
cgiar.org/Misc_ShowImage.asp?img=DataSheets/RCTAcreage200412.gif&capt
ion=Acreage+of+RCTs+(ha)+up+to+Dec+2004+(RWC+Highlights+2004/5)  
(verified 16 December 2006).

RWC-CIMMYT 2003a. Addressing resource conservation issues in rice-wheat systems 
of south Asia: a resource book. New Delhi (India): RWC-CIMMYT.

RWC-CIMMYT (2003b). Agenda notes, 11th Regional Technical Coordination 
Committee Meeting, 4-6 March 2003. New Delhi (India): RWC-CIMMYT.

Sandhu BS, Khera KL,  Prihar SS, Singh B. 1980. Irrigation needs and yield of rice 
on a sandy-loam soil as affected by continuous and intermittent submergence. 
Indian J. Agric. Sci. 50:492-496.

http://www.rwc.cgiar.org/Misc_ShowImage.asp?img=DataSheets/RCTAcreage200412.gif&caption=Acreage+of+RCTs+(ha)+up+to+Dec+2004+(RWC+Highlights+2004/5)
http://www.rwc.cgiar.org/Misc_ShowImage.asp?img=DataSheets/RCTAcreage200412.gif&caption=Acreage+of+RCTs+(ha)+up+to+Dec+2004+(RWC+Highlights+2004/5)
http://www.rwc.cgiar.org/Misc_ShowImage.asp?img=DataSheets/RCTAcreage200412.gif&caption=Acreage+of+RCTs+(ha)+up+to+Dec+2004+(RWC+Highlights+2004/5)


340     Humphreys et al

Sayre KD, Hobbs PR. 2004. The raised-bed system of cultivation for irrigated 
production conditions. In: Lal R, Hobbs PR, Uphoff N, Hansen DO, editors. 
Sustainable agriculture and the international rice-wheat system. New York 
(USA): Marcel Dekker, Inc. p 337-355.

Sharma BR. 1999. Water saving irrigation techniques for paddy rice in India. In: 
International Symposium on Water Saving Irrigation for Paddy Rice, 10-14 
October 1999. Beijing (China): Chinese National Committee on Irrigation 
and Drainage.

Sharma PK. 1989. Effect of periodic moisture stress on water-use efficiency in wetland 
rice. Oryza 26:252-257.

Sharma KD, Kumar A, Singh KN. 1990. Effect of irrigation scheduling on growth, 
yield and evapotranspiration of wheat in sodic soils. Agric. Water Manage. 
18:267-276.

Sharma PK, Bhushan Lav, Ladha JK, Naresh, RK, Gupta RK, Balasubramanian 
BV, Bouman BAM. 2002. Crop-water relations in rice-wheat cropping under 
different tillage systems and water-management practices in a marginally sodic, 
medium-textured soil. In:  Bouman BAM, Hengsdijk H, Hardy B, Bindraban B, 
Tuong TP, Ladha JK, editors. Water-wise Rice Production. Proceedings of the 
International Workshop on Water-wise Rice Production, 8-11 April 2002. Los 
Baños (Philippines): International Rice Research Institute. p 223-235. 

Sharma RK, Chhokar RS, Jat ML, Singh S, Mishra B, Gupta RK. 2007. Direct drilling 
of wheat into rice residues – experiences in Haryana and Western Uttar Pradesh. 
In: Humphreys E, Roth C, Yadvinder-Singh, editors. Permanent beds and rice 
residue management for rice-wheat systems in the Indo-Gangetic Plains. ACIAR 
Workshop Proceedings, 5-7 September 2006. Canberra (Australia): Australian 
Centre for International Agricultural Research. 

Sidhu HS, Manpreet-Singh, Humphreys E, Yadvinder-Singh, Balwinder-Singh, 
Dhillon SS, Blackwell J, Bector V, Malkeet-Singh, Sarbjeet-Singh. 2007. The 
Happy Seeder enables direct drilling of wheat into rice stubble. Aust. J. Exp. 
Agric.  (Accepted.)

Singh S, Sharma SN, Prasad R. 2001. The effect of seeding and tillage methods on 
productivity of rice-wheat cropping system. Soil Till. Res. 61:125-131.

Singh AK, Choudhury BU, Bouman BAM. 2002. Effects of rice establishment 
methods on crop performance, water use, and mineral nitrogen. In: Bouman 
BAM, Hengsdijk H, Hardy B, Bindraban B, Tuong TP, Ladha JK, editors. Water-
wise Rice Production. Proceedings of the International Workshop on Water-wise 
Rice Production, 8-11 April 2002. Los Baños (Philippines): International Rice 
Research Institute. p 237-246.

Singh S, Malik RK, Mongia AD, Sharma RK, Sidhu BS, Bijay-Singh. 2005. Haryana 
and Punjab. In: Agenda notes: 13th regional technical coordination committee 
meeting, 6-8 February 2005. Dhaka (Bangladesh): Rice-Wheat Consortium for 
the Indo-Gangetic Plains. p 27-29. 

Timsina J, Connor DJ. 2001. Productivity and management of rice-wheat cropping 
systems: issues and challenges. Field Crops Res. 69:93-132.



Increasing Field-Scale Water Productivity of Rice-Wheat Systems in the Indo-Gangetic Basin     341

Tuong TP, Bouman BAM. 2003. Rice production in water-scarce environments. 
In: Kijne JW, Barker R, Molden D, editors. Water productivity in agriculture: 
limits and opportunities for improvement. Wallingford (UK): CABI Publishing. 
p 53-67.

Tuong TP, Wopereis MCS, Marquez JA, Kropff MJ. 1994. Mechanisms and control 
of percolation losses in irrigated puddled rice fields. Soil Sci. Soc. Am. J. 
58:1974-1803. 

WTCER. 2004. All India coordinated research project on water management: 
annual report 2003-4. Bhubanesar (India): Water Technology Centre for Eastern 
Region.

Yadvinder-Singh, Humphreys E, Kukal SS, Dhillon SS, Balwinder-Singh, Amanpreet-
Kaur, Sudhir Thaman, Prashar A, Navneet-Kaur, Yadav S, Smith DJ,  Timsina 
J, Gajri PR. 2006. Evaluation of permanent raised beds for rice-wheat systems 
in Punjab, India – crop performance. (Draft.)

Zaman A, Choudhuri SK. 1995. Water use and yield of wheat under unmulched and 
mulched conditions in laterite soil of the Indian sub-continent. J. Agron. Crop 
Sci. 175:349-353.

Zwart SJ, Bastiaanssen WGM. 2004. Review of measured crop water productivity 
values for irrigated wheat, rice, cotton and maize. Agric. Water Manage. 69:115-
133.

NOTES

Authors’ addresses: E. Humphreys, current address: Challenge Program for Water and 
Food, International Rice Research Institute, DAPO Box 7777, Metro Manila, 
Philippines; e.humphreys@cgiar.org; formerly: CSIRO Land and Water, PMB 
3 Griffith, NSW 2680, Australia; I. Masih, International Water Management 
Institute, Karaj, Iran; i.masih@cgiar.org; S.S. Kukal, Punjab Agricultural 
University, Ludhiana 141004, Punjab, India; sskukal@rediffmail.com; H. 
Turral, International Water Management Institute,  PO Box 2075, Colombo, 
Sri Lanka; h.turral@cgiar.org; A. Sikka, Challenge Program for Water and 
Food, ICAR Research Complex for Eastern Region, Patna 801505, Bihar, India; 
aloksikka@yahoo.co.in.

Acknowledgments: We are grateful to the Australian Centre for International 
Agricultural Research (ACIAR) for its support. 

mailto:e.humphreys@cgiar.org
mailto:i.masih@cgiar.org
mailto:sskukal@rediffmail.com
mailto:h.turral@cgiar.org
mailto:aloksikka@yahoo.co.in


342     Humphreys et al



Arsenic Contamination in Groundwater of the Bengal Basin and Its Influence on Agricultural Production Systems     343

The widespread geogenic arsenic contamination in groundwater in the 
Bengal basin caused concern in the global scientific community. That such 
contaminated groundwater irrigation can inject the heavy metal into the food 
web, and thereby into humans, was largely ignored. However, the entire 
rabi and prekharif seasons in West Bengal heavily depend on groundwater 
irrigation for crop production that contributes significantly toward ensuring 
food security. Thus, a point source of arsenic contamination, as for drinking 
water, may become a diffuse source when arsenic enters the food web, with 
possible biomagnifications up the food chain. This fact is supported by our crop 
cafeteria experiment, conducted in an arsenic-affected area of West Bengal, 
where rice (boro) root accumulated 16.8 mg of arsenic per kg, with the rice 
grain accumulating 2.14 mg kg–1. Considerable buildup of arsenic (13.2 mg 
kg–1) in the rice stem may also lead to serious health hazards for cattle/dairy 
animals feeding on such straw. In addition, the germination percentage of 
rice seed revealed a negative correlation with the rate of arsenic application 
in laboratory studies. Further, the processing of rice (i.e., parboiling and 
milling, etc.) was found to increase arsenic loading in rice for both traditional 
and high-yielding cultivars. This arsenic contamination alone can limit, or 
even negate, the productivity and quality of agricultural produce, in view of 
sanitary and phytosanitary measures. Reduction of arsenate to more toxic and 
phytoextractable arsenite is facilitated by a lowering of redox potential of flooded 
soil, growing boro rice, with a large quantum of contaminated groundwater 
irrigation. Even though there was no visual phytotoxic effect of arsenic on any 
of the crop plants grown in the field (where total arsenic loading of soil did 
not exceed 20 mg kg–1), in pot-culture studies, specific visual symptoms were 
observed in rice leaves and sheaths at an initially added arsenic level of 40 mg 
kg–1, with severe yield decline at arsenic levels beyond 20 mg kg–1. The soil in 
the contaminated area acts as an effective sink, before its carrying capacity is 
exceeded, thereby preventing arsenic from contaminating the adjoining surface-
water bodies through runoff. Indeed, the field soils of our experimental sites 
under boro rice–Sesbania aculeata–kharif rice registered an alarming increase 
in total arsenic loading from 15.7 to 20.9 mg kg–1 during October 2002 to 
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September 2005. Alternative and promising cropping sequences with market 
demand, but much lower irrigation requirement, were also examined as a 
substitute for the dominant rice-rice-fallow sequence in the affected areas. In 
addition, we examined several promising mitigation options of organic manure 
application, inclusion of green manure/pulses in the cropping sequences, and 
so on, some with encouraging results. Furthermore, pond-stored contaminated 
groundwater was shown to become partially decontaminated over time by 
sedimentation-cum-dilution due to rainfall, and irrigation from such surface-
water bodies reduced the dependence on groundwater irrigation. Our current 
research covers, among other areas, arsenic speciation in rice for ascertaining 
net toxicity, and the corresponding risk due to rice intake. 

Arsenic (As) contamination of groundwater in the Gangetic alluvial 
zones of West Bengal has become a drinking water–related disaster in 

recent years with reports of arsenic-related health hazards for millions of 
people. The main focus of attention, until recently, has been exclusively on 
arsenic contamination in groundwater-derived drinking water. However, 
since groundwater is also used extensively for crop irrigation in the arsenic 
belt of West Bengal, the possibility of a buildup of arsenic concentration in 
agricultural soils and agronomic produce was anticipated. Arsenic uptake 
by crop plants grown in soils contaminated with high concentrations of 
arsenic, and irrigated with arsenic-contaminated groundwater, has also been 
reported (ICAR 2006, Abedin et al 2002, MoWR 2006). Such findings call for 
immediate attention since what remains essentially a point source of arsenic 
contamination for drinking water (e.g., a tubewell discharging contaminated 
water) may well become a diffuse and uncertain source of contamination 
when arsenic finds its way into the food web, accompanied by possible 
biomagnification up the food chain (Mukhopadhyay and Sanyal 2004).
 Soil acts as a major sink for arsenic inflow to agroecosystems (Sanyal and 
Nasar 2002), thereby reducing the availability of the toxicant to crop species. 
Thus, the capacity of soil to retain arsenic gains substantial significance in 
relation to the passage of the toxicant in the groundwater-soil-plant/animal/
human continuum.                     

ARSENIC CONTAMINATION IN 
THE GROUNDWATER-SOIL SYSTEM 

The groundwater As concentration (50–1,600 µg L–1), reported from the 
affected areas of West Bengal, is several orders of magnitude higher than 
the stipulated Indian standard for the permissible limit in drinking water 
(50 µg L–1, which is also the maximum acceptable concentration [MAC] for 
drinking water in Bangladesh, India, and several other countries), as well as 
the WHO guideline value (10 µg L–1) (WHO 1993). 
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 We noted that the arsenic loading of groundwater that is used as an 
irrigation source varried from 0.06 to 0.53 mg L–1 in Nonaghata mouza of 
Haringhata block of Nadia District in West Bengal (ICAR 2006). A high 
degree of this contamination was also found in different parts of the affected 
belt, such as Gotera and Ghentugachhi mouzas of Chakadaha block of Nadia 
(trace to 0.89 mg L–1); and Ambikanagar, Chakla, Iajpur, and Chyangdana 
villages under Deganga block of North 24-Parganas District of West Bengal 
(0.05 to 0.50 mg L–1). 
 Some of our research studies, conducted in selected affected areas, 
revealed that the total and Olsen-extractable (i.e., 0.5M NaHCO3, pH 
8.5–extractable As, which constitutes the soil As pool amenable to plant 
uptake) arsenic content of soil varied from 8.4 to 24.3 mg kg–1 and from 2.9 
to 15.8 mg kg–1, respectively (ICAR 2006). These values were often higher 
than those reported for the soil of Argentina, China, Italy, Mexico, France, 
and Australia (0.01–62.6 mg kg–1) (Sanyal and Nasar 2002). 

ARSENIC IN THE SOIL-PLANT SYSTEM 

The arsenic input to soil from various sources could be detrimental to plants 
through its uptake to the toxic limit, thereby facilitating its entry into the 
food chain. There is wide variability in tolerance of arsenic by plant species. 
Rice, in particular, is especially susceptible to arsenic toxicity.
 Several workers, including us, have reported the accumulation and 
transformation of As by many plant species grown in arsenic-affected areas. 
These crops (such as elephant-foot yam, green gram, cowpea, sesame, 
groundnut, etc.) tended to show a buildup of arsenic (Table 1) in substantial 
quantities in different plant parts (ICAR 2006). Indeed, pointed gourd, a 
vegetable creeper plant, has registered considerable arsenic loading. Several 
other vegetables, namely, cauliflower, tomato, and bitter gourd (Table 1), 
were also noted to accumulate arsenic in their economic produce (ICAR 
2006, MoWR 2006, Ghosh et al 2004). The distribution of arsenic content 
in plant parts generally followed the order root › stem › leaf › economic 
produce.
 The reduction of arsenate to more toxic arsenite is facilitated by lowering 
redox potential (Eh), which is encountered under anoxic soil conditions, with 
arsenite being more soluble and mobile than arsenate. Thus, the rice plant 
is rather susceptible to arsenic toxicity since it is grown under submerged 
soil conditions (low Eh) (Ghosh et al 2004). The total arsenic loading of 
the rice crop was reported to be 10 mg kg–1 and even more at 14% moisture 
in selected districts of Bangladesh (Duxbery et al 2003). 
 Application of graded doses of arsenic in a pot-culture experiment, 
conducted at Bidhan Chandra Krishi Viswavidyalaya (BCKV), West Bengal, 
led to visual symptoms of arsenic poisoning in the leaves of rice plants 
(ICAR 2006). The symptoms were reddening of the leaf tip followed by 
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lateral expansion toward the leaf blade. Such reddening of leaves proceeded 
from the margin of the leaves to their midribs. In general, the symptom on 
the affected leaves became visible in the pots treated with 40 mg kg–1 of 
arsenic and beyond although no visual symptom was found in the pots with 
an initially added arsenic level of 20 mg kg–1 (ICAR 2006). 
 The germination percentage of rice seed was found to have a negative 
correlation with the rate of arsenic application. The effect was slightly greater 
for variety IET-4786 than for IET-1444. Above 60 mg As L–1 treatment, no 
rice seed germinated for both rice cultivars. The germination percentage was 
not satisfactory even at 8 mg As L–1.
 Further, processing of rice (i.e., parboiling and milling, etc.) was noted to 
increase arsenic loading (Fig. 1) in rice for both traditional and high-yielding 
cultivars (Ghosh et al 2004).
 The yield of rice (var. IET-1444) declined by up to 87% (in pots treated  
with 60 mg kg–1 arsenic) compared with that of the control in the pot-culture 
experiment we conducted  at BCKV. Crop yield for this variety also decreased 
by 23% and 58%, respectively, in pots treated with 20 mg kg–1 and 40 mg kg–1 
arsenic, whereas yield declines were comparable for the variety IET-4786.  
Soils with total loading of arsenic at and beyond 60 mg kg–1 were thus not 
suitable for supporting any economic yield of a rice crop (ICAR 2006).
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Fig. 1:  Arsenic content in rice before and after parboiling. 
Source: Ghosh et al (2004).
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HYPERACCUMULATION VIS-À-VIS DETOXIFICATION
OF ARSENIC BY PLANT/MICROBIAL SPECIES 

A scan of the literature reveals several plant/microbial species, such as brake 
fern (Pteris vittata) and water hyacinth, that can effectively remove arsenic 
(and other heavy metals) from the soil and the aquatic system, for instance, 
to the tune of 170 and 340 µg As g–1 dry weight of water hyacinth in its 
stems and leaves, respectively (Chigbo et al 1982), when grown in a pond 
containing 10 mg As dm–3.
 Many microbial species (e.g., the bacterial species Proteus, Escherichia 
coli, Flavobacterium, Corynebacterium, and Pseudomonas; the fungus Candida 
humicola; and freshwater algae Chlorella ovalis, Phaepdactuylum tricornutum, 
and Oscillatoria rubescens) have been reported to possess varying degrees of 
arsenic-accumulating ability (Sanyal and Nasar 2002). 
 Several weed species that we identified normally found along with crops 
such as rice, potato, jute, mustard, etc., growing on arsenic-contaminated 
soils (2–14 mg As kg–1 soil) and subjected to irrigation (given to the desired 
crops) with arsenic-contaminated groundwater were noted (Ghosh et al 2004) 
to accumulate considerable amounts of arsenic in their biomass (8.1–42.3 
mg As kg–1). 
 However, it is worth noting in this context that such accumulation 
of arsenic does not necessarily lead to its detoxification per se unless the 
plant-accumulated toxin is effectively detoxified within the plant body by 
its metabolic processes. 

DECONTAMINATION OF ARSENIC-CONTAMINATED 
WATER ON STORING IN PONDS

On storing contaminated groundwater from a shallow tubewell (STW) in 
a pond, a gradual reduction in arsenic loading of stored pond water was 
noted (MoWR 2006), with its progressive buildup in the corresponding 
sediment samples (Table 2). The decrease in arsenic content in the standing 
water resulted from the sedimentation of arsenic from the water to the 
pond sediment, which obviously increased the arsenic loading of the latter. 
The dilution of the stored water by rainfall during the wet season (June to 
September) further decreased contamination in the water.
 Nonaghata-Uttarpara village of West Bengal, India, had no access to deep 
tubewells (DTWs). The farmers employed numerous electricity-driven STWs 
for directly irrigating their crop fields with highly arsenic-contaminated 
groundwater. This was particularly true for the cultivation (during the lean 
period) of summer (boro) rice (a highly water-demanding crop), which these 
farmers have raised for a long time. This practice leads to aggravation of the 
arsenic-toxicity problem.
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 On the other hand, this village, like many others in the arsenic-affected 
belt of West Bengal, had several ponds (water-harvesting structures) that had 
been largely in disuse and thus got silted. Our results (Table 2) demonstrated 
that the pond-stored water became gradually (reasonably) freed of arsenic on 
storing (MoWR 2006). This water could be used for optimum conjunctive 
application of surface water and groundwater for irrigating crops during the 
lean period, as well as in the postmonsoon period. This would certainly 
lower the toxin load to the soil-crop system accompanying the contaminated 
groundwater irrigation source. 

Farmer’s name

Ranjit Mandal

Ranjit Mondal

Study area

Nonaghata–
Uttarpara 
Haringhata 
block, Nadia 
District, West 
Bengal, India

Nonaghata–
Uttarpara 
Haringhata 
block, Nadia 
District, West 
Bengal, India

Date of
filling

3-V-2004

3-V-2005

Date of 
collection

3-V-2004
6-V-2004
9-V-2004
4-VI-2004
1-VII-2004
4-VII-2004
5-VIII-2004
2-IX-2004
30- IX-2004
8-XI-2004
28-XII-2004
29-I-2005
11-II-2005
5-III-2005
13-III-2005
5-V-2005
29-V-2005
23-VI-2005
14-VII-2005
29-VII-2005
18-VIII-2005
31-VIII-2005
13-IX-2005

Pond 
water

(mg L–1)

0.528
0.513
0.473
0.282
0.184
0.162
0.172
0.110
0.070
0.072
0.050
0.046
0.047
0.041
0.040
0.532
0.531
0.526
0.412
0.322
0.216
0.214
0.162

Pond sediment 
(mg kg–1)

  3.6
  3.9
  3.9
11.8
  8.5
  8.5
  9.3
  9.4
12.1
11.3
13.9
13.8
15.5
15.6
15.7
13.7
13.6
13.4
14.2
14.6
12.2
11.6
12.3

Total arsenic content

Table 2: Arsenic content in pond water and sediment samples.

Source: MoWR (2006).
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HEALTH IMPLICATIONS OF ARSENIC CONTAMINATION

The daily human intake of arsenic through contaminated drinking water 
and food at a selected affected village of West Bengal, India, has been 
analyzed. Many of these food samples had arsenic loading of more than the 
corresponding toxic levels (Table 3). Furthermore, most of the arsenic in rice 
and vegetables, consumed by the people in that village, has been reported to 
be present in inorganic (toxic) forms (Chowdhury et al 2001). Thus, besides 
arsenic-contaminated groundwater-derived drinking water, the intake of 
As through the food chain may also contribute significantly on a long-term 
basis toward a daily human burden, not only in contaminated areas but also 
elsewhere for reasons explained earlier. This deserves immediate detailed 
investigation. 

EPILOGUE 

This paper has demonstrated that equal if not greater attention is necessary 
for understanding the complex aspects of accumulation of arsenic in the 
food web vis-à-vis that in drinking water alone, and its ultimate passage to 
the human and livestock populations consuming arsenic-laden agricultural 
produce in the affected belt as well as at locations away from this belt. Some 
potential remedial options aimed at reducing the toxic effect of arsenic in 
agricultural systems include optimum conjunctive use of groundwater and 
surface water (e.g., use of harvested rainwater), recharge of the groundwater 
resource with rainwater, enhancing water-use efficiency for agricultural crops 
by adopting appropriate soil and irrigation water management strategies, 
application of organic manures (Mukhopadhyay and Sanyal 2004), and 

Table 3: Daily arsenic burden for each adult male, adult female, and child from 
consumption of contaminated drinking water, rice, and vegetables in North Kolsur village 

of West Bengal, India.

 From drinking   From rice and From water added Total arsenic 
Person water (µg) vegetables (µg) for Pantavata (µg) intake per
    day (µg)

Adult male 800 285 200 1,285
Adult female 600 285 200 1,085
Child (around
   10 years old) 400 153 100 653

aPantavat is eaten by a large number of rural people in West Bengal, India, and in Bangladesh for breakfast. 
It consists of leftover rice mixed with water and kept overnight to ferment. This is consumed the next 
morning along with vegetables. 
Source: Chowdhury et al (2001).
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so on. The cultivation of low-water-requiring, farmer-attractive cropping 
sequences, especially during the lean period, is another important option. 
The establishment of cost-effective phytoremediation measures may also 
prove useful (Ghosh et al 2004). Hence, the implementation of long-term 
technical alternatives to reduce dependence on arsenic-contaminated 
resources, awareness and involvement of the affected population for the 
confinement through mass movement, gradually leading to the elimination 
of arsenic-related problems, and promotion of international networking in 
support of arsenic mitigation are necessary.
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Competition among uses for surface water and groundwater is beginning to 
affect the agricultural sectors of many countries in this new century. Rice 
farming as the largest agricultural consumer of water is coming under increasing 
pressure to economize on water use. Finding ways to reduce the demand of 
rice producers for water is thus a major concern for farmers, researchers, 
planners, and policymakers. The System of Rice Intensification (SRI) developed 
in Madagascar over 20 years ago offers an opportunity for reducing rice sector 
demand for water. Its methods include either (a) minimum application of 
water or (b) alternate wetting and drying, with the effect of cutting the water 
requirement for irrigated rice production by 25–50% or more. Concurrently, 
creating more aerobic soil conditions contributes to higher paddy yields by 
50–100%. Using the full set of SRI practices raises the profitability of rice 
production by reducing production costs at the same time that outputs are 
increased. This gives rice farmers an incentive for water-saving cultivation. 
SRI’s positive-sum dynamics have seemed too good to be true, but these effects 
have been demonstrated already in 28 countries across Asia, Africa, and Latin 
America, including the three largest rice-producing countries: China, India, 
and Indonesia. This paper reviews the water savings possible with SRI that can 
accompany increases in yield and profitability. An initial trade-off/constraint has 
been the need for greater labor investment while the new methods are being 
learned. But several independent evaluations have shown that SRI can become 
labor-saving at the same time that it saves water, seeds, and production costs. 
An additional opportunity for increasing rice production is the development 
of rainfed versions of SRI in India, Madagascar, Myanmar, and the Philippines. 
Adaptations of SRI concepts and practices to unirrigated rice production can 
give yields in the 4–8 t ha–1 range. In any case, SRI should be regarded as 
still a work in progress, being adapted and further developed as more users 
and researchers become involved with using and elaborating on its insights 
and principles for attaining higher productivity of land, labor, capital, and, 
particularly, water.

Increasing Water Savings while 
Raising Rice Yields with the System
of Rice Intensification (SRI)

Norman Uphoff 
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Competition among alternative uses for surface water and groundwater is 
beginning to affect the agricultural sector of many countries in this new 
century. As the largest agricultural consumer of water, the rice sector is 
coming under increasing pressure to economize on water use. Finding ways to 
reduce the demand of rice producers for fresh water is thus a major concern 
for farmers, researchers, administrators, and policymakers.
 The System of Rice Intensification (SRI) developed in Madagascar 
over 20 years ago (Laulanié 1993) offers an opportunity for reducing the 
rice sector’s demand for water while raising yields. By keeping paddy soil 
moist but not continuously saturated, either (1) by making minimum daily 
applications of water or (2) by alternately wetting and drying rice paddies, 
SRI cuts the water required for irrigated rice production by 25–50%. By 
creating more aerobic soil conditions that are beneficial for the rice crop, 
the combination of water reduction together with other SRI practices can 
increase paddy yields by 50–100% or more. By reducing production costs at 
the same time that they raise output, full and proper use of SRI practices 
enhances the profitability of irrigated rice production, which gives farmers 
financial incentive to undertake water-saving cultivation. 
 These positive-sum dynamics of SRI have seemed too good to be true, but 
SRI effects have now been demonstrated in 28 countries across Asia, Africa, 
and Latin America, including the three largest rice-producing countries: 
China, India, and Indonesia. This paper reviews the water savings possible 
with SRI that can accompany increases in rice yield and profitability. An 
initial trade-off/constraint has been the need for greater investment of labor 
while the new methods are being learned. However, several independent 
evaluations have shown that SRI can even become labor-saving at the same 
time that water, seeds, and production costs are saved. 
 An additional opportunity for increasing rice production is the 
development of rainfed versions of SRI in the Philippines, India, and 
Myanmar. Adaptations of SRI concepts and practices to unirrigated upland 
rice production have given yields in the 4–8 t ha–1 range (Gasparillo et 
al 2003, Kabir and Uphoff 2007, PRADAN 2006). However, this will not 
be addressed in this paper, which focuses on water savings in irrigated rice 
production. SRI should be regarded as a work in progress. It is an integrated 
crop management system still being adapted and further developed as more 
users and more researchers become involved in using and elaborating on 
its insights and principles for attaining higher productivity of land, labor, 
capital, and (especially) water (Uphoff 2007). 
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BALANCING THE REQUIREMENTS 
OF SOIL, WATER, AND AIR

It has long been believed that rice “thrives on land that is water saturated, or 
even submerged, during part or all or its growth cycle … most rice varieties 
maintain better growth and produce higher grain yields when grown in a 
flooded soil than when grown in nonflooded soil” (De Datta 1981: 41:297-
298). However, rice grown in soil that is moist but not continuously saturated 
can in fact give higher yields, as indicated by the title of a literature review by 
International Water Management Institute (IWMI) staff members, Producing 
More Rice with Less Water in Irrigated Systems (Guerra et al 1998). 
 Rice plants grown conventionally but under well-drained soil conditions 
can give a yield 5–10% higher than if flooded, and sometimes more (see e.g., 
Ramasamy et al 1997, Lin et al 2005). However, managing water carefully 
so as to maintain an optimum balance between water and air in the soil is 
more costly in terms of labor time and often money. For any given porosity 
of the soil, the amounts of these two elements, air and water, which are 
both necessary for plant growth and health, will be inversely related in the 
soil. Maintaining an optimum balance between the two is not automatic 
or easy. For farmers to change their long-standing water management 
practices—making more effort to control water levels than is required just 
to keep fields flooded––there needs to be some incentive to invest resources 
in this aspect of irrigated rice production, an incentive that is now available 
with the advent and spread of SRI.  

THE SYSTEM OF RICE INTENSIFICATION

SRI has been characterized in various publications (Laulanié 1993, Stoop 
et al 2002, Uphoff 2003, Horie et al 2005), so only a brief description is 
needed here. Table 1 contrasts SRI practices with common rice-growing 
methods. When these alternative practices are employed, different, more 
productive phenotypes can be induced from most genotypes of rice (Oryza 
sativa), as seen graphically in Figure 1. The various changes observable and 
measurable with SRI are described in Table 2. The specific comparison of 
phenotypical differences shown in Figure 1 is from studies conducted at the 
China National Rice Research Institute, where the same rice variety was 
grown under SRI and control (CK) conditions (Tao 2004). SRI methods by 
altering plant growing conditions evoke tillering and grain-filling responses 
that are quite different from those produced by conventional practices, as 
evident from Table 2.
 SRI has sometimes been considered too labor-intensive for widespread 
adoption (Moser and Barrett 2003), but this appears to be a time-dependent 
assessment. A number of evaluations have shown that SRI can become 
labor-saving once methods and skills have been mastered (e.g., Li et al 2005, 
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Sinha and Talati 2005). Even though the effects reported in Table 2 are not 
yet accepted in all quarters, SRI practices are beginning to spread rapidly in 
several countries, and its benefits have now been seen and documented in 
28 nations. 

SRI RESULTS IN IRRIGATED RICE PRODUCTION

The typical effects of SRI practices on yield, water requirements, production 
costs, and net farmer income are summarized in Table 3, from evaluations 
done in various countries covering >4,800 on-farm evaluations. The 
agencies conducting these evaluations had no stake in the validation of 

Conventional practices

Relatively mature seedlings are   
transplanted at 3–4 weeks of age 

Multiple seedlings (3–4 per hill) are 
transplanted in clumps, usually 
plunging them deep into flooded 
(hypoxic) soil

Large plant population is established in 
rows, with a seed rate of 50+ kg ha–1

Soil inundation with rice paddies kept 
flooded throughout the growing cycle 

Weeds are controlled by flooding and 
also by hand weeding and/or herbicides

 
Chemical fertilizer is applied, providing 

up to 100–150 kg N ha–1; organic 
fertilizer is optional; little/no attention 
to soil biota

SRI methods

Very young seedlings, 8–12 days old, are 
transplanted; maximum of 15 days old, i.e., 
before the start of the 4th phyllochron of 
growth 

Single seedlings are transplanted quite shallow 
(1–2 cm) into a muddy but not flooded field 
after being uprooted gently from an unflooded, 
garden-like nursery

Sparse plant population, widely spaced in a 
square pattern (at least 25 × 25 cm) with a 
seed rate of only 5–10 kg ha–1 

Soil aeration is maintained during the vegetative 
growth period, no continuous soil saturation; 
after panicle initiation, shallow flooding, 1–2 
cm; in some soils, alternate wetting and drying 
throughout the cycle is preferable; some SRI 
farmers continue AWD throughout the crop 
cycle 

Weeds are controlled with a rotary hoe that 
aerates the soil as it eliminates weeds; weeding 
is done 2–5 times before the canopy closes

Compost is recommended, as much as possible, 
to build up soil organic matter; this supports 
larger populations of soil biota; fertilizer can 
be used with other SRI methods, but compost 
gives best results

Source: Randriamiharisoa et al (2006).

 Table 1: SRI methods contrasted with conventional practices.
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SRI; they included the India and Sri Lanka programs of IWMI; the German 
development agency GTZ; the Japanese consulting firm Nippon Koei; China 
Agricultural University, Tamil Nadu Agricultural University, and Andhra 
Pradesh Agricultural University (ANGRAU); and Syngenta Bangladesh Ltd. 
from the private sector.
 The average increase in paddy yields across all these evaluations, even 
with farmers not necessarily using all of the recommended practices or using 
them as recommended, was 52%. This increase was accompanied by water 
savings assessed at the farm level ranging from 25% to 50%, with an average 
reduction in water use of 44%. At the same time, because of reduced reliance 
on external inputs, farmers’ costs of production decreased on average by 25%. 
This financial savings when coupled with higher yield produced an average 
increase in net income per hectare from rice production of 128%. A benefit 
for millers and consumers, if not necessarily for farmers, was a higher milled 
rice outturn from SRI paddy of about 15%. Some of this increase in net rice 
productivity can be captured for farmers if and when a higher price is paid 
for SRI paddy.

Fig. 1: Comparison of organ dry matter in SRI vs. conventionally-
grown rice plants at different stages of growth in the crop cycle. IH = 

initial heading, H = heading, FH = full heading, MR = milky ripening, 
WR = waxy ripening, YR = yellow ripening. Source: Tao (2004).
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 In regions such as central and southern India where water scarcity is 
becoming a major constraint to the production of paddy rice, the potentials 
for water savings are a stronger impetus for SRI adoption than either yield 
or profitability considerations (Murty et al 2006). In Andhra Pradesh, where 
SRI was first introduced in 2003––and where the results shown in Table 3 
are becoming widely known––SRI methods were used by 30,000 farmers 
three years later, according to the principal secretary of irrigation, with the 
department planning to expand SRI use to 1.6 million ha (pers. comm., 
Dr. S.P. Tucker, 13-IV-2006). An NGO working with the Andhra Pradesh 
Department of Irrigation on introducing SRI to farmers reports that SRI 
methods reduce demand for scarce water by 50% in most cases, and by up to 
70% in some cases, while paddy yields are generally doubled (Jalaspandana 
2006).
 The range of water savings achieved or attainable with SRI will vary 
of course according to many factors: the extent of current (over)use, soil 
characteristics, climate, physical control structures, and water management 
capabilities at the farm, channel, and system levels. Because SRI results 

Table 2: Phenotypical differences in rice plants and grains associated with SRI practices.

Measured/observable differences
Tillering: 30–50 tillers plant–1 are common with SRI methods, but 100 or more can be 

attained with good use of the methods and with biologically-enriched soil
Root growth: larger root systems, with healthy white coloration; root-pulling resistance 

(RPR) is increased by 5–10 times per plant
Grain filling: positive correlation between number of panicles and size of panicles; this 

is contrary to typical rice phenotypes grown with continuous flooding, for which the 
correlation is negative; usually, the percentage of unfilled grains is much reduced

Grain weight: an increase of 5–15% is common, which contributes to higher yield; this can 
occur without an increase in grain size, because of greater grain density

Reduced time for maturation: often 1–3 weeks less time for the same variety to ripen if SRI 
methods are used––while simultaneously giving higher yield

Grain quality: approximately 15% higher outturn of milled rice from SRI paddy, due to less 
chaff (fewer unfilled grains) and less shattering (fewer broken grains) during milling, a 
reflection of the higher grain density; also less chalkiness of grains (Jun 2004).

Reported differences
Resistance to pests and diseases: it is widely reported by farmers that pests and diseases do 

not cause enough damage to warrant the use of agrochemical biocides
Resistance to drought, wind and rain damage, and cold temperatures: larger root systems 

appear to account for the resistance to drought and cold as well as little or no cyclone 
and typhoon damage (observed in India, China, and Sri Lanka); with SRI, despite larger 
panicles, lodging is rare even under extreme weather conditions

Source: Randriamiharisoa et al (2006).
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depend on the appropriate management of plants, soil, water, and nutrients to 
capitalize upon biological processes and potentials––rather than on applying 
external inputs or introducing new genotypes––results can be quite variable, 
influenced by interactions between the plants and the soil systems in which 
they grow. The figures cited above and in Table 3 are averages. 
 If water supplies are not controlled, that is, if continuous inundation 
of soil creates hypoxic conditions that adversely affect root growth and 
functioning and also constrain biodiversity in the soil, we cannot expect 
particularly impressive results with SRI. Nor can good results be expected if 
soil management practices and the application of agrochemicals inhibit or 
impair the functioning of soil biota. These diverse, interacting organisms are 
largely ignored in conventional rice science analyses; however, they become 
central elements in SRI evaluation and practice (Randriamiharisoa et al 
2006).
 SRI results underscore that the age-old practice of always flooding 
rice crops has negative consequences. However, if other adverse practices 
are followed, for example, high plant density, use of older seedlings, or 
traumatizing of roots during transplanting, this consequence may not be 
very evident. One can readily discern the negative effects of flooding on rice 
plants by observing a poorly-leveled rice paddy, with some areas within the 
field being higher and others lower. Those plants growing in the elevated 
areas usually prosper compared with those in the low-lying patches. 
 Although rice is physiologically able to survive in saturated soil, it 
does not thrive under those conditions. The roots of inundated rice plants 
degenerate (Kar et al 1974, Kirk and Bouldin 1991), and this makes the 
plants dependent upon exogenous provision of (inorganic) nutrients. Such 
root systems cannot themselves avail the plant of nutrients from organic 
sources and through biological processes, reviewed in Randriamiharisoa et 
al (2006).
 The statements made about water savings with SRI refer at present only to 
field-level reductions. Making system-level savings based on SRI methods will 
depend on large-scale adoption so that total volumetric issues to command 
areas can be cut back. This should be possible once there is large-scale 
conversion of production systems and appropriate changes in the control 
capabilities and management of irrigation systems. 
 SRI will probably gain widest acceptance and give the most benefit where 
rice is irrigated with groundwater. When irrigation water is pumped to fields, 
there is both more economic incentive and greater infrastructural ability to 
reduce applications and to coordinate water deliveries. 
 It is also possible that future water savings with SRI methods will be 
still greater than measured to date. The standard SRI recommendation on 
water management has been to apply minimum amounts of water to the crop 
during the vegetative growth phase, but then to maintain a shallow layer of 
water (1–2 cm) after panicle initiation. Farmer experiments and subsequent 
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evaluation are indicating that continuing alternate wetting and drying of the 
paddy throughout the entire crop cycle may meet the crop water requirement 
and reduce total water applications. This, however, will probably not be 
successful on certain clay soils that become unmanageably hard if they ever 
dry out completely during the crop season. Such considerations necessarily 
qualify any SRI generalizations.

DISCUSSION

Water management in particular is a subject within SRI on which much 
systematic research remains to be done––and under a wide variety of 
soil conditions to determine variations and ranges of practices, rather 
than offer any one-size-fits-all conclusions. With SRI, the water regime 
recommendations need to be adapted to local differences in soil structure, 
water-retention capacity, physical means of water control, the reliability of 
continuing water supply, and costs of labor. 
 Although the elements of SRI are each rather simple, putting them 
together and using them requires analysis, experimentation, and evaluation, by 
farmers as well as (other) professionals. This is what makes SRI management-
intensive as an alternative strategy to input-intensity. SRI promotion is 
intended to upgrade the human resources involved in agriculture as well as 
the productivity of all resources employed. The efforts made with, for, and 
by farmers to engage them in this process are not considered just as a cost, 
however, but also as a benefit––an investment––in the modernization of 
agriculture. 
 As noted already, SRI is a work in progress. No single or simple conclusions 
are warranted at this stage as the database is not yet extensive enough. We 
can say that almost all evaluations have found that SRI methods raise the 
factor productivity of the land, the labor, the water, and/or the capital used in 
irrigated rice production. Increasing the productivity of resources used to grow 
rice is the real objective––more than raising yield as such. While agronomists 
vie to set yield records, farmers are concerned with the net productivity––and 
specifically, the net income earned––from their agricultural practices. 
 The controversy raised recently by McDonald et al (2006) over whether 
SRI yields surpass those of best management practices (BMP) is a fruitless 
diversion. Apart from the fact that their database did not represent “a 
synopsis of the empirical record,” as claimed, and their criteria for what 
constitutes SRI and BMP were neither defensible nor consistently applied, 
the comparison made––which considered neither water savings nor effects 
on farmers’ income––is irrelevant to farmers and policymakers alike. There 
is more than enough evidence from a variety of reputable sources (Table 3) 
that SRI methods are beneficial for farmers and for the environment and 
farmers are taking up these methods at an accelerating rate. 



Increasing Water Savings while Raising Rice Yields with the System of Rice Intensification (SRI)     363

 The challenge for scientists is to engage with the new practices and their 
results in a realistic way, looking for their limits and flaws, as well as for 
possible future emergent problems. No claim is made that SRI is a solution 
for all rice-sector challenges, but it can probably meet the multiple objectives 
that the International Rice Research Institute (IRRI) has mapped out for 
the sector for the 21st century better than any other path of innovation on 
the horizon.
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The production of rice at high yield levels with high efficiency of input use 
helps ensure sufficient rice at affordable prices for consumers and adequate 
profit for farmers. Fertilizers are one of the main inputs in rice production. 
The quantity and management of fertilizers to optimally match the needs of 
rice crops for essential nutrients can vary greatly from field to field. Trends 
toward increasing intensity and diversity of cropping practices will likely lead 
to increased field-to-field variation in crop needs for supplemental nutrients, 
thereby increasing the benefits from field-specific management approaches 
for increasing nutrient-use efficiency and crop yields. Optimally supplying 
rice with essential nutrients as and when needed to achieve high yields and 
high efficiency of input use involves three steps. The first step is to establish an 
attainable yield target, which is location- and season-specific depending upon 
climate, rice cultivar, and crop management. This yield target or goal reflects 
the total amount of nutrients that must be taken up by the crop. The second 
step is to ensure effective use of existing indigenous nutrients such as from 
soil, organic amendments, crop residue, manure, and irrigation water. The third 
step is to apply fertilizer to dynamically fill the deficit between crop needs and 
indigenous supply and to maintain soil fertility. The requirement for fertilizer 
N can be approximated from the response in grain yield to fertilizer N and a 
targeted efficiency of fertilizer N use. The required fertilizer N is apportioned 
in several doses during the growing season to ensure that N supply matches 
crop need. Young rice before active tillering requires only a moderate amount 
of fertilizer N. The efficiency of fertilizer N in farmers’ fields can often be 
improved by reducing the portion of fertilizer N applied early and ensuring 
that fertilizer N doses are sufficient at critical stages of active tillering and 
panicle initiation. The leaf color chart is a tool for adjusting fertilizer N use to 
field-specific needs of rice from tillering onward. The indigenous supply of P 
or K, estimated by either the nutrient omission plot technique or soil testing, 
and an estimate of the yield gain with the use of fertilizer P or K can be used 
to determine the requirement for fertilizer P or K. Opportunities exist to use 
farmers’ historical use of fertilizer P and K, farmers’ straw management practice, 
yield targets of farmers, and simple field observations to estimate field-specific 
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fertilizer P and K needs. Simple guidelines should be developed to use such 
information together with existing knowledge on soils to empower farmers 
in a participatory fashion with trained extension workers and researchers to 
develop improved practices for their specific rice fields. 

Fertilizers are one of the main inputs in rice production. The quantity 
and management of fertilizers that best match the needs of rice crops for 

essential nutrients can vary greatly among fields, seasons, and years as a result 
of differences in crop-growing conditions, crop and soil management, and 
climate. Hence, the management of nutrients for rice requires an approach 
that enables adjustments in applying N, P, and K to accommodate the field-
specific needs of the rice crop for supplemental nutrients.
 Fortunately, much progress has been made recently in improving nutrient 
management to accommodate spatial and temporal variations in nutrient 
requirements of irrigated rice. The site-specific nutrient management 
(SSNM) approach as developed in Asian rice-producing countries through 
partnerships of the Irrigated Rice Research Consortium (IRRC) enables rice 
farmers to optimally supply rice with essential nutrients as and when needed. 
The concept of SSNM for rice was developed in the mid-1990s. It was then 
evaluated and refined from 1997 to 2000 on about 200 irrigated rice farms 
at eight sites in six Asian countries. The achievements before 2001 in the 
initial conceptualization and development of SSNM are documented in a 
book by Dobermann et al (2004). From 2001 to 2004, the initial SSNM 
concept systematically evolved to provide farmers and extension workers 
with principles and tools for management of N, P, and K, including use of 
the leaf color chart (LCC) for N management. Activities were implemented 
through the IRRC in partnership with national agricultural research and 
extension systems throughout Asia. Since 2005, increased emphasis was 
placed on disseminating SSNM. A Web site on SSNM was launched in 2006 
(IRRI 2006).

THE SSNM APPROACH 

The SSNM approach involves three steps to enable rice farmers to optimally 
supply their crop with essential nutrients (Fig. 1).

Step 1. Establish an Attainable Yield Target

The yield target for a given location and season is the estimated grain yield 
attainable with the farmers’ crop management when N, P, and K are effectively 
supplied. Because the amount of a nutrient taken up by a rice crop is directly 
related to yield, the yield target indicates the total amount of the nutrient 
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that must be taken up by the crop. The yield target typically does not exceed 
about 80% of climatic and genetic potential yield. 

Step 2. Effectively Use Existing Nutrients

The SSNM approach promotes the optimal use of naturally occurring 
indigenous nutrients coming from the soil, organic amendments, crop residue, 
manure, and irrigation water. The uptake of a nutrient from indigenous 
sources can be estimated from the nutrient-limited yield, which is the grain 
yield for a crop not fertilized with the nutrient of interest but fertilized with 
other nutrients to ensure they do not limit yield.

Step 3. Apply Fertilizer to Fill the Deficit 
Between Crop Needs and Indigenous Supply

Fertilizer N, P, and K are applied to supplement the nutrients from 
indigenous sources and achieve the yield target. The quantity of 
required fertilizer is determined by the deficit between the crop’s 
total  needs  for  nutr ients—as determined by the yield target— 

Fig. 1: A diagrammatic presentation of the site-specific nutrient management (SSNM) 
approach of supplying rice with essential nutrients to optimally meet its nutrient needs.

Step 1:
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Step 2:
Effectively 
use existing 
nutrients

Step 3:
Fill deficit 
between total 
needs and 
indigenous 
supply



372     Buresh et al

and the supply of these nutrients from indigenous sources—as determined 
by the nutrient-limited yield. 

PRINCIPLES OF N MANAGEMENT

Rice plants obtain much of their required N from the soil and organic 
amendments, but the supply of N from these indigenous sources is seldom 
sufficient for high rice yield. Supplemental N from fertilizers is typically 
essential for high yields and profit in irrigated and favorable rainfed rice 
fields. For best effect, farmers should apply fertilizer N several times during 
the growing season to ensure that the N supply matches the crop need for N at 
the critical growth stages of tillering, panicle initiation, and grain filling.
 The total fertilizer N required by a rice crop depends on the deficit 
between the crop’s total N need to achieve a yield target and the N supply 
from indigenous sources, as determined by the N-limited yield. The N-limited 
yield can be determined by the nutrient omission plot technique (IRRI 2006). 
When results from the omission plot technique are unavailable, information 
on use of organic amendments, soil texture, or previous measurements of N-
limited yield on similar soils can often be used to suitably estimate N-limited 
yield. Soil tests are typically not effective for estimating N-limited yield in 
submerged rice soils (Cassman et al 1996).
 The total fertilizer N required by rice can be estimated from the grain yield 
response to fertilizer N and a targeted efficiency of fertilizer N use (AEN), 
defined as the increase in yield per unit of fertilizer N. At the fertilizer N 
rate corresponding to maximum profit, the optimal range for AEN in farmers’ 
fields is often 18 to 25 kg kg−1, as shown through past on-farm research across 
Asia (Dobermann et al 2004). An AEN of 25 kg kg−1 is often achievable 
with good crop management in seasons with favorable climate (particularly 
high solar radiation) for high yields. An AEN of 18 or 20 kg kg−1 is typically 
achievable with good crop management in seasons with less favorable climatic 
conditions for yield, such as with reduced solar radiation. Table 1 shows the 
simplified guidelines for estimating fertilizer N required by rice based on 
grain yield response to fertilizer N and the efficiency of fertilizer N use. The 
optimal fertilizer N rate for each ton of increase in grain yield is therefore 
in the range of 40 to 55 kg N ha−1. 
 The required fertilizer N is apportioned in several doses during the 
growing season to ensure that N supply matches the crop need at critical 
growth stages. In the SSNM approach, fertilizers are applied using the 
following principles:
  Apply only a moderate amount of fertilizer N to young rice within 14 

days after transplanting (DAT) or 21 days after sowing (DAS), when 
the growth and need of the plant for supplemental N are small.
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  Reduce or eliminate early application of fertilizer N when high-quality 
organic materials and composts are applied or the soil N-supplying 
capacity is high.

  Dynamically manage fertilizer N to ensure sufficient N supply to 
the crop at the critical growth stages of mid-tillering and panicle 
initiation. 

  Use the LCC to assess leaf N status and adjust fertilizer N applications 
to match the crop’s need for N (Alam et al 2005, Witt et al 2005).

 With the SSNM approach, the recommended use of fertilizer N could be 
higher or lower than the current farmers’ practice. The efficiency of fertilizer 
N in farmers’ fields can often be improved by ensuring that the portion of 
fertilizer N applied early is not excessive and the fertilizer N doses at the 
critical stages of active tillering and panicle initiation are sufficient. 

PRINCIPLES OF P AND K MANAGEMENT

Fertilizer P and K are applied in sufficient amounts to overcome deficiencies 
and maintain soil fertility. The need of the rice crop for fertilizer P and K, 
as for fertilizer N, is determined from the gap between crop demand for 
sufficient nutrient to achieve a yield target and the supply of the nutrient 
from indigenous sources (Fig. 1).  The yield target provides an estimate for 
the total amount of P and K needed by the rice crop because the amounts 
of P and K taken up by a rice crop are directly related to crop yield. The 
target can be estimated from the grain yield in a fully fertilized plot with no 
nutrient limitations and good management.
 The indigenous supply of P can be estimated from the total amount of P 
taken up by a mature rice crop that receives no fertilizer P and is not limited 
by other nutrients. Because the amount of P taken up by rice is directly related 
to yield, the indigenous P supply can then be estimated from P-limited yield, 

Table 1: Estimation of fertilizer N required for rice based on yield 
response to fertilizer N and efficiency of fertilizer N use (AEN) 

defined as kg grain increase per kg applied fertilizer N.

Yield response  Fertilizer N rate (kg ha−1)
to fertilizer N  
(t ha−1) At AEN = 18 At AEN = 20 At AEN = 25

1   55   50   40
2 110 100   80
3 165 150 120
4 220 200 160
5 – 250 200
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which is the grain yield for a crop not fertilized with P but fertilized with other 
nutrients to ensure that they do not limit yield. Similarly, the indigenous K 
supply can then be estimated from K-limited yield, which is the grain yield 
for a crop not fertilized with K but fertilized with other nutrients to ensure 
that they do not limit yield. Soil testing is another technique for estimating 
the supply of P and K from indigenous sources.
 The attainable yield target and P-limited yield are used with a nutrient 
decision support system (Witt and Dobermann 2004)—derived from scientific 
principles within the QUEFTS model (Janssen et al 1990)—to determine 
the amount of fertilizer P2O5 required to both overcome P deficiency and 
maintain soil P fertility. Similarly, the attainable yield target and K-limited 
yield, together with an estimate of the amount of retained crop residue, are 
used to determine, with a nutrient decision support system, the amount of 
fertilizer K2O required to both overcome K deficiency and maintain soil K 
fertility. Outputs of the nutrient decision support system are summarized in 
Tables 2 and 3 (Witt et al 2002).

PRINCIPLES FOR IMPLEMENTING SSNM

The implementation of SSNM involves
  Early application of N, P, and K adjusted to plant need.
  Subsequent topdressing of N based on the plant’s need.
  The option for application of K adjusted to plant need at early panicle 

initiation.

Table 2. Guidelines for the application of fertilizer P2O5 to rice 
according to yield target and P-limited yield in P omission plots 

when crop residue is retained in fields.

Yield target (t ha−1)  4 5 6 7 8

P-limited yield (t ha−1)  Fertilizer P2O5  rate (kg ha−1)

3 20 40 60  
4 15 25 40 60 
5   0 20 30 40 60
6   0   0 25 35 45
7   0   0   0 30 40
8   0   0   0   0 35

Source: Witt et al (2002).
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Early Fertilization

The needs of rice for supplemental nutrients are strongly related to growth 
stage. Young rice within 14 DAT or 21 DAS requires
  Only a moderate amount of fertilizer N because of the slow growth 

and uptake of N.
  All the required fertilizer P2O5, which is needed for early root growth 

and tillering.
  50% or more of the total fertilizer K2O.
 The following general guidelines can be used for early fertilization with 
N:
  Typically apply about 20 to 30 kg N ha−1 in seasons with a yield 

response to fertilizer N of between 1 and 3 t ha−1.
  Apply about 25% to 30% of the total N in seasons with a yield response 

of ≥3 t ha−1.
  Reduce early N application when high-quality organic materials and 

composts are applied or the soil N-supplying capacity is high.

Table 3. Guidelines for the application of fertilizer K2O to rice according to yield target 
and K-limited yield in K omission plots.

Rice straw Yield target(t ha−1)  4 5 6 7 8
inputs
 K-limited yield (t ha−1)  Fertilizer K2O rate (kg ha−1)

Low 3 45 75 105  
   (<1 t ha−1) 4 30 60 90 120 
 5  45 75 105 135
 6   60 90 120
 7    75 105
 8     90
Medium 3 30 60 90  
   (2 to 3 t ha−1) 4 0 35 65 95 
 5  20 50 80 110
 6   35 65 95
 7    50 80
 8     65
High 3 30 60 90  
   (4 to 5 t ha−1) 4 0 30 60 90 
 5  0 30 60 90
 6   10 35 70
 7    25 55
 8     40

Source: Witt et al (2002).
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  Increase N application up to 30% to 50% of the total N when old 
seedlings (>24 days old) and short-duration varieties are used.

  Eliminate early application when yield response is ≤1 t ha−1.
 The historical cropping of rice with little or no use of fertilizer K can lead 
to depletion of soil K and increased likelihood of rice response to fertilizer 
K, especially when crop yields are high and straw is removed. As a general 
principle, if the fertilizer K requirement is relatively low (≤30 kg K2O ha−1), 
all the K can be applied early, before 14 DAT or 21 DAS. On sandy soils or 
when larger amounts of fertilizer K (>30 kg K2O ha−1) are required, K can 
be split, with about 50% early and 50% at early panicle initiation because 
an adequate supply of K is important for grain filling.

Topdressing Fertilizer N

Fertilizer N after 14 DAT or 21 DAS is applied based on the crop’s need 
for supplemental N, as determined by leaf N status. The LCC is a tool for 
assessing leaf N status and the crop’s need for N. Two equally effective options 
are available for applying fertilizer N based on crop needs as determined 
with the LCC. In the “fixed-time/adjustable dose” option, the times for N 
fertilization are preset at active tillering and panicle initiation, and farmers 
adjust the dose of N upward or downward based on leaf color. 
 In the “real-time” option, farmers monitor the color of rice leaves at 
regular intervals of about 7 to 10 days from early tillering (about 20 DAT) 
to about 10 days after panicle initiation. Farmers apply fertilizer N whenever 
the leaves become more yellowish green than the critical threshold value 
indicated on the LCC. It typically requires four to six visits by the farmer to 
the field to monitor leaf color. 

Topdressing Fertilizer K

Rice yield can be limited by an insufficient supply of K even without visible 
plant symptoms of K deficiency during crop growth. Farmers can examine 
the need for additional fertilizer K2O by superimposing a plot within their 
field with the application of additional fertilizer K2O at panicle initiation, 
and then compare the yield and grain filling between the plot with additional 
K2O and their field without additional K2O.

DEVELOPING AND EVALUATING LOCALLY ADAPTED 
NUTRIENT MANAGEMENT PRACTICES

The effective uptake by farmers of a relatively knowledge-intensive 
technology such as improved nutrient management for rice necessitates the 
communication of consistent and explicit messages to farmers. Although the 
nutrient omission plot technique and soil testing are options for determining 
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fertilizer P2O5 and K2O rates, these techniques are time- and labor-intensive 
and can be realistically used at only a limited number of selected locations. 
General guidelines are consequently required for estimating the field-specific 
needs of rice for fertilizer P2O5 and K2O in the absence of nutrient omission 
plots or soil test results. Opportunities exist to use farmers’ historical use of 
fertilizer P and K, farmers’ straw management practice, knowledge of soils, 
and simple field observations to help estimate field-specific fertilizer P and 
K needs. 
 Guidelines are needed for empowering farmers in a participatory fashion 
with trained extension workers and researchers to develop improved practices 
for their specific rice fields. This requires ensuring that the persons providing 
farmers with information are familiar with using SSNM principles to develop 
and evaluate improved practices for specific rice fields. Trained extension 
workers, researchers, or farmer leaders can interact with farmers through 
participatory techniques such as a focus group discussion to develop a nutrient 
management practice tailored to specific rice fields. 
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Although the need to supply secondary nutrients and micronutrients to rice 
has long been recognized, intensification of rice-based cropping systems has 
increased the demand for these nutrients. The need for S addition is widely 
documented. Soil acidity and/or lack of Ca and Mg inputs are important 
constraints on highly weathered soils and possibly also on acid alluvial soils 
in South and Southeast Asia. Recent work, for example, has shown yield 
responses to applications of dolomitic lime in Bangladesh. The main, and most 
successful, method for supplying secondary nutrients is application to soil. A 
broader range of options exists for micronutrients where smaller amounts are 
needed. Soil application is the most common method, but not necessarily the 
most effective or the most economical. Other strategies include application to 
the nursery only, foliar spray, and seed soaking. More recently, the use of in vivo 
micronutrient-enriched seed has also been found effective, but simple methods 
for seed enrichment have not yet been developed. Zinc is by far the most 
commonly reported micronutrient deficiency, especially for paddy rice. The 
redox chemistry associated with paddy rice reduces the availability of Zn and 
probably Cu, but increases that of Fe and Mn. The most probable mechanisms 
for reduction in Zn and Cu availability include precipitation of mixed sulfides 
with Fe at very low redox potentials and competition with Fe and Mn for plant 
uptake at redox potentials above that for sulfate reduction but below those for 
Fe and Mn reduction. In upland rice systems, soil pH is an important variable 
regulating micronutrient availability. The importance of B has been documented 
in several cases but its importance is inadequately characterized at present. 
Modern information tools such as GIS provide opportunities to target nutrient 
management to sites where the potential for deficiency is high. Such sites may 
be identified by direct nutrient mapping or by use of correlated variables such 
as soil pH, texture, and mineralogy. Plant breeding programs also need to focus 
more directly on nutrient efficiency traits, especially for micronutrients. Finally, 
there is a need to improve the grain content of nutrients such as Fe and Zn in 
order to address widespread human deficiencies of these nutrients.

Opportunities for Improved 
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The importance of secondary nutrients and micronutrients in rice 
production has increased with the intensification of rice-based cropping 

systems and often negative nutrient budgets. This paper focuses on flooded 
rice in Asia and selected nutrients. General themes discussed are soil acidity, 
micronutrient application strategies to minimize micronutrient input levels, 
the use of geographic information systems (GIS) to target probable responsive 
sites, and broadening the objectives of micronutrient research to address 
human micronutrient deficiencies.

SOIL ACIDITY

Soil acidity and/or a lack of Ca and Mg inputs are important but often 
overlooked constraints to rice productivity. Soil acidity is common throughout 
the regions of the world where rice is grown, especially associated with highly 
weathered Oxisols and Ultisols and coarse-textured alluvial soils. We have 
observed rice yield responses of 0.5–1 t ha–1 to liming in a rice-wheat cropping 
system in northwest Bangladesh (Fig. 1), even though rice is considered to 
be an acid-tolerant crop and flooding moves soil pH toward neutrality. Yield 
responses were initially observed up to 2 t lime ha–1, with greater residual 
effects at the 4 t ha–1 rate. In some cases, the lime contained B, but, where it 
did not, responses to B were sometimes seen in rice but were more frequent 
in wheat. In flooded soils, liming has a negative effect on the availability 
of Zn, Cu, and B, which should be considered when recommending lime 
application rates.  
 Acid precipitation is becoming an issue as the developing world 
industrializes and has the potential to exacerbate soil acidity. Regional-scale 
acid precipitation is currently a factor only in southeast China. Kuylenstierna 
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Fig. 1: Rice and wheat yield responses to liming at a farm site in Dinajpur District (Kaunia) 
and at the Wheat Research Center (WRC), Nashipur, Bangladesh.
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et al (2001) have carried out an analysis of ecosystem sensitivity to acidic 
deposition that shows the vulnerability of Nepal, Bangladesh, and Southeast 
Asia (Fig. 2).

MICRONUTRIENT DEFICIENCIES

Soil micronutrient deficiencies are common in South and Southeast Asia 
(Table 1), and vary widely, depending on soil type and pH. Zinc and boron 
are the most commonly observed deficiencies.  
 Boron deficiency is probably among the easiest problems to correct, with 
soil applications on the order of 1–2 kg B ha–1 being sufficient. The addition 
of 1 kg B ha–1 increased mean rice yield from 4.0 to 4.9 t ha–1 in Pakistan, 
due to a higher number of productive tillers and reduced panicle sterility 
(Rashid et al 2004, Rashid 2006). However, care must be taken with boron, 
as the range between sufficiency and toxicity is small.   
 The addition of fertilizer to the soil has been the traditional approach 
to overcoming micronutrient deficiencies, but this is not always the most 
effective or economical method. For example, strategies that use much smaller 
amounts of Zn include fertilization of rice nurseries, which is recommended 
in Pakistan, and seed treatment, which is used in the southern United 
States, where rice is direct-seeded and not flooded until the 4-leaf stage 
(Slaton et al 2001). Both approaches have proven to be economically and 
agronomically effective, and they should also work with other micronutrients. 
Application rates equivalent to 20 kg Zn ha–1 to nursery soil and 2.5–5 g Zn 
kg–1 of seed are recommended. The nursery should be kept aerobic in order 

Legend
1 = Most sensitive
2
3
4
5 = Least sensitive
No data
Snow and ice

Fig. 2: Sensitivity of ecosystems to acid precipitation. (Adapted from Kuylenstierna et al 
2001.)
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to maintain Zn availability. Seed priming with Zn (www.seedpriming.org/) 
would likely also be effective for direct-seeded rice that is not immediately 
flooded and would aid crop establishment where the soil surface is dry. Foliar 
micronutrient sprays are also effective at rates of 1–2 kg Zn ha–1, but they 
require more labor and greater management skills. In the U.S., a layered, 
granular soil-acidifying fertilizer containing ammonium sulfate, mono-
ammonium phosphate, elemental sulfur, and Zn has been developed by the 
Mosaic Co., but it may not be effective in flooded soils. Nevertheless, the 
ability to acidify a zone of soil to increase the availability of applied soil 
micronutrients (Zn, Cu, and B in flooded soils, plus Fe and Mn in aerobic 
soils) would be especially useful in higher-pH soil environments.  
 In vivo production of micronutrient-enriched seed is another strategy 
to overcome micronutrient deficiencies. We have found that multiple 
foliar applications of micronutrients lead to substantial increases in seed 
concentrations of Zn, Cu, Mn, and Mo, but not Fe or B in rice (Fig. 3). 
 In our experience in Bangladesh, Zn-enriched seed and Zn application to 
the rice nursery give higher grain yields than applying Zn to the soil, possibly 
because the early supply of Zn, and also Cu and Mn, from micronutrient-
enriched seed increases seedling resistance to root diseases in addition to 
overcoming Zn deficiency. Micronutrient-enriched seed appears to be slightly 
more effective in basic soils than in acidic soils (Table 2).  
     A second set of farmer trials with BR 32 on acid soils in northwest 
Bangladesh gave a mean yield of 3.7 t ha–1 with micronutrient-enriched seed 
compared with 3.08 t ha–1 for normal seed plus micronutrient application 
to soil. Sites were chosen without knowledge of soil nutrient status and, as 
could be expected, yield response varied among the farms (Fig. 4).
 Unfortunately, soil fertilization with Zn, Cu, and Mo leads only to seed 
increases of Mo due to the low availability of Zn and Cu in flooded soils 
and therefore methods that would be manageable at the farm scale are being 
sought. Genetic manipulation to increase Zn transfer into the grain of rice 
is another possible avenue to achieve this goal.

Table 1: Incidence of soil micronutrient deficiencies in Asia.

 Percent of soils deficient in 
Country
 Zn Cu Fe Mn B

Indiaa 51   2 10   3 n.a.
Pakistanb 50–80 n.a. n.a. n.a. 25–50
Southeast and southwest Chinac 48   9   5 16 35

aFrom Singh (1999). bFrom Rashid (2006). cFrom Jin (2006). n.a. = not applicable.

http://www.seedpriming.org/
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Fig. 3: Concentrations of micronutrients in BR 
32 rice achieved by multiple foliar applications 

of a micronutrient mixture. 

Table 2: Effect of Zn applied to soil and Zn-enriched seed on T. aman rice 
yield on Bangladeshi farms with acidic or basic soils in 2000.

Soil type and Mean grain yield  (t ha–1)
number of sites
 Control seed Zn applied to soil Zn-enriched seed

Acid soils (8) 2.78 3.08 3.13
Basic soils (6) 3.42 3.74 4.13
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Fig. 4: Distribution of yield response to micronutrient-enriched seed in 13 on-
farm trials with BR 32 in northwest Bangladesh in 2003.
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 Although micronutrient deficiency symptoms in rice are documented 
(e.g., Fairhurst and Witt 2002), there may be many cases where deficiency 
exists without obvious symptoms; this certainly appears to be the case with 
Zn. Thus, it is useful to consider the soil environments where deficiency of a 
particular nutrient is found together with the impact of water management on 
nutrient availability through its effect on soil redox potential. For example, 
Zn deficiency is most commonly found in light-textured soils, in high-pH 
soils, and where flooding is continuous (i.e., highly reduced soils). 

TECHNOLOGY USING GEOGRAPHIC
INFORMATION SYSTEMS 

Geographic information systems (GIS) can be used to map information on 
soil micronutrient status or soil properties known to be related to deficiency 
in order to identify target areas for evaluation of nutrient deficiency, monitor 
nutrient status, or take remedial action. Such maps can be produced at 
scales from national (Fig. 5) to local to influence policymakers, extension 
programs, and farmers, as appropriate. However, it is also important to factor 
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Fig. 5: Boron status of Bangladeshi soils.
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the dynamic nature of crop production practices and soil nutrient status 
and nutrient availability into programs that address the deficiency of any 
nutrient. 

PLANT BREEDING OPPORTUNITIES

Plant breeding is an important component in attempting to overcome 
nutrient deficiencies. Our experience is that current plant breeding programs 
for rice (and also wheat) do not adequately consider known soil acidity 
and nutrient constraints. Without direct assessment of nutrient efficiency 
traits and aluminum tolerance, plant breeding programs are inefficient at a 
minimum and in the worse case overlook promising germplasm. 

WORKING TO OVERCOME HUMAN 
MICRONUTRIENT DEFICIENCIES 

The objective of agriculture is to provide the supply of nutrients needed to 
sustain humans. This is a continuing and continually changing challenge. It 
is perhaps ironic that our current agriculture does fairly well in meeting the 
large energy and protein needs of the current population but has lagged behind 
in supplying micronutrients. Efforts to improve the micronutrient content 
of rice through conventional plant breeding (Fe and Zn) and transgenic 
approaches (Fe, Zn, and β-carotene) have received much attention (Welch 
and Graham 2004, Khush and Datta 2002). 
 There are also opportunities to increase Zn in rice through nutrient 
management as discussed above (Fig. 3). Dietary intake of Zn by children in 
Bangladesh is used as an example of the potential importance of Zn-enriched 
rice. For these children, dietary Zn intake is primarily from rice but this 
does not meet the World Health Organization’s (WHO) daily recommended 
intake (RDI) (Table 3). The additional Zn in enriched rice is sufficient to 
overcome this situation and could have a major effect on diarrhea, respiratory 
infections, and hence child mortality.
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Table 3: The effect of using Zn-enriched rice on daily Zn 
intake by children in Bangladesh (calculations assume that 

enriched rice contains 50 mg kg–1, but the value of 35 mg kg–1 
is used to account for a 30% loss in milling).

 Child Zn intake (mg day–1) 

Food source 2–4 y 5–10 y

  Normal Enrich. Normal Enrich.  

Rice 3.4   9.1   5.0 13.3
Other foods 1.8   1.8   2.8   2.8
Total 5.2 10.9   7.8 16.1
RDI 9.0  13.0
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Rice-rice and rice-wheat (RW) are the two largest agricultural production 
systems in Asia. Asian soils are generally low in organic matter and have 
consistently been depleted of nutrients due to continuous cropping. Fertilizer 
has been and will continue to be the major input for achieving future food 
production targets, which will also involve improved nutrient management. 
The principal constraints to increasing nutrient-use efficiency include an 
inadequate understanding of soil nutrient supply, crop nutrient requirements, 
and a lack of technologies that match nutrient supply to crop demand. Fertilizer 
N-use efficiency (NUE) in rice-based ecosystems is low (30–40%) and offers 
a great challenge to researchers. In many parts of India and China, farmers 
are indiscriminately using N, causing low NUE and nitrate pollution of water 
bodies. Three major factors govern NUE: N uptake by the crop, N supply from 
soil and fertilizer, and N losses from soil-plant systems. Need-based fertilizer 
N management approaches using a chlorophyll meter and leaf color chart 
have shown great promise for producing optimum crop yields by avoiding 
excessive use of N fertilizers. As P fertilizers leave significant residual effects, 
application of P to wheat and growing of rice on residual P in a majority of 
soils are advocated in the RW system. At high productivity levels, however, 
this strategy leads to a negative P balance. Similarly, in the rice-rice system, 
winter rice responded more to applied P than summer rice. Critical soil test 
values of P for getting a response to rice and wheat vary markedly and should 
be established. There are opportunities for research on the management of 
soil and fertilizer P to increase P-use efficiency. Very little or no potassium 
fertilizer is being applied to rice-based cropping in India and thus most of it 
comes from potassium reserves of the soil and irrigation water. Since soils in 
China are at a more advanced stage of weathering than in the Indo-Gangetic 
Plains (IGP), responses of both rice and wheat to applied K are substantial 
in China. The response to applied K is highly variable and depends on soil 
K supply parameters, yield levels, and time of K application. In rice-based 
systems, summer rice responds more to applied K than winter rice or wheat. 
The continued omission of fertilizer S is causing yield losses at many locations 
in rice-based cropping systems. About 20% of the soils are deficient in S in 
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the IGP. The extent of the S problem depends more on input of S through 
irrigation water and atmospheric deposition, precise information on which is 
not yet available. Rice showed more response to S than wheat. Plant uptake 
of P, K, and S using the omission plot technique can provide a quantitative 
approach for determining site- and season-specific soil nutrient supply. Instead 
of blanket fertilizer recommendations, site-specific nutrient management would 
help improve yield and profitability. A nutrient balance approach must be 
considered while revising existing fertilizer recommendations. Organic manures 
and crop residues have good potential for meeting the nutrient needs of rice 
and wheat. To stabilize yields at a maximum level without deteriorating soil 
health, an integrated use of organic manures, green manures, and chemical 
fertilizers is suggested.

Rice-rice and rice-wheat (RW) are the two largest agricultural production 
systems in Asia. The RW rotation occupies more than 26 million ha of 

cultivated land in the Indo-Gangetic Plains (IGP) in South Asia and China. 
Asian soils are generally low in organic matter and have consistently been 
depleted of nutrients due to continuous cropping. Fertilizer has been and will 
continue to be the major input in achieving future food production targets to 
meet the growing needs of people in Asia. Much of the anticipated increase 
in demand for food grains must be met through enhanced productivity 
in irrigated systems. Further intensification of cultivation in these areas 
will require improved nutrient management to sustain high yields, while 
protecting the environment and being economically attractive to farmers. 
Crop removal of nutrients is presently well above additions, resulting in 
continuous depletion of soil fertility (Sharma and Tiwari 2004). Studies by 
Bhandari et al (2002) have shown declining trends in the productivity of the 
rice-wheat system in the IGP of South Asia. Possible reasons for apparent 
diminished returns from increasing fertilizer applications in this region are 
(1) application of fertilizers in higher amounts than required in some regions; 
(2) an imbalance in the supply of N, P, and K, with applications of the latter 
two nutrients often being too low; (3) deficiencies of secondary nutrients 
and micronutrients; and (4) increasing soil degradation in general. The 
principal constraints to increasing nutrient-use efficiency in irrigated systems 
include an inadequate understanding of soil nutrient supply and crop nutrient 
requirements, and lack of technologies that match nutrient supply to crop 
demand. Better nutrient management strategies should aim to maintain the 
yield gains achieved over the long term and to support future yield increases 
needed. Present knowledge on the efficient management of N, P, K, and S in 
the RW system in Asia is presented in the following sections of this paper. 
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NITROGEN MANAGEMENT

In the quest to achieve high yields, farmers in northwestern India and 
China apply high doses of fertilizer N to rice and wheat, causing economic 
loss and groundwater pollution. With the continued increase in fertilizer 
costs, nitrogen-use efficiency (NUE) is becoming increasingly important for 
production as well as environmental quality. Many 15N studies have reported 
losses of fertilizer N in cereal production from 20% to 50%, with higher 
values in wheat than in rice (Ladha et al 2005). An N recovery efficiency 
exceeding 40% is expected to occur in response to improved N management 
practices. To obtain projected grain yield of 8.0 t ha–1 in irrigated rice by 
2025, it is necessary to apply 280 kg N ha–1 at 33% fertilizer N recovery 
efficiency (Cassman and Pingali 1995). By increasing fertilizer N recovery 
efficiency to 50%, it is possible to reduce N application from 280 to 187 kg 
ha–1––still a 200% increase in fertilizer N application for a 63% increase in 
yield. The lack of congruence among fertilizer N applied, indigenous soil N 
supply, and crop N demand results in low NUE, and not much improvement 
has occurred in the last 25 years. 

Approaches to Improving NUE

Overall NUE in the plant is a function of the capacity of soil to supply 
adequate levels of N, and the ability of the plant to acquire it, transport it 
in roots and shoot, and remobilize it to other parts of the plant. Achieving 
congruence between N demand and supply depends on prediction of crop 
N demand; physiological requirements (grain N concentration); yield level 
(climate × management × genotype); N supply from indigenous soil resources; 
N mineralization from soil organic matter and crop residues; N inputs from 
biological N fixation, the atmosphere, and irrigation; and timing and amount 
of applied N fertilizer. Researchers have used optimization of N application 
rates, deep placement of N, matching N application with crop demand, and 
balanced fertilizer application for increasing NUE in rice and wheat. The 
modified source of N (urea supergranules), slow-release fertilizers (S-coated 
urea, polymer-coated urea), nitrification inhibitors (e.g., neem-coated urea), 
and urease inhibitors have been extensively tested for rice in South Asia 
(Ladha et al 2005). For various reasons, many of these technologies proposed 
have not found wide-scale adoption by farmers in the irrigated RW system. 
NUE could be improved if N availability to the crop could be increased at 
critical growth stages. In wheat, this could be accomplished by modifying N 
application systems to lower N application at tillering, with higher N rates 
during later growth stages. When N fertilizer was applied in the proper amount 
and at the proper time, fertilizer N recovery up to 50–70% of total N applied 
could be achieved (Peng and Cassman 1998, Wang et al 2001). 
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Real-time N Management 

Plant need-based application of N is crucial for achieving high yield and NUE. 
Real-time N management revolves around quick and reliable tools to decide 
the time when fertilizer N needs to be applied to the crop. Leaf N content 
is a sensitive indicator of dynamic changes in crop N demand. The key is 
to establish a method for rapid diagnosis of leaf N status. The chlorophyll 
meter (SPAD) and leaf color chart (LCC) can quickly and reliably assess 
the N status of a crop. The optimal leaf color (or critical LCC value) varies 
depending on cultivar and crop establishment method. The SPAD value of 
37.5 was found to be critical for rice in northwestern India (Bijay-Singh et 
al 2002). It has also been suggested that different threshold SPAD values 
may have to be used for different varietal groups. Studies conducted in India 
(Shukla et al 2004, Buresh et al 2005) and Bangladesh (Alam et al 2004) 
showed that LCC-based N use for different rice cultivars produced larger 
yields than those obtained with farmers’ practices. Results from several 
on-farm experiments conducted by Yadvinder-Singh et al (2007) showed 
that N management using the LCC with a threshold value of 4 produced 
rice grain yields on a par with the blanket recommendation of applying 120 
kg N ha–1, but this resulted in an average savings of 26% fertilizer N and 
higher NUE. Shukla et al (2004) found that NUE and farmers’ profits were 
higher for LCC-based N management than for fixed-schedule N application 
for wheat. They also showed that basal N application had no effect on early 
crop growth and N uptake and that indigenous soil N supply levels of 35–45 
kg ha–1 for wheat were adequate to meet plant N needs at the early growth 
stages in these soils.
 With a SPAD meter and LCC as a guide, fertilizer N management is based 
only on leaf color and no consideration is given to plant biomass. Optical 
sensors have a distinct advantage in that they can work out the fertilizer N 
requirement of rice and wheat based on expected yields as well as achievable 
greenness of leaves (Bijay-Singh et al 2006). 

Phosphorus Management

Most of the soils in RW tracts in the IGP of India are low to medium in 
P fertility. Maintenance of a high level of P in the soil solution is difficult 
due to the reversion of added soluble P into insoluble forms. P recovery in 
the first crop is generally low and ranges from 10% to 15% in aboveground 
plant parts. The cumulative recovery of fertilizer P over 10 years, however, 
can range from 30% to 50% (Janssen et al 1987). These values demonstrate 
that fertilizer P may have the highest nutrient-use efficiency compared 
with fertilizer N and K, although according to current definitions it has 
the lowest. Residual fertilizer P helps in building up P level in the soil; a 
part of this becomes available to succeeding crops. Considerable economy 
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in fertilizers can be exercised if carryover fertility of P is exploited in the 
cropping system. Phosphorus management in a cropping system involves 
several factors relating to crops, soil, fertilizer, and management. Efficient 
P management should aim at balanced nutrition of the system, taking into 
account all these factors for achieving higher P-use efficiency. It has been 
observed that the response of rice to P fertilizer application is low and that, 
too, only in low-P-fertility soils. High temperature and standing water during 
growth favor the availability of residual P after wheat to the following rice 
crop. The response to fertilizer P at a certain soil test P level tends to be 
greater on sandy soils than on soils containing more silt and clay. This 
is because of P diffusion, which is an important process of P movement 
toward roots and is slower in coarse-textured soils than in fine-textured 
soils. More fertilizer P is needed on soils with high clay content than on 
soils with low clay for obtaining the same crop response (Yadvinder-Singh 
and Bijay-Singh 2001). Results from many experiments conducted in 
farmers’ fields showed that the response of wheat as well as rice to 26 kg 
P ha–1 was more on soils of high P-fixing capacity than on those of low  
P-fixing capacity (Yadvinder-Singh and Bijay-Singh 2001). These results 
point out the need for establishing different rating limits for different soils. 
Yadvinder-Singh et al (2000) reported in their results of a six-year study 
that the general recommendation for northwest India of applying 26 kg P 
ha–1 to wheat and no P to rice produced the highest grain yield of rice and 
wheat. The recommendations for supplying P fertilizer to wheat in the RW 
system are substantiated by the fact that (1) wheat requires more fertilizer P 
than rice, (2) the capacity of wheat to use residual P in the form of Fe-P is 
comparatively lower, and (3) rice can use well residual P from Fe-P and Al-
P. The P balance in soil obtained by subtracting total P removal by rice and 
wheat from total P applied, however, turned out to be negative when 26 kg 
P ha–1 was applied to wheat only (Table 1). The practice therefore may not 
be able to produce sustainable high yields in decades to come. Similarly, in 
the rice-rice system, winter rice responded more to applied P than summer 
rice.

POTASSIUM MANAGEMENT

Although soils under the RW system contain large amounts of potassium as an 
essential part of their matrix, many times soils fail to supply adequate amounts 
of the nutrient to meet the normal needs of the plant. Even two soils that 
contain the same amount of total K reserves and water-soluble K may differ 
widely in their behavior in supplying plant needs (Bijay-Singh et al 2004). 
Presently, very little or no K fertilizer is being applied to rice-based cropping 
in India and thus most of it comes from K reserves of the soil and irrigation 
water. Since soils in China are at a more advanced stage of weathering than 
in the IGP, responses of both rice and wheat to applied K are substantial 



392     Yadvinder-Singh et al

there. The response to applied K is highly variable and depends on soil K 
supply parameters, yield levels, and time of K application (Bijay-Singh et al 
2004). In several long-term experiments in the RW system located all over the 
IGP, the average response to K application to each crop was 10–18 kg grains 
kg–1 K2O applied in rice and 3–8 kg grains kg–1 K2O in wheat (Sharma and 
Tiwari 2004). The low responses to fertilizer K observed in rice and wheat on 
alluvial soils of the IGP suggest that release of native potassium from illitic 
minerals in these soils could meet the K needs of these crops. 
 In a long-term experiment in the RW system at Faizabad (Uttar Pradesh, 
India) in the IGP in India, both crops did not respond to applied K in the 
first 10 years (Fig. 1). Thereafter, responses to applied K started increasing; 
a higher response was observed in wheat (Kumar and Yadav 2001). The 
release of potassium from the nonexchangeable pool was responsible for the 
lack of response during initial years. There exists a wide range of response 
of the RW system to K application in China. Application of 90 kg K ha–1 to 
both rice and wheat resulted in a 12% to 29% increase in total grain yield 
in Jiangsu Province. The increase was 29% to 55% with the application 
of only 37.5 to 56 kg K ha–1 to both rice and wheat in Sichuan Province 
(Chen and Zhou 1999). Interestingly, hybrid rice cultivars take up more K 
due to a well-developed root system and vigorous growth than do ordinary 
rice varieties. For example, at the same yield of 7.5 t ha–1 of rice grains, K 
uptake by hybrid rice was 218 kg ha–1 versus only 156 to 187 kg ha–1 by 
ordinary rice cultivars. The beneficial effect of K is more likely with hybrid 
rice than with ordinary varieties (Fan and Tao 1981). 
 Ladha et al (2003) analyzed 33 RW long-term experiments in the IGP 
of South Asia, non-IGP in India, and in China to monitor yield trends and 
identify possible causes of such yield trends. In over 90% of the long-term 

Table 1: Grain yield of rice and wheat (9-year average) and total P input-
output balance for different P management strategies at Ludhiana, India. 

 P applied  Yield  P removal  P balance
 (kg ha–1) (t ha–1) (kg ha–1) (kg ha–1 y–1)

Rice Wheat Rice Wheat Rice Wheat
 
  0   0 5.0 2.4 16 8 –24
  0 26 5.1 4.7 17 15   –6
  0 39 5.1 4.8 18 15   +6
13 26 5.2 4.7 19 15   +5
26   0 5.4 3.4 20 11   –5
26 26 5.3 4.9 20 16 +16

Source: Yadvinder-Singh et al (2000).
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experiments, the fertilizer K rates used were not sufficient to sustain a neutral 
K input-output balance. All the long-term experiments with a significant 
yield decline had large negative balances of K. The negative K balances mean 
that it will be impossible to maintain the present production levels of the 
RW system. Irrigation water, crop residue recycling, and organic manures can 
supply significant quantities of K in the RW system and therefore need to be 
considered to work out long-term K balances in the rice-wheat system. 

MANAGEMENT OF SULFUR

The continued omission of fertilizer S is causing yield losses at many locations 
in rice-based cropping systems. About 30% of the soils suffer from various 
degrees of S deficiency in India. The major reasons for the growing incidence 
of S deficiency in soils and plants are removal of soil P through higher yields 
and intensive cropping and little addition of S fertilizers, replacement of 
S-containing fertilizers with S-free fertilizers, leaching of S from coarse-
textured soils, and limited recycling of crop residues and organic manures. 
Presently, fertilizers contribute only 15% of the S removed by crops in India. 
The extent of the S problem depends more on input of S through irrigation 
water and atmospheric depositions, precise information on which is not yet 
available. Rice generally responds more to S than wheat. However, Dwivedi 
et al (2001) reported a greater response to S when applied to wheat than 
to rice in the RW cropping system in India (Table 2). Sulfur availability is 
generally more under upland conditions than under submerged conditions 
(Sharma and Tiwari 2004). In the rice-wheat-jute cropping system at 
Barrackpore (India) and the RW system at Pantnagar (India), S application 
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Fig. 1: Incremental grain yield response of rice and wheat to K application at 33 kg ha–1 
over 20 years in a continuous rice-wheat cropping system. (Adapted from Kumar and Yadav 

2001.)
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increased rice yield by 6–12% but did not increase wheat or jute yield. In the 
rice-rice system (in Orissa and Andhra Pradesh in India), wet-season rice 
showed a significant response (9–12%) to S application but dry-season rice 
yield was not affected by applied S (Tandon 1995). The optimum dose of S 
varies from 20 to 40 kg ha–1 for rice and wheat. Recovery of S is 20–40% in 
rice and 45–65% in wheat. 
 Further improvement in fertilizer-use efficiency cannot be expected 
from blanket fertilizer recommendations. On-farm studies suggest large 
variability in soil nutrient supply and response of rice and wheat to applied 
nutrients. Obviously, only nutrient management strategies based on site-
specific approaches can offer opportunities for efficient use of nutrients 
applied through fertilizers or organic sources. Dobermann et al (1996) have 
proposed a new framework for site-specific nutrient management (SSNM) as 
a component of site-specific crop management or precision farming. P, K, and 
S needs are determined based on anticipated crop performance (yield target), 
potential indigenous soil N supply, and recovery efficiency of a nutrient. 
The core of a nutrient decision support system is the module for estimating 
the amount of fertilizer N, P, and K needed to achieve a certain yield target. 
The SSNM approach will help in adjusting fertilizer rates and timing to field 
and season-specific conditions. Although the framework is described for 
rice, the principles remain the same for other crops. This approach provides 
a nutrient decision support system that integrates various data inputs and 
provides users with more cost-effective fertilizer recommendations. On-
farm experiments conducted at 179 locations in Asia have shown that the 
improved techniques of SSNM can contribute to productivity increases of 
6–8% in rice (Dobermann et al 2002). 

Table 2. Crop response (kg ha–1) to S application (20 
kg S ha–1) in rice-wheat system at different locations 

in India. 

Site Direct response Residual response
 in rice  in wheat

R.S. Pura 219 191
Ludhiana 430 167
Modipuram 2,030 1,350
Faizabad 562 –
Kanpur 1,502 511
Pantnagar 430 505
Ranchi 275 48
Average 778 462

Source: Dwivedi et al (2001).
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INTEGRATED NUTRIENT MANAGEMENT 

Integrated nutrient management is made up of components that possess 
great diversity in terms of chemical and physical properties, nutrient 
release efficiencies, positional availability, crop specificity, and farmers’ 
acceptability. Since organic manures alone cannot meet the total nutrient 
needs of modern agriculture, the integrated use of nutrients from fertilizers 
and organic resources will be needed to meet crop demand for nutrients. 
About 300 million tons of organic manures of different types contributing 
5–6 million tons of N, P, and K are available in India. In addition, several 
sources of nutrients such as city refuse, rural compost, sewage sludge, press 
mud, and other agro-industrial wastes have large nutrient potential. In 
China, the nutrient potential of organic sources is equivalent to 16 million 
t of N + 3 million t of P + 11 million t of K per annum, plus sources of other 
nutrients. Organic manures can provide better synchronization between 
nutrient availability in soil and plant requirement, thereby reducing nutrient 
losses from applied fertilizers. However, limited information is available in 
the literature in support of this observation. Studies conducted by Yadvinder-
Singh et al (1995) showed that N contained in farmyard manure (FYM) 
is 45–55% as efficient as urea-N in increasing yield and N uptake of rice. 
Residual effects of FYM in following wheat are equivalent to 30 kg N plus 
13 kg P. The N contained in poultry manure is 85–100% as efficient as  
urea-N in increasing yield and N uptake of rice (Bijay-Singh et al 1997). 
Similar information is available for press mud cake applied in the RW system 
(Yadvinder-Singh et al 2003). Leguminous green manures can supply large 
amounts of N in the RW system and green manure-N is almost as efficient 
as urea-N in increasing rice yield (Yadvinder-Singh et al 1991). Animal 
manure, biogas slurry, green manures, and crop residues are important organic 
sources that can be used in the RW system. There is a limited availability of 
animal manure in Asia due to its competitive use as fuel and the decreasing 
cattle population. The installation of community biogas plants is a practical 
solution in using cattle manure to produce methane and recycle slurry. 
It seems extremely difficult to find a niche in the traditional RW system 
to successfully grow a green manure crop, which needs labor, water, pest 
management, and incorporation costs. 

THE RESEARCH AGENDA

There is a need to delineate and map the extent and magnitude of 
multinutrient deficiencies in rice-based cropping systems under different 
agroecological subregions. The existing knowledge base on plant nutrient 
dynamics for high-yielding rice (>8 t ha–1) and wheat (>6 t ha–1) crops is 
inadequate. More studies are needed to develop SSNM packages for rice and 
wheat to make it farmer-friendly. Research should be started to predict the 
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time taken for soils currently well supplied with potassium for rice and wheat 
to become deficient in K and this should be backed up by adequate input 
from clay mineralogical investigations. Since limited information is available 
on S response in rice-based cropping systems, more studies are needed on 
S transformations in soils and efficient management of S under rice-based 
systems. Studies are needed for developing integrated nutrient management 
packages based on locally available organic sources. It is important to develop 
nutrient budgets to balance nutrient removal with nutrient application at 
different yield targets, which seems necessary in sustainable, high-yielding 
RW production systems. The contribution of nutrients in roots, irrigation 
water, rainfall, and organic sources for calculating nutrient-use efficiency 
should be evaluated. 
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Direct-seeded (DS) culture has become increasingly important in rice 
cultivation. The scarcity of rural labor coupled with escalating production costs 
constitute the main reason for the shift to DS rice and its rapid and eventual 
adoption from transplanting. In Malaysia, wet seeding is normally preferred. 
A perennial constraint in wet-seeded rice is weed infestation, requiring good 
field drainage and judicious water control for satisfactory crop establishment 
and weed control. Farmers practicing wet seeding normally use higher seeding 
rates, spending more on herbicide-based weed control. Farm surveys assessing 
the magnitude and extent of weed infestations in rice-growing areas are an 
important step in formulating an appropriate control package. 
 Crop losses due to weed competition vary with the duration of weed 
infestation. An integrated approach based on the critical period (CP) for weed 
management in DS rice involving indirect and direct control measures should 
be adopted. Crop losses due to weed competition vary with the duration of 
weed infestation. Rice is likely to experience a yield reduction unless it is kept 
weed-free during the CP of growth. To ensure that weeds are suppressed during 
the CP, preemergence herbicides are normally applied before or after crop 
sowing and these must have residual activity to control weeds at the CP of weed 
competition. If early postemergences are used, they should be applied at the 
onset of the CP. If weeds still persist, late postemergence herbicide treatments 
can be instituted at the mid-CP of weed competition. Manual weeding where 
necessary should be carried out during the CP. 
 An appropriate crop establishment technique is an important step toward 
good agricultural practices in rice culture. Water seeding (pregerminated rice 
seeds broadcast onto standing water) appears to provide a valuable alternative 
to the usual wet-seeding culture, and this leads to improved weed control 
besides providing good crop establishment. 

Weed Flora Landscapes 
and Innovative Management 
in Direct-Seeded Culture

M. Azmi and B. Baki 
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Transplanted rice culture requires high inputs, especially water and labor. 
Wet-seeded rice (sowing pregerminated seed on puddled soil) is a major 

system of growing rice in Malaysia, Vietnam, Thailand, the Philippines, 
and Sri Lanka, and is of increasing importance in India and Bangladesh. 
Wet-seeded rice is an alternative to the practice of transplanting in puddled 
fields. The economic incentives for adopting wet seeding were provided by 
its labor-saving feature. Transplanting can take about 20–30 person-days 
ha–1 (Pandey and Velasco 2002). Conversely, wet seeding requires about 1 
to 2 person-days ha–1. Wet seeding saves both time and labor as crops do not 
suffer transplanting stress, and it is devoid of time-consuming transplanting 
operations. A major constraint in wet-seeded rice is weed infestation. 
Therefore, good field drainage and good water control are mandatory for 
satisfactory crop establishment. Farmers practicing wet seeding normally use 
higher seeding rates, spend more on weed control, and are more dependent 
on herbicides for weed management. 

WEED FLORA LANDSCAPES

The late 1980s witnessed a gradual change in rice culture from the 
predominantly transplanting method to the direct-seeded (DS) method, 
with an eventual coverage of 70–80% of the Muda granary of Malaysia in 
the 1990s and nearly 95% after 2000. Wet seeding is normally preferred. 
Direct seeding is normally done by hand broadcasting or using motorized 
blowers. The main constraint in DS culture is weed infestation. Some factors 
influencing weed prevalence in rice fields include the rice culture system, 
soil moisture regime, crop rotation, cropping pattern, land preparation and 
tillage regimes, light, soil temperature, fertilizer application, rice cultivar 
and seeding rate, as well as weed control technology (Baki and Azmi 1994). 
As such, time- and space-mediated species dominance and their patterns 
of distribution vary considerably. Begum (2005) revealed that there was a 
gradual increase in grassy weeds, especially weedy rice (WR), in all seasons 
compared to previous studies conducted by Azmi (1993) in the Muda area. 
Azmi et al (1993) argued that the shift from transplanting to direct seeding 
in the Muda rice fields resulted in measurable increases and predominance 
of grasses, with the Echinochloa crus-galli complex (E. crus-galli var. crus-galli, 
E. crus-galli var. formosensis) and Leptochloa chinensis as key species in the 
Muda area. Others include E. oryzicola, E. colona, and Ischaemum rugosum. 
Normally, after three consecutive seasons of DS rice, a serious infestation 
of E. crus-galli complex was observed. This was followed by consequential 
infestation of L. chinensis (after 10 consecutive seasons), I. rugosum (after 14 
consecutive seasons), and WR (after 20 consecutive seasons) (Ho 1996).
 Weed surveys done by the Muda Agricultural Development Authority 
(MADA) for 20 consecutive seasons (1995-2005) showed that nine weed 
species—Echinochloa spp. (E. crus-galli complex, E. oryzicola, E. colona, and E. 
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stagnina), L. chinensis, WR, I. rugosum, Sphenoclea zeylanica, Marsilea crenata, 
Ludwigia hyssopifolia, Scirpus grossus, and Fimbristylis miliacea—were found 
to be prevalent in the Muda rice area. MADA has recorded Echinochloa spp. 
as the most important weed species in terms of area infested with this weed 
(Fig. 1). This was followed by L. chinensis and WR. The rapid increase in WR 
as the dominant weed in the Muda area can be seen in the new millennium. 
Generally, dominant weed species were found to be more abundant in the  
off-season than in the main season. The rapid rise in dominance of WR in the 
2000s can be observed where WR seems to be associated with the off-seasons 
of 2001, 2002, 2003, 2004, and 2005. Probably a lack of rainfall in the early 
stage of the off-season contributed to the consequential increase in the WR 
problem. Ludwigia hyssopifolia and I. rugosum were also found associated with 
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Fig. 1: Canonical correspondence analysis ordination diagram denoting the relationships 
between weed species and environments (rainfall, yield, and season) of the Muda area, 

Malaysia (seasons, 1995-2005). Biplot scaling of dominant weed species vectors indicating 
the associations of seasons (= rainfall distribution and quantity) with weed species infested 
areas (ha) and rice yield. Association of species infested areas with seasons, average annual 
total rainfall, and yield can be ascertained by the direction of the vectors. Vector lengths 
indicate the relative strength of association between the respective weed species and the 

seasons of planting, total average annual rainfall, and yield. x-axis = canonical function 1,  
y-axis = canonical function 2. 
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those seasons. On the other hand, Echinochloa spp., L. chinensis, F. miliacea, 
and S. zeylanica were common in all seasons since 1995. Scirpus grossus and 
M. crenata were found associated with seasons before 2000.
 Weedy rice was a completely new dominant grassy weed species, occurring 
in all seasons surveyed, making it a serious threat to DS rice in the Muda 
granary. It is reasonable to argue that this might be due to no selective 
herbicide being available to control this weed, or perhaps farmers’ inability 
and reluctance to manually control this weed at the early stage of crop 
growth, possibly because of crop mimicry. On the other hand, grassy weeds 
such as E. crus-galli and L. chinensis can be controlled by selective herbicides 
such as cyhalofopbutyl, quinclorac, molinate, propanil, fenoxaprop-ethyl, 
and bispyribac-sodium if applied correctly (Karim et al 2004). Therefore, 
for effective weed control, it is recommended that control measures should 
first be targeted toward grassy weeds, especially the most noxious and the 
newly emerging, competitive, and rapid-spreading weed, that is, weedy rice. 
A similar trend in the rapid rise of WR as a dominant weed in DS culture was 
also observed in Vietnam, Thailand (Maneechote et al 2005), India (Tewari 
et al 2005), and elsewhere.

THE CRITICAL PERIOD FOR WEED CONTROL

Crop losses due to weed competition vary with the duration of the weed 
infestation of the crop. The crop is likely to experience a yield reduction 
unless the crop is kept weed-free during a part of its growing period. This 
phenomenon is referred to as the critical period (CP) of weed competition. 
This critical period represents the time interval between two separate 
components: (1) the length of time the crop must be free of weeds after 
planting so that later-emerging weeds do not reduce yield, and (2) the length 
of time weeds that emerge with the crop can remain before they begin to 
interfere with crop growth (Hall et al 1992). In addition, weed control during 
this period is necessary to avoid a considerable reduction in crop yield. 
Previous CP studies have been phrased the CP of weed competition or the 
CP of weed interference. This terminology suggests that weed competition 
is restricted to a certain time frame (Cousens 1988). However, the CP is the 
optimum time for weed control and is not necessarily the optimum time of the 
most intense interference (Weaver 1984). Perhaps “the CP of weed control” 
is more accurate since it describes the duration weed control measures must 
be maintained to prevent later-emerging weeds from interfering with rice 
yield.
 Studies were conducted at the MARDI Research Station to determine 
the CP for weed control in DS culture. In the main season of 2004-05, 
only WR was allowed to grow in association with DS rice. Other weeds 
were controlled with herbicide applications. The Gompertz and logistic 
equations were fitted to the data representing increasing durations of weed 
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control and weed interference, respectively. In the off-season of 2005, mixed 
weeds including WR were allowed to grow in association with the DS crop. 
A period of WR control lasting up to 53 DAS was adequate to prevent a 
yield loss of more than 5% in the main season of 2004-05 (Fig. 2A) (Azmi 
2006, unpublished data, MARDI Penang, Malaysia). However, weedy rice 
competition could cause a 5% yield loss if allowed to compete with the DS 
crop until 16 DAS. In the off-season of 2005, to prevent a yield loss of more 
than 5%, a weed-free period lasting 60 DAS is required and weed competition 
could cause a 5% yield loss if these weeds are allowed to compete with the 
DS crop until 12 DAS (Fig. 2B). The implementation of an integrated weed 
management (IWM) system is seen by many weed scientists as a means of 
reducing herbicide use while maintaining crop yield (Swanton and Weise 
1991). Part of the concept of IWM is to base herbicide application timing 
on the CP and aid in understanding weed population impacts on the crop 
(Wooley et al 1993). Judicious timing of control, whether by the application 
of herbicides or by other means, represents an expedient time to reduce 
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Fig. 2: (A) Critical period of weedy rice competition in direct-seeded rice, main season 
2004-05, MARDI Seberang Perai. Logistic Y = 102.1/(1+174.59(x/72.35)^1.71), R2 = 0.99; 

Gompertz Y = 102.05exp(–exp(–(x–2.13)/19.24)), R2 = 0.96; (B) critical period of weed 
competition in direct-seeded rice, off-season 2005, MARDI Seberang Perai. Logistic Y = 57
75+73.0068/(1+abs(x/33.4854)^2.9315 , R2 = 0.99; Gompertz Y = 24.7806+75.9474*exp(–

exp(–(x–21.7007)/15.2657)), R2 = 0.98.
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reliance on herbicide by introducing control at an optimum time, rather 
than repeatedly or sequentially.

EFFECT OF CROP ESTABLISHMENT TECHNIQUE 

Direct seeding is becoming a practical alternative to transplanting of rice. 
Asian rice farmers are shifting to DS to reduce labor input, drudgery, and 
cultivation cost. For good crop establishment, thorough land preparation 
is crucial where the WR seed bank must be significantly reduced. Cultural 
practices entail the uniform burning of rice straw and stubble after harvest 
to eliminate WR seeds on the ground and promote its germination from the 
seed bank, repeated intermittent tillage practices to destroy and promote 
new emergence of WR (7–10 days between tillage), followed by land leveling 
(Azmi et al 2004). Preplanting or preemergence herbicides can be applied 
at an appropriate time if WR infestation is serious in the previous season. 
Certified rice seeds free from WR seeds should be used. In addition, the 
choice of crop establishment method should be based on the degree of WR 
infestation in the previous season. Conventional wet-seeding rice culture can 
be practiced if the WR population falls below 5 panicles m–2. In the same 
vein, water seeding is highly recommended under situations where the WR 
population exceeds 6 panicles m–2 (Azmi et al 2005). The intensity of WR 
infestation is dependent on the DS technique being adopted by farmers. An 
on-station study was carried out at MARDI Penang, Malaysia, to determine 
the effect of several crop establishment methods on a field heavily infested 
by WR in the 2005 season. The water-seeding technique was found to be very 
effective in reducing WR infestation and is comparable with the conventional 
manual transplanting method, resulting in better rice yields (Fig. 3A). On 
the other hand, wet- and dry-seeding methods were found associated with 
a high infestation of WR (Azmi 2006, unpublished data, MARDI Penang, 
Malaysia). Water seeding is commonly practiced in temperate rice zones to 
suppress weeds, especially red rice (Smith 1981). In another exploratory 
study, water seeding had a marked effect on the WR population and crop yield 
(Fig. 3) (Azmi et al 2005). Weedy rice panicle numbers fell to less than 10% 
of the original number after two consecutive seasons and the resultant rice 
yield was almost doubled over the same period. Furthermore, after reversion 
to wet broadcast seeding in the fourth season, the WR population increased 
significantly, with consequential reductions in rice crop yield.
 Seed drift might affect rice establishment under the water-seeding system. 
This phenomenon can be avoided by following several prerequisites—the land 
must be flat and level; minimize straw residue; use a higher seed rate (30% 
of the normal seeding rate); use pregerminated seeds; standing water in the 
field must be clear; maintain water depth at 5 to 10 cm; seeds must be free 
from WR seed contamination; use a seed treatment (with growth regulator 
if necessary) to ensure better establishment; make sure the bunds are strong 
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and not permeable; and do leveling with furrows during final tillage. Under 
the water-seeding system, water from rainfall during the land preparation 
period can be retained and irrigate only if water is not sufficient. Water 
seeding saves water and reduces wastage compared with normal wet seeding 
in which water needs to be drained before the pregerminated seeds can be 
broadcast. Under this system, grassy weeds and some sedge species can be 
suppressed by standing water, resulting in reduced herbicide application and 
environmental pollution. Furthermore, damage caused by rats and birds on 
pregerminated seeds can be prevented. This method is suitable for large-scale 
planting where irrigation water is more efficiently controlled.
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(off-season 2004) on weedy rice infestation and crop yield. 
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The developmental history of rice production indicated that sustainable rice 
production had to be accompanied by sustainable pest management. The 
historical development of rice pests showed that all the biological components 
in a rice production system interact. As the main producer in the rice ecosystem, 
rice plays a fundamental role in determining arthropod community structure 
in the system. As one of the main strategies in an IPM program, the biological 
characteristics of rice varieties have been modified through conventional or 
transgenic methods to regulate interactions between rice plants and pests, but 
positive impacts on some pest and natural enemy species might come along 
with negative impacts on other species. The wide use of hybrid rice made 
whitebacked planthopper one of the most important pests in China, as well 
as in Vietnam. In the meantime, the impacts of interactions between biotic 
components in the rice ecosystem could be mediated by various environmental 
factors. Cropping systems can have major influences on numerical and genetic 
structures of pest populations in the rice ecosystem. Since migratory insect 
pests have been the major pests in many Asian countries, the influences 
of cropping systems on pest problems could occur at a regional level. The 
development of virulence to rice varieties and resistance to insecticides for 
brown planthopper revealed that the genetic structures of pest populations 
interacted between populations in various regions. Therefore, the concept of 
metapopulation should be taken into consideration in rice pest management. 
The developments of modern technology provide opportunities to establish a 
sustainable pest management system by modifying interactions among biotic 
components. In this paper, impacts of rice varieties and cropping systems on 
pest management are reviewed and approaches to developing a sustainable 
pest management program using new technology are discussed.

Approaches to Sustainable Pest 
Management in the Rice Ecosystem

Jia-an Cheng, Zeng-rong Zhu, Yong-gen Lou,
and Ming-xing Jiang



412     Cheng et al

One of the great achievements resulting from modern science and 
technology in agriculture is the increased rate of food production, which 

has caught up with population growth and the grain yield of rice, wheat, and 
maize, which increased by nearly two and a half times during the first Green 
Revolution (FAO 1995). However, pest problems have been increasing since 
then (Cheng 1996). 
 In general, the yield potential of crop plants is genetically determined 
and the environment determines how much of this potential is realized. 
The objective and art of crop growing are to optimize the environment in 
which the crop is grown so that the plants come as close as is feasible to 
their inherent yield potential (Oerke et al 1994). Therefore, integration of 
genetic and environmental management of the crop ecosystem to create an 
optimum ecosystem might be the most important strategy for reducing pest 
problems and increasing attainable yield. The development of new technology 
such as biotechnology and information technology provides opportunities 
for this integration. In this paper, the impacts of genetic and environmental 
interactions, especially rice variety and cropping system, are discussed to 
explore possible approaches for sustainable pest management using new 
technology in a second Green Revolution.

IMPACTS OF RICE VARIETIES

Rice, as the main producer in the rice ecosystem, has played a fundamental 
role in determining the arthropod community structure in the system. As 
one of the main strategies in an integrated pest management (IPM) program, 
the biological characteristics of rice varieties have been modified genetically 
through conventional and transgenic ways to regulate interactions between 
rice plants and pests, but positive impacts on some pest and natural enemy 
species might come along with negative impacts on other species, directly 
or indirectly.

Impact on Insect Pests

The incorporation of resistance to insect pests into modern cultivars has been 
a major objective of most rice breeding programs in Asia (Heinrichs 1994). 
But we have to keep in mind three key points. The first is the development 
of virulent populations of the brown planthopper after feeding on a resistant 
variety for several generations, which provided an example revealing that 
plant resistance, as one control measure, was unable to control the insect 
pest successfully in the long term (Hare 1994). The second point is that 
varieties with vertical resistance, which are most of the cases for plant 
resistance to insect pests now, are only resistant to a particular pest species, 
but may be susceptible to other pest species. The third point is that cultivars 
affect not only herbivores but also natural enemies. Therefore, there are risks 
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of outbreaks of secondary pests by widely using new varieties resistant to 
current major pests. The outbreak of the whitebacked planthopper (WBPH) 
Sogatella furcifera provided a typical example of a secondary pest caused by 
a rice variety (Cheng et al 2003).
 Recent findings showed that risk of causing secondary pests existed for 
genetically modified rice. Laboratory experiments indicated that Bt rice 
named KMD1 and KMD2 could affect biological parameters of the rice 
green leafhopper, Nephotettix cincticeps, especially for longevity, oviposition 
duration, female fecundity, and innate capacity for increasing the population. 
The growth rate of the green leafhopper feeding on KMD in the laboratory 
and fields was almost double that of feeding on the parent japonica rice XS11 
(Zhou et al 2005).
 Studies on mediation of rice plants on intra- and interrelationships of 
BPH and WBPH showed that volatiles from rice plants sucked by one of the 
species for 12 h could attract another planthopper species (Liu et al 2002). 
Laboratory experiments showed that mutualism between herbivores also 
existed in a multispecies system and this kind of mutualism could be termed 
“crossing adaptability” because this phenomenon indicated that adaptability 
to a variety by one herbivore species could be enhanced mutually by another 
coexisting herbivore species. For example, the developmental duration 
of WBPH reared in a mixed culture of WBPH and BPH was significantly 
shorter than WBPH alone reared in pure culture, especially for moderately 
resistant varieties. The emergence rates of WBPH and BPH reared together 
were significantly higher than for those reared with the same species only, 
especially for those feeding on resistant varieties. These results confirmed 
that both species could benefit from interspecific effects and the benefits were 
induced by the co-occurred species on the same plants (Cheng et al 2001). 
This was further confirmed by experiments using plants fed by another species 
as a food resource. The female developmental durations, female longevities, 
and fecundities of both planthopper species reared on rice sucked by another 
species for 5 days prior to the experiment were significantly higher or longer 
than those of planthoppers reared on healthy plants or rice plants sucked 
by the same species. These results revealed that the benefits were induced 
by another species indeed and the induced effects were related to varieties 
(Cheng et al 2001).

Impact on Natural Enemies

Laboratory experiments showed that rice varieties could affect natural 
enemies directly through their impacts on host species of the natural 
enemies. For example, rice variety could influence population parameters, 
including development, survival, and fecundity of the egg parasitoid Anagrus 
nilaparvatae, directly through effects of the physical structure of the plant on 
the eggs of the parasitoid’s hosts, that is, the brown planthopper Nilaparvata 
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lugens. There is a significantly negative correlation between the emergence 
rate, fecundity of the parasitoid, and silicious cell density on the back 
of the leaf sheath of rice. In addition, the fecundity and body size of A. 
nilaparvatae are significantly positively correlated to egg size of the brown 
planthopper, which was influenced by rice variety (Lou and Cheng 1996a). 
The functional response of A. nilaparvatae could also be influenced by the 
distribution of host eggs on rice plants, which is related to rice variety. The 
number of N. lugens eggs on the upper, middle, and lower part of rice plants 
was significantly correlated to the relative height of the leaf sheath back 
at the corresponding parts of relevant varieties. The functional response of 
the parasitoids to N. lugens eggs mainly distributed on the upper and middle 
parts of rice plant ZND 40 is obviously stronger than the response to eggs 
mainly distributed on the middle and lower parts of rice plant Z852 (Lou and 
Cheng 1996b). A similar phenomenon could be found on predators, such as 
Cyrtorrhinus lividipennis Reuter. The survival rate of egg and nymph, female 
ratio, oviposition duration, fecundity, and innate capacity for an increase 
of C. lividipennis on IR26 were obviously lower than those on TN1 (Lou et 
al 2002).
 Experiments showed that rice variety also affected the interactions 
between pests and their natural enemies through volatiles. The olfactory 
response test revealed that rice volatiles affected the foraging behavior of 
A. nilaparvatae. The parasitoids preferred the plant-BPH/WBPH complex 
to healthy plants, which was related to rice variety (Lou and Cheng 1994). 
Although there were no significant differences in densities of BPH eggs 
between IR64 and TN1 and between IR26 and TN1, the predation rates of 
predators for BPH eggs on IR64 and IR26 were significantly higher than those 
on TN1. The result indicated that rice variety could affect the predation 
rate of predators and this was not related to the density of BPH eggs, but to 
volatiles, because the odors from the plant-BPH gravid female complex of 
IR26 or IR64 showed stronger attractiveness to the predator than those from 
a corresponding complex of TN1 (Lou and Cheng 2003). 

IMPACTS OF CROPPING SYSTEMS

There is a general recognition among ecologists that environmental 
heterogeneity in both space and time is a major factor influencing the 
evolution and population dynamics of animal species. Most insect pests in 
the rice ecosystem, whether monophagous species, such as the yellow stem 
borer and the brown planthopper, or polyphagous species, such as the striped 
stem borer, the whitebacked planthopper, the small brown planthopper, 
and so on, prefer to feed on rice during the rice-cropping season. The rice-
cropping system is the key component of environmental heterogeneity. The 
quantitative and genetic parameters of pest populations could be influenced 
considerably by the rice-cropping system at local and geographic levels.
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At the Local Level

Consistency between rice-cropping season and pest generation provides a 
basic food resource for the development of pest populations, and this is the 
most important prerequisite for herbivores with several generations a year 
becoming a major pest. The rice striped stem borer Chilo suppressalis can 
develop 3–4 generations a year in Fujian, Jiangxi, and Zhejang provinces in 
China. The annual population development patterns in this region are closely 
related to cropping systems. In an asynchronous cropping system mixed with 
single-season rice paddies and double-season rice paddies, the adults of each 
generation could find suitable rice habitats to lay egg masses. Population size 
could then increase generation by generation, and reach a peak in the third 
generation, with the striped stem borer becoming a major pest in these areas. 
However, if the adults of an overwintering generation cannot find the right 
habitat to lay eggs in a pure single-season rice system planted after mid-June, 
the striped stem borer cannot become a pest (Cheng 1996).  
 The small brown planthopper, Laodelphax striatelus, which is the vector 
of rice stripe virus, feeds on rice, wheat, barley, and other grass plants, but 
it mainly feeds on wheat and barley in winter and spring, and on rice in 
summer and autumn. The small brown planthopper could move from wheat 
to the following rice field and transmit the virus from wheat to rice, then 
to wheat again. Both the small brown planthopper and the rice stripe virus 
have become major pest problems in the Yangtze Delta area of China since 
the late 1990s because the wheat-rice cropping system provides a bridge 
for these pests to move between seasons. However, damage caused by these 
two pests could be reduced if rice could be planted after the adult peak of 
the first generation around mid-June to break the bridge from wheat to rice 
(Yeqin Zhu, personal communication). The above two examples indicate that 
cropping systems could play an important role as a bridge between generations 
of pest populations. Cropping systems could play both roles by creating a 
bridge to stimulate development of the pest population or breaking a bridge 
to suppress development of the pest population.

At the Geographic Level

As migratory insect pests have become major pests in Asia, immigrants 
have been the most important initial populations in China, Korea, and 
Japan, where these migratory pests are not able to overwinter. Migration 
affects both initial population size of the pests and the genetic structure of 
pest populations. Although there are almost no rice varieties with genes 
with resistance to BPH biotypes 2 and 3 in China, the proportions of BPH 
biotypes 2 and 3 consist of about two-thirds of the BPH populations there 
because the rice varieties with genes with resistance to these biotypes are 
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widely used in source areas, including Vietnam and Thailand (Dihn Van 
Thanh and Wantana Sriratanasak, personal communications).
 The rapid development of brown planthopper populations resistant to 
the neo-nicotinoid insecticide imidacloprid resulted in serious yield losses 
in 2005. This might be the first time when a migratory pest developed such 
high insecticide resistance in the rice ecosystem, which revealed that the 
development of pesticide resistance for migratory pests could be speeded up 
if the same pesticides were used in the geographic areas where the pests stay 
year-round (Cheng and Zhu 2006).

APPROACHES FOR SUSTAINABLE PEST MANAGEMENT

Although rice yield has been increasing due to the intensification of rice 
production, the risk of yield losses caused by pest problems is increasing. In 
recent years, the role of biodiversity has been recognized as one of the most 
important parameters in pest management. The strategy using biodiversity 
to manage pests is to keep pest populations at levels that do not justify the 
use of insecticides by manipulating relatively few manageable components of 
diversity (Way and Heong 1994). The genetic diversity within rice (variety) 
and arrangement of rice fields in the rice ecosystem (rice-cropping system) 
are the two key manageable components for a pest management program. 
 Two constraints are related to resistance to pests in traditional breeding 
programs. The first constraint is the conceptual constraint. Since traditional 
pest control programs are usually designed for a major pest species, breeding 
programs for plant resistance are usually based on one-to-one correspondence 
between a particular resistance gene and the target pest species. Breeders 
usually do not consider the possible effects of new varieties on other herbivore 
and natural enemy species at the community level as mentioned above. The 
second constraint is the technical constraint. Most breeding programs are still 
based on visual and phenotypic selection according to breeders’ experience 
and most resistance breeding to date has focused on vertical resistance wherein 
resistance is based on a single gene. Breeders are not able to integrate all the 
information related to interactions between the rice plant and environmental 
factors. The recent development of a molecular design for breeding provides 
opportunities to study dynamic behaviors from multiple levels among all 
components contained in a plant, and their interactions with environments 
during development. Breeders are thus able to design and develop new 
cultivars with multiple intrinsic and extrinsic resistances. With advances in 
biotechnology, breeding of horizontal resistance, whereby resistance is based 
on many genes, along with genetically enhanced sustainable pest resistance 
with fusion genes, is becoming more popular (Wan 2006).
 There are usually several crop seasons a year in rice-growing areas and rice 
systems consist of a shifting mosaic of habitats that vary over time in their 
availability and suitability to insect pests at the local level. For migratory 
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insect pests, the shifting mosaic of habitats could be at a geographic level 
among countries. Therefore, the spatial, quantitative, and genetic dynamics 
of pest and natural enemy populations in rice ecosystems must be affected 
by cropping systems and other agricultural practices relevant to cropping 
systems as mentioned above.   
 Gilpin and Hanski (1991) described the metapopulation theory, which 
considers species survival from the perspective of groups of populations, each 
with their own individual internal dynamics but linked by dispersal. This 
theory has frequently been used to analyze the viability of rare or endangered 
species. Jervis (1997) reviewed theoretical modeling work by Ives and Settle 
and highlighted the importance in metapopulation dynamics of the timing of 
pest and predator population movement. Having compared the similarities 
and differences in the perspectives of agricultural practices and biological 
conservation, Banks (2004) suggested that better integration of the two 
disciplines required acknowledging their various goals and working to produce 
mutually beneficial outcomes. The development of information technology 
provided useful tools to use interdisciplinary approaches for sustainable pest 
management.
 To reach the above targets, an international cooperative program 
should be organized to implement these approaches. The following three 
topics should be included in the program: (1) establishment of a molecular 
breeding program for multiresistance; (2) development of a computer system 
for exchanging multifactor information related to spatial, quantitative, and 
genetic dynamics of rice, pests, and natural enemies; and (3) the design of 
area-wide sustainable pest management programs for rice-growing countries 
in Asia. 
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Studies on plant resistance to insect pests of rice in the past have culminated 
in effective breeding for resistant rice varieties with quality and high yield 
potential. However, limitations such as a lack of resistance against some pests 
in the primary gene pool, continuous changes in relative pest status with 
the emergence of new pests, the prevalence of pest complexes, and rapid 
evolution of virulent insect biotypes require continued research efforts to face 
new challenges. Recent advances in tissue culture, molecular biology, and 
biotechnology have provided new tools to effectively attempt to overcome 
these limitations. Better understanding of plant-insect interaction has opened 
up a new vista with potential implications for pest management. Many novel 
insect resistance genes have been identified and introgressed from wild relatives 
of cultivated rice into elite cultivars. DNA marker technology has helped to 
tag and map several major resistance genes conferring resistance against 
hopper pests and gall midge and quantitative trait loci (QTLs) associated with 
planthoppers. PCR-based closely linked markers for these and new genes 
are being used in developing gene pyramids for durable and multiple pest 
resistance in an elite background. The genetic engineering approach has 
resulted in the incorporation of several classes of novel insect resistance genes 
from a bacterium, protease inhibitor genes from cowpea and potato, and a 
lectin gene from noncrop plants into rice. These transgenic rice lines are at 
various stages of evaluation. While Iran is the first country to release Bt rice for 
commercial cultivation, China is in the advanced stage of field-testing inbred 
lines and hybrids with insect resistance genes. Though no insect resistance 
gene has been cloned so far, expression-profiling studies on plant genes 
in relation to insects feeding on susceptible and resistant rice varieties are 
implicating a subset of genes for susceptibility and resistance. Similar studies 
on insect pests are aiming toward tagging, mapping, and understanding the 
functions of avirulence genes. Epigenetic causes of variation in virulence in 
pest populations due to endoparasites are also being studied. One of the main 
limitations of a sustained use of resistant varieties is the rapid evolution of insect 
pest populations capable of overcoming resistance. Through recent intensive 
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ecological studies and simulation modeling, alternative strategies to meet this 
challenge are proposed and are being tested. Thus, we need to carefully plan 
and deploy plant resistance genes if we are to harness new opportunities for 
stabilizing and enhancing crop productivity.

Rice is the most important food crop of India, which ranks first in the world 
in rice area (44 million ha, 2001-02) and second to China in production 

(93.3 million tons). During the last six decades, since independence, the 
rice production trend has kept pace with population growth. Keeping in 
view population growth and other factors, a short-term national target for 
annual rice production has been fixed at 106 million tons by 2011. This can 
only be met by maintaining a steady increase in production coming from an 
increase in productivity under demand for sustainability and preservation 
of environmental quality. The use of host-plant resistance to minimize yield 
losses due to insect pest attacks meets both these demands. Past progress made 
in developing insect-resistant rice varieties, mainly in the Indian context, is 
briefly reviewed in this paper along with progress made and future prospects 
in host-plant resistance at the global level. 

BREEDING FOR INSECT RESISTANCE 

Insect resistance has been one of the rice improvement objectives since the 
early 1960s. Several concerted efforts were made to evaluate rice germplasm 
against major insect pests and to identify sources of resistance (Singh and 
Dhaliwal 2004). Using these donors, resistance was incorporated into rice 
varieties developed for different rice ecologies (Reddy and Bentur 1999). 
Of the 750 rice varieties developed and released for commercial cultivation 
in India since 1965, 147 (20%) were specifically bred for insect resistance 
(Rao et al 2001). Some of the popular resistant varieties are listed in Table 
1. Rapid progress was made in breeding for gall midge (GM), Orseolia oryzae, 
resistance during the 1970s and ’80s. Resistant varieties such as Phalguna, 
Surekha, and Vikram were widely cultivated in the states of Andhra Pradesh 
and Karnataka. In Madhya Pradesh (now Chattisgarh), varieties Samridhi and 
Mahamaya became popular. Lalat and Shakti were widely grown in Orissa. 
So far, more than 65 varieties have been released against this pest.
 Following extensive damage by the brown planthopper (BPH), Nilaparvata 
lugens, during the mid-’70s, breeding for resistance was intensified, which 
culminated in the release of varieties Jyothi in Kerala; Sonasali, Vajram, and 
Chaitanya in Andhra Pradesh; Neela and Udaya in Orissa; and Manasarovar 
across the country. More than 50 varieties have been developed so far using 
some of the resistant donor parents. Against whitebacked planthopper 
(WBPH), Sogatella furcifera, two varieties, HKR 120 and HKR 126, were 
developed for Haryana, while IET 8116 released in Karnataka possesses 
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Table 1: Details of some popular rice varieties resistant to insect pests.a

Variety CVRC/state Source  Year of Duration Eco- Grain 
  of resistance release  systemb type

Brown planthopper      
Jyothi (PTB 39) Kerala Ptb 10 1972   85 IRE LB
Bhadra  Kerala Ptb 20 1979 105 IRM MB
Manasarovar CVRC Leb Muey Nahng 1983 120 RSL SB
Bharathidasan  Pondy Ptb 33 1984   85 IRE LS
Neela Orissa Ptb 21 1985   60 RUP MB
Udaya  Orissa Ptb 18, Ptb 21 1985 100 IRM LB
Sonasali Andhra Pradesh Manoharsali 1986 105 IRM LS
Vajram Andhra Pradesh ARC 6650 1986 120 RSL LS
Chaitanya Andhra Pradesh ARC 5984 1988 120 RSL MS
Nagarjuna Andhra Pradesh Manoharsali 1988 120 RSL LS
IET 7575 Karnataka Manoharsali 1988 135 IRM LS
Chandana Andhra Pradesh Manoharsali 1989 120 RSL LS
Krishnaveni Andhra Pradesh ARC 5984 1989 120 RSL MS
Kartika Kerala Triveni 1989   80 IRE LB
      
Whitebacked planthopper      
HKR 120 Haryana Ptb 33 1987 105 IRM LS
HKR 126 Haryana ? 1992 100 IRM LS
IET 8116 Karnataka Andrewsali 1998 100 IRM LB
      
Gall midge      
Kavya Andhra Pradesh W 1263 1991 110 IRM LS
Jyothi (PTB 39) Kerala Ptb 10 1972   85 IRE LB
Shakti Orissa PTB 18,PTB 21 1973 100 IRM SB
Vikram Karnataka Siam 29 1974 100 IRM LB
Surekha Andhra Pradesh Siam 29 1976 104 IRM LS
Phalguna Andhra Pradesh Siam 29 1977 115 RSL LS
Varalu Andhra Pradesh W1263 2002   65 RSL LS
Asha Madhya Pradesh W 1263 1980 100 RSL MS
Samridhi Madhya Pradesh W 1263 1980 100 RSL MS
Lalat Orissa Siam 29,Obs 677 1988   95 IRM LS
Abhaya Andhra Pradesh Ptb 10 1989   84 IRE MS
Shaktiman CVRC PTB 21 1990   84 IRE SB
Ratnagiri 3 Maharastra MR 1523 1994 110 IRM LB
Mahamaya CVRC W 1263 1995 100 IRM LB
Panchami Kerala W 1263 1998 100 IRM MB
Pavithra Kerala Siam 29 1998 100 IRM MB
R 636-405 Chattisgarh Madhuri 2003 100 IRE MS
      

Continued on next page
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resistance against both BPH and WBPH. Concerted efforts to breed for green 
leafhopper (GLH), Nephotettix virescens, and tungro disease resistance during 
the ’80s led to the release of Vikramarya in Andhra Pradesh and Nidhi by 
the Central Variety Release Committee. It is significant to note that though 
several hundred primary sources of resistance have been identified against GM 
and BPH, only about a dozen of these have been used in breeding programs. 
On the other hand, a good level of resistance against the widespread yellow 
stem borer (YSB), Scirpophaga incertulas, and other new and emerging pests has 
been rare in the rice germplasm. Moderate levels of resistance incorporated 
in rice varieties Ratna, Sasyasree, and Vikas from the only-used resistance 
source TKM6 have proved useful in management of this pest. With the virtue 
of some of the resistance sources such as Ptb 18 and Ptb 21 and ingenious 
breeding efforts involving more than one resistance source, limited success has 
been achieved in developing multiple-resistance varieties such as Suraksha, 
Shaktiman, and Triguna. 
 Keeping a resistant variety against a key pest as the core, several modules 
of integrated pest management have been developed and tested regionally and 
nationally. These studies have shown a substantial reduction in yield losses 
due to pest damage, with a comparable cost-benefit ratio with the practice 
of IPM vis-à-vis the farmers’ practices (DRR 2000-2005). On a larger scale, 
national pesticide consumption data support these observations. In the past, 

Stem borer      
Ratna CVRC TKM 6 1970   84 IRE LS
Vikas CVRC TKM 6 1983   84 IRE MS
Sasyasree CVRC TKM 6 1979   95 IRM LS
      
Green leafhopper      
Vikramarya Andhra Pradesh Ptb 2 1986 105 IRM LB
Lalat Orissa ? 1988   95 IRM LS
Nidhi CVRC Ptb 2 1996   84 IRE LS
      
Multiple resistance     
Suraksha CVRC MR1523 1988 103 IRM LB
Shaktiman CVRC PTB 21 1990   84 IRE SB
Triguna CVRC Siam29, ARC 6650 1997   98 IRM LS

aUpdated from Rao et al (2001). CVRC = Central Variety Release Committee. bDays to 50% flowering. 
IRE = irrigated early, IRM = irrigated medium, RSL = rainfed shallow water, RUP = rainfed upland ecology; 
grain type: LB = long bold, LS = long slender, MB = medium bold, SB = short bold.

Table 1 continued.

Variety CVRC/state Source  Year of Duration Eco- Grain 
  of resistance release  systemb type



Host-Plant Resistance to Insects as a Core of Rice IPM     423

as the cropping pattern became more intensive, pesticide use in the country 
also increased more than 100% during the post–Green Revolution period 
from 1971 to 1994-95. For instance, insecticide use increased from 22,013 
to 51,755 tons (www.indiastat.com). But, in the recent past, change has 
been observed in trends of pesticide use. As a consequence of the adoption 
of an integrated pest management program in various crops, including rice, 
the use of chemical pesticide decreased from 66,360 tons during 1994-95 to 
43,590 t during 2001-02, with a reduction by 27.7% (www.fao.org/ docrep/ 
article/agrippa). Insecticides account for about 75% of this amount, while 
rice is the second-largest field crop, after cotton, in insecticide use. Thus, a 
sustained drive in adoption of an IPM package by rice farmers needs to be 
supported by research examining various issues related to the development 
of insect-resistant rice varieties. In spite of the spectacular success in the 
development and deployment of gall-midge-resistant rice varieties, rapid 
selection of virulent biotypes capable of overcoming resistance in widely 
grown varieties has set back breeding efforts. The lack of a high level of 
resistance against the yellow stem borer had stalled development of suitable 
varieties in the past. With the ever-changing pest scenario for the relative 
status of pests, the prevalence of a multiple-pest complex and emergence of 
new pests are posing a problem for resistance breeding. On the other hand, 
recent advances in tissue culture, molecular biology, and biotechnology have 
provided new tools to effectively address these limitations. Some of the recent 
advances are briefly summarized here.

GENETICS OF RESISTANCE

Effective use of resistance sources in a breeding program will be possible with 
the knowledge of the genetic basis of resistance. Several studies have been 
conducted on the genetic characterization of resistance against BPH, WBPH, 
GLH, and gall midge mainly in the Philippines, India, Japan, Korea, and 
China. Because of the prevalence of distinct geographic populations in these 
countries, the genetic information obtained in one country need not always 
hold true in other countries. This is well documented as several germplasm 
accessions reported to be resistant in one country are found to be susceptible 
in other countries. For instance, rice varieties Mudgo with the Bph1 gene 
and ASD7 with the bph2 gene identified in the Philippines to confer BPH 
resistance are susceptible in India. The Thai rice Siam 29 conferred resistance 
to gall midge in India while being susceptible in Thailand itself. 
 Studies so far have identified 19 genes with resistance against BPH. Of 
these, Bph1 to Bph9, Bph17, and Bph19 have been derived from genotypes of 
the cultivated rice Oryza sativa. Other genes have been identified from various 
introgressed lines from crosses involving wild species such as O. australiensis 
(Bph10), O. eichingeri (Bph11, Bph12?), O. officinalis (Bph13, Bph15), O. 
latifolia (Bph14), and O. australiensis (Bph18). BPH resistance genes have also 

http://www.indiastat.com/
http://www.fao.org/
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been reported from accessions of O. rufipogon (Li et al 2001), O. minuta (Xiao 
and Zhang 2002), and other species. No classical allelism tests have been 
conducted between the genes reported from the wild species and with other 
known genes reported from varieties of cultivated rice. Screening against 
different BPH populations has also led to the designation of different genes, 
such as Bph3 and Bph 17, from the same indica rice variety, Rathu Heenati. 
Against WBPH, eight genes have been designated, including Wbph7 and 
Wbph8 introgressed from O. officinalis. Resistance against GLH is reported 
to be conferred by 13 different genes identified from different varieties of 
cultivated rice (Bentur 2004). Five genes have been reported to confer 
resistance against another related rice greenhopper (RGH), N. cincticeps 
(Fujita et al 2006). Against gall midge, Orseolia oryzae, ten resistance genes 
have been identified from indica rice varieties. Of these, only one gene, gm3, 
is reported to be recessive, while the others are dominant. 
 Earlier studies on genetics of insect resistance generally ignored the 
involvement of minor genes contributing to the quantitative resistance. 
However, using molecular markers and quantitative trait loci (QTL) mapping 
techniques, recent studies are effectively examining this issue. For instance, 
using a doubled-haploid (DH) mapping population of the IR64/Azucena 
cross and its saturated molecular marker linkage map, the genetic basis of 
quantitative resistance to BPH in IR64 has been studied (Alam and Cohen 
1998). This led to the identification of seven QTLs underlying various 
mechanisms with resistance to BPH populations of the Philippines. Using 
the same DH rice population, Soundararajan et al (2004) detected seven 
different significant QTLs for resistance to an Indian population of BPH. 
Kadirvel et al (1999) also used the same population and identified one major 
QTL associated with a tolerance component of WBPH resistance in IR64. 
Several other QTLs have been reported for resistance to BPH across rice 
mapping populations (Huang et al 2001, Xu et al 2002, Su et al 2002, Ren et 
al 2004). Major QTLs influencing mortality of GLH were mapped using 125 
recombinant inbred F10 lines from a cross between the japonica susceptible 
cultivar Taichung 65 and indica resistant cultivar ARC10313 (Wang et al 
2004). Ovicidal effects on WBPH in japonica variety Asominori have been 
traced to a major gene, Ovc, and four QTLs (Yamasaki et al 2003). Few of the 
QTLs associated with resistance against GLH (N. virescens) have been found 
to be closely linked to major genes Grh2 and Grh4 located on chromosomes 
3 and 11 conferring resistance to GRH (N. cincticeps) (Wang et al 2004). 
Thus, new tools are increasing our precision of understanding the genetic 
basis of planthopper resistance, which is now apparently more quantitative 
than qualitative in nature. However, effective breeding for planthopper 
resistance through the effective use of QTLs is yet to be reported. 
 Using various molecular markers, several of the major genes conferring 
resistance to BPH, WBPH, GLH, GRH, and GM have been tagged and 
mapped (Table 2). In addition, closely linked and often flanking PCR-based 
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markers have been developed for marker-aided selection (MAS) and marker-
aided backcrossing (MAB) protocols. Using these markers, geneticists and 
breeders can now combine the most suitable major and minor genes in a 
controlled manner leading to a “breeding by design strategy.” Sharma et al 
(2004) constructed a two-gene (Bph1 and bph2) pyramided japonica line 
through recombinant selection using PCR-based markers flanking the loci. 
A BPH bioassay showed that the resistance level of the pyramided line was 
equivalent to that of the Bph1 single introgression line, and had a higher level 
of resistance than the Bph2 single introgression line. Screening F3 families 
derived from a cross between Duokang #1 (with the Gm6 gene) and Phalguna 
(Gm2) against Chinese gall midge biotype 4 at Guangdong, China, and Indian 
gall midge biotype 1 at Raipur, India, Katiyar et al (2001) developed a gene 
pyramid expressing resistance against two allopartic gall midge populations. 
At the Directorate of Rice Research, gall midge and bacterial blight resistance 
are being combined in a single cultivar using molecular markers. Another 
significant advantage of developing closely linked markers is the map-based 
cloning of the Grh2 gene (Takeda et al 2005). Except for this report, details 
of which are awaited, no other insect resistance gene has been cloned so 
far. Nematode resistance gene Mi, cloned from tomato, has been shown to 
confer aphid resistance also (Rossi et al 1998). These cloned genes help us 
in understanding the mechanisms of insect resistance at the molecular level. 
Our knowledge of more than 30 cloned disease resistance genes has elucidated 
diversity in mechanisms of resistance conferred by different classes of the genes 
(Michelmore 2003). Another alternative approach using expression profiling 
techniques is being followed to identify sets of genes that are regulated in 
the rice plant following infestation by insects. Zhang et al (2004) studied 
differential gene expression in rice following BPH feeding using Northern 
blot and cDNA array analysis. The 14 genes up-regulated in resistant rice 
variety B5 were grouped in the categories of signaling pathways, oxidative 
stress/apoptosis, wound-response, drought-inducible, and pathogen-related 
proteins. These results indicated that BPH feeding induced plant responses 
that would take part in a jasmonic acid-independent pathway and crosstalk 
with those related to abiotic stress, pathogen invasion, and phytohormone 
signaling pathways. Wang et al (2005) constructed suppression-subtractive 
hybridization libraries and identified 154 clones that were clearly induced 
by BPH feeding.

GENETIC ENGINEERING FOR INSECT RESISTANCE

Genetic engineering is another powerful tool now available to enhance insect 
resistance (Ranjekar et al 2003). The most important advantage of transgenic 
technology is the capacity to mobilize useful genes from a nonrice gene pool to 
rice with the least disruption to the rice genome. Many insecticidal proteins 
and molecules are available in nature, which are effective against insect pests 
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but are innocuous to mammals and beneficial insects and other organisms. 
Genes encoding several such insecticidal products are now being incorporated 
into rice to confer insect resistance (Table 3). The most important among 
these are insecticidal proteins present in the ubiquitous bacterium Bacillus 
thuringiensis called “cry” proteins. In India, Nayak et al (1997) reported the 
development of the first transgenic IR62 rice with the Bt gene. Since then, 
several groups have transformed rice varieties such as IR64, Karnal Local, etc., 
with Bt genes such as Cry1Ab, Cry1Ac, and others to obtain resistance against 
yellow stem borer (Khanna and Raina 2002). A successful transformation 
of rice variety Chaitanya with the snowdrop (Galanthus nivalis) lectin gene, 
Gna, has conferred resistance against hopper pests such as BPH, WBPH, and 
GLH (Nagadhara et al 2003). The garlic lectin gene ASAL has been used 
in transforming IR64 to confer hopper resistance in rice (Saha et al 2006). 
These lines are currently being field evaluated. Iran is the first country to 
release Bt rice for commercial cultivation. Extensive field testing of transgenic 
rice lines carrying the Bt and CpTi gene is being done in China. Limited 
field testing of transgenic rice lines carrying Cry1Ab, Xa21, and Gna genes 
has been done in India. 

EPIGENETIC FACTORS

Some recent studies are suggesting the involvement of nongenetic factors 
influencing virulence in pest populations. Lu et al (2004) noted the influence 
of yeast-like symbiote on the virulence of BPH to resistant rice varieties. 
Earlier, Behura et al (2001) suspected a possible role of Wolbachia infection 
in the virulence features of rice gall midge biotypes. More critical studies 
are needed to understand such factors in influencing host-plant insect 
interactions. 

DURABILITY OF HOST-PLANT RESISTANCE 

Greater focus is now being given to the durability of plant resistance. 
Through recent intensive ecological studies and simulation modeling and the 
development of resistance management strategies with reference to Bt crops, 
more needs to be done for the durability of insect-resistant varieties developed 
through conventional methods. Pyramiding of two or more mechanistically 
distinct and undeployed genes through marker-assisted selection is gaining 
importance.
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Table 3: Insect resistance genes used in the transgenic approach.

    Rice sub-
Toxin Target pest Novel gene species Reference(s)
   transformed  
    
Bt-δ-endotoin Stem borer  Cry1A(b) Japonica  Fuijmoto et al (1993),
      Iranian     Ghareyazie et al (1997),
      indica,    Datta et al (1998),
      maintainer    Alam et al (1999)
Bt-δ-endotoxin Stem borer Cry 1A(c) Indica Nayak et al (1997)
Bt-δ-endotoxin Stem borer Cry 1A(b) and  Japonica Cheng et al (1998)
     Cry 1A(c)
Bt-δ-endotoxin Stem borer Cry 2A Indica, basmati Maqbool et al (1998)
Potato protease  Leaffolder Pin II Japonica Duan et al (1996)
   inhibitor II
Cowpea trypsin  Leaffolder CP Ti Japonica Xu et al (1996)
   inhibitor
Corn cystatin  CC Japonica Irie et al (1996)
Oryza cystatin  Oc Japonica Hosoyama et al (1995)
Snowdrop lectin BPH GNA Japonica  Rao et al (1998)
 BPH,   Chitanya Nagadhara et al (2003)
    WBPH,      indica
    GLH
Cysteine  Nematode OC-IDD86   African indica Vain et al (1998)
   proteinase 
   inhibitor  
Soybean protein Leaffolder Sbti + GNA Zhuxian B Li et al (2005)
   inhibitor +     + BPH
   snowdrop 
   lectin  
Garlic leaf lectin BPH ASAL IR64 Saha et al (2006)
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Climate change and variability will have significant impacts on rice production 
systems. While the projected increase in atmospheric carbon dioxide 
concentration ([CO2]) will have a positive effect on growth and yield, biotic 
and abiotic stresses may increase as a result of global warming; the net change 
in rice productivity is dependent on the extent of these counteracting effects. 
Up to now, many chamber experiments have been conducted to improve our 
understanding of the responses to increases in temperature and [CO2], but 
quantitative understanding particularly at the field level is still limited. This paper 
summarizes recent findings, including those from field trials using the free-air 
CO2 enrichment (FACE) system, covering aspects such as CO2 fertilization 
effect and biotic and abiotic stresses under elevated [CO2] conditions. The 
aim is to identify uncertainties in predicting future rice productivity under field 
conditions. The primary effect of elevated CO2 is enhanced photosynthetic rates, 
but season-long CO2 enrichment (200 ppmv above the ambient) in the field 
results in a substantial decrease in photosynthetic enhancement as the growth 
stage progresses. This confirms that down-regulation of photosynthesis occurs 
even under field conditions. Final biomass and grain yield enhancements by 
the FACE treatment under standard N supply averaged around 14%. Extreme 
temperature events during the critical period for reproductive development 
and/or anthesis have long been known to increase floret sterility and thereby 
reduce grain yield substantially. Under elevated [CO2], stomatal conductance 
is reduced so that leaf, canopy, and panicle temperatures are increased; this 
can exacerbate heat-induced spikelet sterility. On the other hand, the FACE 
treatment increased chilling-induced spikelet sterility in the cool year of 2003. 
The reason for this is not clear, but the above results indicate that the air 
temperature windows for stable pollination may be narrowed under future CO2 
conditions. Susceptibilities to blast and sheath blight diseases were exacerbated 
by elevated [CO2]. The mechanisms of these interactive effects on grain yield 
in addition to down-regulation of photosynthesis need further investigation to 
reduce uncertainties in predicting future rice productivity.

Response of Rice to Increasing CO2 
and Temperature: Recent Findings 
from Large-Scale Free-Air CO2 
Enrichment (FACE) Experiments

T. Hasegawa, H. Shimono, Lianxin Yang, H.Y. Kim, 
T. Kobayashi, H. Sakai, M. Yoshimoto, M. Lieffering, K. Ishiguro, 
Yulong Wang, Jianguo Zhu, K. Kobayashi, and M. Okada
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Atmospheric CO2 concentration ([CO2]) has risen from 280 to 380 μmol 
mol−1 since the beginning of the Industrial Revolution. It is projected to 

increase to 470–570 μmol mol−1 by the middle of this century and to 540–970 
by 2100, with the range depending on emission scenarios (IPCC 2001). The 
increase in CO2 concentration along with non-CO2 greenhouse gases such 
as methane, nitrous oxide, and chlorofluocarbons is likely to affect climatic 
factors such as temperature and rainfall, and hence have a significant impact 
on future rice production. 
 Although the projected increase in [CO2] will have a positive effect on 
growth and yield due to increased photosynthesis (CO2 fertilization effect), 
global warming in general is projected to have negative effects, mainly via a 
shortening of growth duration, an increase in respiration costs, and in some 
cases depleted water resources due to larger water demand and/or use (Parry 
et al 2004). Future crop production depends on the net balance of these 
counteracting effects and their interactions. 
 The responses of the crops to rising temperatures and [CO2] have 
generally been determined from experiments conducted in closed controlled 
environments, which have in turn been used to simulate crop growth and 
yield (e.g., Parry et al 2005). There are, however, concerns whether the results 
obtained in enclosures can be applied to field conditions (Long et al 2006). 
Testing at the field level is an important step to robustly estimate the likely 
effects of climate change, but attempts have been limited due to difficulties 
in mimicking future climatic conditions in the open field.
 Free-air CO2 enrichment (FACE) systems were developed for this purpose 
in the late 1980s (review: Allen et al 1992). Over the last 18 years, about 20 
large-scale FACE experiments have been conducted worldwide (see www.
bnl.gov/face/Research_Sites.asp for large-scale, diameter > 8 m, replicated 
FACE trials in the world). FACE experiments have been conducted on rice 
(Oryza sativa L.), unequivocally the most important food crop that feeds 
almost half the world’s population. Rice FACE experiments commenced 
in 1998 in Shizukuishi, Iwate, Japan, in a cool temperate climate, using a 
unique pure CO2 injection system without a blower (Okada et al 2001). 
Later on, a similar FACE system was set up in Wuxi, Jiangsu, China, in a 
warm subtropical climate. Many data on the physiological and agronomic 
responses to elevated CO2 and their interactions have been accumulated. 
 In this paper, we attempt to summarize recent findings, including those 
from field trials using the FACE system, covering aspects such as the CO2 
fertilization effect and biotic and abiotic stresses under elevated [CO2] 
conditions. Our overarching aim in this paper is to identify uncertainties in 
predicting future rice productivity under field conditions. 

http://www.bnl.gov/face/Research_Sites.asp
http://www.bnl.gov/face/Research_Sites.asp
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CO2 FERTILIZATION EFFECTS

Most of the rice responses to elevated [CO2] presented in this paper are from 
the FACE experiment conducted in Shizukuishi, Iwate, Japan (39°38�N, 
140°57′E) from 1998 to 2000 and from Wuxi (31°37′N, 120°28′E), Jiangsu, 
China, from 2001 to 2003 (hereafter referred to as the Japan FACE and 
China FACE, respectively). For the Japan FACE, the design of the system 
was reported by Okada et al (2001) and growth conditions and growth and 
yield data were given by Kim et al (2003a,b). A system similar to the one 
in Japan FACE was used in the China FACE experiment, and yield, yield 
components, and biomass data were presented by Yang et al (2006a,b). In 
both systems, rice was grown in farmers’ paddies equipped with 12-m-diameter 
FACE systems. Pure CO2 gas was released from peripheral emission tubes 0.5 
m above the canopy, with wind direction determining from which tubes CO2 
was emitted. The target [CO2] at the center of the FACE plots was 200 μmol 
mol−1 above the ambient [CO2]. Each plot had subplot treatments including 
N rates and varieties, but here we present only the results from one cultivar 
under standard N fertilizer levels for each site: cultivar Akitakomachi with 
8–9 g N m−2 added for Japan FACE and cultivar Wuxiangjing 14 with 25 g 
N m−2 for China FACE. 
 Despite the climatic conditions being different for the two FACE 
sites, the effects of season-long CO2 enrichment in the field on yield and 
its components were strikingly similar (Fig. 1). Grain yield enhancement 
averaged 14%, but, of the four yield components, panicle number was almost 
the sole contributor to the enhancement at both sites. This indicated that the 
yield response to CO2 resulted mainly from growth enhancement in the early 
growth stages. The yield enhancements obtained at the two rice FACE sites 
were close to the lower edge of the confidence intervals of the average yield 
responses of C3 species (mean: 24%) to FACE found in the meta-analysis 
of Long et al (2004). However, it is worth noting that major C3 crops such 
as rice, wheat, and soybean all have rather modest yield enhancements of 
14–16% in FACE experiments (Kimball et al 2002, Morgan et al 2005), 
which should not be overlooked when considering the future food supply.
 The biomass enhancement by elevated [CO2] and its change with crop 
growth stage were also similar between the two sites (Fig. 2). The enhancement 
was initially high (30–40%) but decreased as the crop aged, resulting in only 
a 13% increase at maturity, which was similar to the yield enhancement. 
This decreasing enhancement with crop age could be a result of decreased 
photosynthesis, increased respiration, or both. We did not measure canopy 
gas exchange in the FACE experiments, but the results of the season-long 
canopy gas exchange measurements in controlled chambers indicated that 
decreased canopy photosynthesis explained a substantially larger portion of 
the age-related decrease in canopy net carbon gain (Sakai et al 2006). In both 
FACE experiments, we observed a significant decrease in leaf photosynthetic 
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enhancement as the growth stage progressed (Seneweera et al 2002, Chen 
et al 2005), confirming that down-regulation of photosynthesis occurs even 
under field conditions. This can be one of the major reasons for the limited 
CO2 response of rice.

TEMPERATURE STRESS

Temperature affects virtually all the growth processes that are relevant to 
yield and quality of rice, so that a slight change in temperature at any growth 
stage can alter growth pattern or duration, and possibly final yield. However, 
the largest yield loss can result when extreme temperature events occur 
during panicle development and/or flowering, which often induce sterility 
(Satake and Hayase 1970, Satake and Yoshida 1978). With global warming, 
heat-induced sterility is projected to occur more frequently, which could be 
a major threat to future rice production (Nakagawa et al 2003).
 Previous chamber experiments showed that spikelet sterility increases 
when the temperature at the time of flowering exceeds 34–35 °C (Satake 
and Yoshida 1978, Matsui et al 2001): the response was highly sensitive 
to increasing temperature with a 16 percentage point increase in spikelet 
sterility per °C increase above the threshold (calculated from Kim et al 
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Fig. 1: Percentage change under elevated [CO2] of grain yield and its 
components (data are from Kim et al 2003a and Yang et al 2006b). Closed 
symbols are three-year averages for each site. Open symbols are the overall 
means weighted by the sampling variance at each site each year. Statistical 
software “MetaWin Ver. 2” was used for the calculation (Rosenberg et al 

2000).
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1996), and almost all spikelets become sterile at temperatures greater than 
40 °C. In the field, however, panicle temperatures can be very different from 
the air temperature. For instance, Yoshimoto et al (2005b) measured the 
panicle temperature in Wuxi, Jiangsu, China, and showed that the panicle 
temperature was 0.4–1.5 °C lower than the above-canopy air temperature. A 
substantially larger air-panicle temperature difference of 6.8 °C was observed 
under hot and dry conditions in the Riverina Region, New South Wales, 
Australia (Matsui et al 2007). Differences in canopy and climatic conditions 
that affect transpirational cooling apparently affect air-panicle temperature 
differences. In addition, under elevated [CO2], stomatal conductance 
decreases. Yoshimoto et al (2005a) observed an average 12% decrease in 
stomatal conductance in Japan FACE. Reduced stomatal conductance 
decreases water use, increases water-use efficiency, but at the same time 
increases canopy and panicle temperatures. In China FACE, panicle 
temperature was 0.5–1 °C higher under elevated [CO2] than under ambient 
[CO2] (Yoshimoto et al 2005b); this could exacerbate heat-induced spikelet 
sterility. In fact, increased canopy temperature due to reduced transpiration 
(by using a transpiration retardant) induced spikelet sterility of rice under 
field conditions (Hasegawa et al 2006). These all indicate that accurate 
estimates of panicle temperature are important to reduce uncertainties about 
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Fig. 2: Percentage change under elevated [CO2] of biomass production at 
different growth stages (data are from Kim et al 2003b and Yang et al 2006a). 

Closed symbols are three-year averages for each site. Open symbols are the 
overall means weighted by the sampling variance at each site each year. 

Statistical software “MetaWin Ver. 2” was used for the calculation (Rosenberg 
et al 2000).
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the future risk of heat-induced spikelet sterility. A simple heat balance model 
proposed by Yoshimoto et al (2005b) will be very useful for this purpose.
 On the other hand, projected global warming may decrease the incidence 
of chilling-induced sterility, which has been a major yield constraint under 
cool climates. However, this rather optimistic view requires extreme caution 
because climatic variability, anomalies, or extreme temperature events could 
occur in the future. In addition, little is known about the effects of elevated 
CO2 on cool temperature–induced sterility and some results have shown 
this to be counterintuitive. For example, in the Japan FACE experiment in 
a “cool summer” year (2003), plants under elevated CO2 had higher levels 
of chilling-induced spikelet sterility than under ambient [CO2] (Okada et al 
2005). The reason for this is not clear, but this result and the effects of panicle 
temperatures under elevated [CO2] indicate that the air temperature window 
for stable pollination may be more narrow under future [CO2] conditions.

DISEASE INCIDENCE UNDER ELEVATED [CO2]

Large uncertainties exist as to whether disease and pest severity will increase 
under future [CO2], but there are some indications that the severity of rice 
diseases may be exacerbated by elevated [CO2]. Observations of the natural 
occurrences of rice blast and sheath blight in Japan FACE experiments 
indicated that these two major rice diseases tend to occur more under elevated 
[CO2] (Kobayashi et al 2006). In addition, an inoculation experiment by 
Kobayashi et al (2006) also indicated a higher incidence of blast disease 
under FACE than under the control. One possible explanation for this is that 
the FACE treatment significantly reduced the silicon content of leaf blades, 
which could reduce resistance to penetration by the fungus. 

CONCLUSIONS AND FUTURE RESEARCH NEEDS

Rice FACE experiments in two countries revealed that yield enhancement 
by elevated [CO2] was strikingly similar between the China and Japan FACE 
sites, averaging 14%. Identifying the reason for the similar yield enhancement 
between the two sites despite the large difference in climatic conditions is 
an important subject for generalizing our findings for future yield prediction. 
At both sites, growth enhancement in the early growth stages was the major 
driver for the yield increases with elevated CO2, and an age-dependent down-
regulation of the [CO2] response set a limitation on CO2 fertilization effects. 
Plant traits that moderate the effects of elevated [CO2] on grain yield need 
to be identified to take better advantage of increasing [CO2]. 
 Predicting the interactions of CO2 and temperature is still a major 
challenge, but a series of FACE experiments demonstrated that spikelet 
sterility is greater under elevated [CO2]. An accurate prediction of panicle 
temperatures based on both climatic conditions and plant physiological status 
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will help to reduce uncertainties regarding the stress occurrence, but unknown 
mechanisms are involved in grain setting under extreme temperatures and 
elevated [CO2]. A better understanding of them will decrease the time 
required to develop countermeasures against heat and chilling stresses in the 
future. Biotic stresses under future climates are even harder to predict because 
complex, stochastic, and temperature-sensitive processes are involved. The 
increased susceptibility of rice blast and sheath blight shown by the FACE 
treatment needs further evaluation in relation to temperature. In addition 
to the aspects presented in this paper, the effects of increasing temperature 
and [CO2] on grain filling and grain quality are other areas of study that need 
more attention.
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Rice fields are sources of the greenhouse gases methane (CH4) and nitrous 
oxide (N2O) and can also be a source or sink of carbon dioxide. CH4 and 
N2O budgets of rice fields are both affected by the structure and dynamics 
of anaerobic/aerobic conditions in the soil, but specific impacts are often 
diverging for both gases. CH4 emissions increase under continuous flooding 
while N2O is primarily emitted in pulses after fertilization and strong rainfalls 
(including fallow periods). Both gases predominantly escape to the atmosphere 
through the aerenchyma of the rice plant. The documented morphology of 
the aerenchyma allows the reconstruction of vertical gas transfer, including 
the speed-limiting passage from root to culm. Nutrient supply affects the 
development of aerenchyma as well as root exudation and thus the budgets 
of CH4 (and N2O). The results of a field experiment at IRRI and a greenhouse 
experiment at IFU in Germany are assessed using global warming potentials 
(GWP) of 21 for CH4 and 310 for N2O (GWP compares the ability of a gas 
to trap heat in the atmosphere relative to CO2). Systems with high GWP are 
restricted to rice fields with long flooding periods and considerable amounts of 
organic inputs. The GWP of these systems is driven by CH4 emissions whereas 
N2O emissions are of minor importance. In systems with low GWP, however, 
CH4 and N2O have almost equal shares in GWP as long as fallow periods 
are taken into account. Inclusion of N2O emissions further limits effective 
mitigation options in rice fields, for example, midseason drainage only reduces 
GWP in systems with high baseline emissions of CH4. Net fluxes of soil-borne 
CO2 in rice fields are associated with changes in agricultural management, 
for example, reduced tillage, modified irrigation patterns, etc. However, most 
rice production systems also entail emissions from fossil fuel consumption due 
to farm operations and indirect emissions due to fertilizer production. Thus, 
mitigation assessments have to aim for a full greenhouse gas “accounting” in 
combination with economic cost-benefit analysis.

Greenhouse Gas Emissions from Rice 
Fields: Mechanisms, Experiments, 
and Mitigation Options

Reiner Wassmann and Achim Dobermann
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Rice contributes to climate change and wetland rice culture is one of the 
most complex agroecosystems in terms of balancing carbon sequestration 

and greenhouse gases. Understanding the properties of rice soils and the 
influence of management practices in relation to greenhouse gas emissions is 
crucial for efforts to minimize those emissions. At present, irrigated double- 
and triple-cropping rice systems are a significant sink for atmospheric CO2, 
a small source of nitrous oxide (N2O), and a significant source of methane 
(CH4). The source-sink balance of different greenhouse gases is likely to 
change as a result of land-use or crop management changes, but we lack 
precise measurements of the entire terrestrial C and N cycle for different 
management systems implemented in whole fields and larger areas. Such 
data are required to develop and validate more precise models for regional 
or global predictions of global warming potential.

SOIL ORGANIC CARBON

Average soil organic C (SOC) content in irrigated double- and triple-rice 
systems of Asia is about 14–15 g C kg–1 in the upper 20–25 cm of the soil 
(Kawaguchi and Kyuma 1977, Dobermann et al 2003, Pan et al 2003). Rice 
soils that are flooded for long periods of the year tend to accumulate SOC, 
even with complete removal of above-ground plant biomass (Bronson et al 
1997a). A significant input of C and N is derived from biological activity 
in the soil-floodwater system (Roger 1996), there is less temperature and 
moisture variation than under rainfed or alternating wet/dry regimes, and 
conditions are generally more favorable for the formation of conserved 
soil organic matter (Olk et al 1998, Kirk and Olk 2000). In China, it is 
estimated that the current C sequestration rate in irrigated rice cultivation 
is 12 Tg C y–1 and that these systems have induced a total enrichment of 
SOC storage of about 0.3 Pg C (Pan et al 2003). It is currently unknown, 
however, how accurate such estimates are, whether rice systems in the tropics 
and subtropics truly sequester atmospheric carbon, and how soil organic C 
level may change in response to changing climate or management practices. 
Reliable monitoring of SOC stock has not been conducted in most of Asia. 
One of the few case studies conducted estimated a loss of 67 million tons of 
SOC in Bangladesh from 1967 to 1995 (Ali et al 1997). A critical issue in 
C sequestration experiments and SOC surveys is that spatial variability and 
changes over time in soil bulk density must be properly accounted for by 
expressing SOC amounts on an equivalent soil dry mass per area basis (Gifford 
and Roderick 2003). This has largely been ignored in previous research and 
causes great uncertainty about baseline levels and trends in SOC. 
 Losses of soil carbon are of major concern for developments in the 
agricultural sector that may lead to increased diversification of irrigated 
rice systems, or, more generally, when management changes in favor of 
decomposition rather than conservation of soil organic matter (Witt et al 
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2000). IRRI’s B2 long-term experiment is one of the few studies in which a 
continuous rice system is compared with a maize-rice system. Twelve years 
of maize-rice cropping caused significant declines in SOC (by 15% relative 
to rice-rice) and indigenous N supply, but no decline in yields obtained with 
N fertilizer application (R. Buresh, personal communication). A shift toward 
C4 crops such as maize can potentially increase C uptake, but it may also 
lead to greater CO2 losses from heterotrophic soil C respiration.

METHANE EMISSIONS

The issue of methane emissions from rice fields has been extensively reviewed 
in recent years, so this paper provides only some general remarks as well 
as a perspective in the context of future research. Estimates of global CH4 
emissions from rice fields in Asia have decreased significantly during the past 
20 years, but irrigated rice probably accounts for roughly 5% to 10% of the 
global CH4 source strength (Matthews et al 2000b, Kirk 2004). During the 
past 15 years, IRRI and research institutions in numerous other countries 
have conducted substantial research on CH4 emissions from rice systems and 
much of this work has been summarized (Wassmann et al 2000a). Fluxes of 
CH4 have been measured at numerous locations over periods of several years 
(Wassmann et al 2000b,c), principal processes involved in methanogenesis 
and methane oxidation are known (Conrad 1995, 1996), and a whole range 
of models with different levels of detail have been developed (Arah and 
Kirk 2000, Sass et al 2000, Matthews et al 2000a, van Bodegom et al 2001, 
2002, Li et al 2004). Genotypic variation in CH4 has been studied, revealing 
significant variation in root exudates and methane transport capacity through 
the plant (Watanabe et al 1995, Aulakh et al 2001, 2002). It remains 
unknown to what extent those findings represent potential for breeding rice 
varieties with lower CH4 emissions because genetic controls have not been 
identified and potential trade-offs exist with other crop traits that could affect 
yield. A recent breakthrough has been the discovery of methanogenic archae 
living in the rhizosphere of rice, a potentially new group of microorganisms 
that seem to play a key role in CH4 production from plant-derived carbon 
(Lu and Conrad 2005). 

NITROGEN BUDGETS

Irrigated rice systems are a major contributor to the accumulation of reactive 
N compounds in Asia and even globally. Reactive N is defined as all 
biologically, photochemically, and/or radiatively active forms of N––a diverse 
pool that includes mineral N forms such as NO3

– and NH4
+, gases that are 

chemically active in the troposphere (NOx and NH3), and gases such as N2O 
that contribute to the greenhouse effect (Galloway et al 1995). Asia accounts 
for nearly 50% of the net global creation of reactive N from anthropogenic 
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sources (Boyer et al 2004), with irrigated rice systems accounting for about 
15% of Asia’s total share. Fertilizer rates on irrigated rice farms of Asia 
range from about 80 to 150 kg N ha–1 per crop grown. Annually, irrigated 
rice consumes about 8 to 9 million tons of fertilizer N or roughly 10% of the 
global fertilizer N production. On average, only 30% to 40% of the applied 
N is recovered by the crop (Dobermann et al 2002), leading to large losses 
of reactive and nonreactive N (N2) forms. 
 Ammonia losses from the application of urea fertilizer are the major 
N-loss pathway in flooded rice systems, often causing losses of 50% or more 
of the urea-N applied (De Datta et al 1991, Buresh et al 1993). The global 
source strength of ammonia (NH3) is about 55 Tg N y–1, which is of similar 
magnitude to global NOx-N emissions (Bouwman et al 1997). Of this, global 
emissions of ammonia derived from nitrogen fertilizer are about 9 Tg y–1. 
Kirk (2004) estimated that ammonia-nitrogen emissions from lowland rice 
fields alone are roughly 3.6 Tg y–1. Dry deposition and reaction with acidic 
particles and particle precursor gases are the main removal mechanisms for 
NH3. Because ammonia emissions occur almost exclusively close to Earth’s 
surface, and plants use nitrogen in their metabolism, dry deposition is a 
very efficient process that may remove 40–60% of all emissions. Ammonia, 
which has reacted with sulfuric or nitric acid to form ammonium, is much 
less efficiently removed by dry deposition and is removed mainly by wet 
deposition, with an average residence time in the atmosphere of up to 1 
week, compared with the much shorter residence time of gas-phase ammonia, 
which is less than 1 day. Understanding of the ammonia cycle is still limited. 
Long-term, representative, and reliable measurements of ammonia emissions 
and dry and wet depositions of ammonium, sulfate, and nitrate are needed. 
Atmospheric transport models of ammonia and ammonium need to be 
improved with regard to increasing their spatial and temporal resolution. 
 Few studies have been conducted on emissions of nitrous oxide (N2O) 
from rice fields and no reliable estimates of their contribution to global N2O 
emissions are available. In irrigated rice systems with good water control, N2O 
emissions are small except when excessively high N fertilizer rates are applied 
to fertile rice soils (Bronson et al 1997b,c). Much larger N2O emissions occur 
as a result of nitrification-denitrification during periods of alternating soil 
wetting and drying that occur in rainfed rice or as a consequence of drainage, 
fallow periods, or water-saving irrigation techniques (Cai et al 1997, Abao 
et al 2000). 
 Management practices must be identified that will lead to an optimal 
solution with regard to reducing greenhouse gas emissions and the 
accumulation of reactive N in the biosphere, and their overall impact on 
global warming must be quantified. It is still uncertain whether an “ideal” 
redox potential range in soils can be identified and managed under field 
conditions within which N2O and CH4 emissions are both low. Such an 
“ideal” redox potential window of –150 to +180 mV at neutral pH has recently 
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been proposed based on soil suspension studies conducted in Louisiana, USA 
(Yu and Patrick Jr. 2003), and static chamber studies in China (Hou et al 
2000), but it remains untested under a wider range of field conditions. Of 
particular interest there is managing the depth distribution of redox potential. 
Methane is primarily produced in greater depth (>5 cm) at a redox potential 
of less than –150 mV (Rothfuss and Conrad 1992), from where it is taken 
up by roots and emitted through the plant. In contrast, N2O production 
occurs mostly at redox potential greater than +180 mV in the upper few cm 
of soil, which is also the zone that is most affected by water management 
practices. 

GREENHOUSE GAS ACCOUNTING 
AND MITIGATION OPTIONS

Crop residue management has a large impact on GHG emissions from rice 
fields, but also represents a significant mitigation option. Rice straw has a 
low nutritional value as fodder, so that straw burning is a common practice 
in large parts of Asia. It is well recognized that burning of straw on the field 
leads to significant air pollution (sootH aerosols, CO, etc.) within a wider 
range of the source. Although CO2 emissions from straw burning should not 
be considered a net source of GHG (completing the annual CO2 cycle in 
agricultural systems), incomplete combustion under field conditions typically 
converts 0.7% of C present in straw to CH4 while 2.1% of N is converted to 
N2O (Yoshinori and Kanno 1997). 
 There is a broad consensus that burning should be avoided. One option 
is recycling in soil, but this implies a substantial work load and imbalanced 
nutrient inputs. Organic compounds with a high C:N ratio (60–70) such as 
straw decompose very slowly and cause immobilization of N. Subsequent N 
deficiency for the subsequent crop as well as high emissions of the greenhouse 
gas CH4 are undesired side effects after incorporation of fresh straw. Under 
continuous flooding, incorporation of fresh straw causes large increases in 
CH4 emissions (Corton et al 2000). Shallow residue incorporation combined 
with a drier water regime may reduce CH4 emissions because the C-source is 
added above the CH4 production zone and redox potential is managed below 
a level that would trigger large N2O emissions. However, the feasibility of 
such practices and their overall impact on global warming potential as well 
as nutrient and pest population dynamics are not well known.
 Most previous research has been conducted in small field plots (enclosure 
studies on climate change and greenhouse gas emissions, water-saving 
irrigation studies, long-term soil fertility experiments) with limited objectives 
and measurements. Enclosure studies have largely been used to calibrate and 
validate models, but questions remain about the representativeness of small 
plots and enclosures for processes occurring in larger areas. New concepts for 
an ecological intensification of rice systems have not been implemented in 
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large areas. Eddy covariance (Baldocchi 2003), tunable diode lasers, FTIR, 
and other-level micrometeorological methods are widely used in studies on 
quantifying net CO2 ecosystem exchange and processes involved in the water, 
and C and N cycles. However, only a few such studies have been conducted 
in rice and there is a general lack of interdisciplinary studies that also include 
biometric and soil measurements of C and N cycles.
 Several crop-ecosystem models have been developed to study the 
potential consequences of changing specific crop management practices for 
global warming, for example, MERES (Matthews et al 2000a,b) or DNDC 
(Cai et al 1997, Li et al 2004, Pathak et al 2005). Although progress has 
been made, the existing models still lack robust descriptions of many of the 
complex interactions observed, the field data basis for developing them is 
scarce, and validation against carefully measured data is insufficient. Key 
processes that determine climate impact on rice or greenhouse gas fluxes 
from rice systems must be measured, understood, and modeled at finer time 
resolution (minutes to hours) in order to increase the sensitivity and accuracy 
of model predictions. Along with this, we need to develop and carefully 
evaluate a new generation of simple models that can be easily linked with 
regional and global databases and general circulation models (GCMs) to 
predict climate change impacts in rice.
 Greenhouse gas accounting at national or regional scales is often done 
with the IPCC methodology, which uses empirical emission factors for CO2, 
CH4, and N2O sources and sinks for different land uses and different organic 
and inorganic inputs (IPCC 1996, 2000). We have limited information from 
field studies on how valid such emission factors are and how they would 
change as a consequence of changes in crop management. For example, the 
default IPCC emission factor for fertilizer-derived N2O is 1.25%, but the 
range included in the IPCC tables is from 0.25% to 2.25%. The current 
IPCC emission factor database (www.ipcc-nggip.iges.or.jp/EFDB/main.
php) contains more specific values for CH4 emissions in different types 
of rice cultivation, but none for CO2 or N2O emissions. This causes great 
uncertainty about national, regional, and global estimates of greenhouse 
warming potential and it also means that this methodology may have limited 
potential for exploring policy scenarios that involve a change in land-use or 
cropping practices.
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The rising concentration of surface ozone will have large negative impacts on 
crop production in Asia. The predicted crop losses caused by ozone are highly 
uncertain, however, because of the problems of experimenting with chambers, 
and of deriving relationships between ozone abundance and yield loss from 
experiments. This paper addresses the sources of uncertainties in the ozone 
impacts, and offers solutions for reducing the uncertainties, with particular 
attention to rice.

Keywords: ozone, rice, Ozyza sativa L., wheat, soybean

In Asia, the rapid increase in energy production has resulted in a greater 
amount of nitrogen oxide (NOx) emissions than in North America or 

Europe (Akimoto 2003). The increase in NOx emissions, in conjunction 
with increased emissions of volatile organic compounds (VOC), leads to 
an elevated concentration of ozone (O3) at the ground surface (Dentener 
et al 2005). 
 Ozone has been well known to damage plant tissues, hinder photosynthesis, 
accelerate leaf senescence, and reduce crop yield (Fiscus et al 2005). A 14% 
loss of major crops in the United States due to O3 has been estimated for 
the period from 1982 to 1987 (Tingey et al 1994). In Europe, annual crop 
losses due to O3 were evaluated to be 6.8 billion Euros (Mills et al 2003) 
for 1990. The large negative impacts of surface O3 on vegetation, including 
agricultural crops along with human health risks, have urged the developed 
countries to invest in emission control of NOx and VOC. 

OZONE IMPACTS ON CROP PRODUCTION IN ASIA

Aunan et al (2000) have predicted crop losses in China for 2020. The 
predicted yield loss reached 29% for spring wheat, up to 13% for winter 
wheat, and up to 21% for soybean, whereas that for rice was less than 4.5%. 
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Wang and Mauzerall (2004) predicted strikingly large crop losses in China, 
Japan, and Korea for 2020 (Table 1). With winter wheat and summer maize 
in China, for example, predicted yield losses were greater than 60% with 
one of the three measures of ozone exposure, that is, O3 dose metrics. Since 
China is the world’s largest producer of wheat and the second largest for 
maize (FAOSTAT 2006), large yield losses would seriously threaten the 
global food supply.
 There are, however, large uncertainties in these predictions. This paper 
focuses on the uncertainties in estimating crop losses from surface [O3], 
whereas the prediction of surface [O3] in the future should also include large 
uncertainties.
 A close look at Table 1 elucidates the following features of predicted 
crop losses: 

Table 1: Crop losses caused by elevated [O3] estimated for 1990 and 2020 (Wang and 
Mauzerall 2004). Estimates are based on 3 dose metrics: M7or M12,a SUM06,b and W126.c

 Crop loss (%)d

Country Crop Year 1990  Year 2020

  M7/ SUM06 W126 M7/ SUM06 W126
  M12   M12

China Winter wheat 6 13 12 7 63 41
 Spring wheat 1 1 3 2 30 22
 Single rice 4   8  
 Double rice: first crop 3   7  
 Double rice: second crop 5   10  
 Spring maize 8 4 1 16 39 24
 Summer maize 8 9 4 16 64 45
 Soybean 23 19 15 33 45 37
Japan Winter wheat 7 5 6 9 16 14
 Single rice 4   5  
 Soybean 24 18 15 28 32 25
South Winter wheat 9 43 39 8 59 47
   Korea Single rice 2   4  
 Maize 3 18 4 4 50 27
 Soybean 27 36 26 35 59 47

aM7 is the seasonal average of 7-h (0900-1600) mean [O3], whereas M12 is the same as M7 but for 12-h 
(0800-2000) mean. bSUM06 is the seasonal sum of hourly [O3] above 60 ppb throughout a growing season. 
cW126 is the weighted sum of hourly [O3] throughout a growing season. The weight function is defined as: 
w = 1 / [1 + 4,403 exp (– 0.126 [O3])]. dCrop loss was calculated relative to the yield at base [O3], which 
is 25 ppb for M7, 20 ppb for M12, and 0 ppb for SUM06 and W126. 
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 1. In wheat, maize, and soybean, very large yield losses, for example, 40% 
or higher, are estimated for 2020, whereas, in rice, the estimated yield 
losses are much lower.

 2. Predicted crop losses differ very widely between O3 dose metrics.
 I will describe the uncertainties involved in these features of crop loss 
prediction, and demonstrate the approaches to reducing the uncertainties. 

PROBLEMS IN OZONE DOSE–YIELD LOSS RELATIONSHIPS

Crop losses have been estimated with functional relationships, called 
dose-response relationships (DRR) hereafter, between surface [O3] and 
relative yield loss in crop species. The DRR were derived from O3 exposure 
experiments, in which crop plants were grown under a range of [O3] in 
enclosures or chambers. The chamber experiments were conducted with 
efforts to mimic the real world within the chambers. Plants were grown in 
the ground instead of in small pots. The [O3] in chambers was controlled 
not at a constant level but at a constant difference from or proportion to 
ambient [O3] to mimic fluctuating [O3] in reality. With such efforts, it was 
hoped that the observations in the chambers would duplicate those in the 
field, and that the DRR derived from the experiments would be applicable 
to the real world.
 Despite these efforts, it is well recognized that the environment in 
the chamber is different from that outside, and that plant growth in the 
chamber is different from that in the field (Heagle 1989). The use of DRR 
has, nevertheless, been justified on the presumption that the crop response 
is unchanged by the chamber on a relative basis. 
 The presumption on the relative response has been questioned 
occasionally. In open-top chambers, which have been used extensively for 
ozone exposure, the chamber walls partially intercept the rainfall, making the 
soil moisture heterogeneous in the chamber. Irrigation was necessary to avoid 
the variability in plant growth due to soil moisture deficit. Then the question 
arises whether irrigation alters the relative response of the plant to ozone. It 
has indeed been reported that soybean plants under water stress exhibited a 
smaller yield loss due to O3 than their well-watered counterparts (Flagler et 
al 1987). Whereas the smaller yield loss under water stress is often explained 
by reduced O3 uptake via closed stomata, it could be better explained by 
alleviation of water stress by reduced growth and, hence, less water use of 
the plants (Kobayashi et al 1993). This finding could be generalized that 
plants grown under a resource constraint respond less to other stresses than 
plants free from the constraint. Crop plants in the field are subjected to a 
multitude of constraints, and hence would respond less to elevated [O3] than 
those grown under a less stressful environment in chambers. 
 It has also been reported that O3 absorption by the plant canopy is greater 
in chambers than outside (Nussbaum and Fuhrer 2000). If these findings hold 
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widely across the chamber experiments, the DRRs obtained therein should 
have overestimated the O3 impacts on crop yield.

DIFFERENCES BETWEEN OZONE DOSE METRICS

Various O3 dose metrics have been proposed to better describe the extent 
of O3 exposure in relation to yield losses. Most of the dose metrics can be 
defined by temporal windows and/or weighting function on hourly-averaged 
[O3]. A daytime window is defined as a filter passing [O3] only for daytime 
hours, for example, from 0900 to 1600 in M7 (7-h mean), or for hours with 
solar radiation greater than 50 W m–2 in AOT40 (accumulated exposure 
over a threshold of 40 ppb). A longer-term time window is also adopted: 
with AOT40 for wheat, the hourly [O3] is counted only for the period of 3 
months centered around anthesis. 
 The weighting is based on an argument that a smaller number of higher 
[O3] peaks are more damaging than a larger number of modest [O3] events 
with the same mean [O3] between the two cases. The dose metrics except 
M7 and M12 are defined as the weighted sum of [O3] with the weighting 
functions shown in Figure 1. 
 Being faced with the wide differences between dose metrics in predicted 
crop losses (Table 1), one would wonder which dose metric should be chosen. 
The criterion for the choice of O3 dose metric has been the goodness of fit to 
the observed yield loss in the experiment. The various weighting functions 
have indeed been invented for the sake of a better fit to the observations 
than the unweighted means. The rationale of the better fit as the criterion 
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Fig. 1: Weight functions for the various ozone 
dose metrics.
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is questionable, however, since DRR is inherently altered by plant growth 
itself, and the pursuit of the best ozone dose metric may be a futile effort 
(Kobayashi 1997). It would be more fruitful to address DRR and dose metrics 
considering the mechanisms of plant responses to ozone.
 The stomatal conductance-based O3 dose metric (Mills 2004) is the 
first step in this direction. The next step would be to quantify antioxidative 
activities in plants.

IS RICE LESS SENSITIVE TO OZONE 
THAN OTHER CROP SPECIES?

Table 1 shows modest estimates for rice in comparison with other crop species. 
This may be only because of the lack of yield loss estimation for rice with 
SUM06 or W126, which tends to give much larger yield losses than M7 or 
M12. Within the estimates based on M7/M12, the figures for wheat and rice 
are comparable. 
 It should also be noted that the DRR for rice (Olszyk et al 1988) is based 
on a single experiment conducted in California in 1982 (Kats et al 1985). In 
the California experiment, potted rice plants of 3 varieties were subjected 
to ozone exposure at constant levels of [O3] for 5 days a week. This is quite 
different from other major crops, for which DRRs have been derived from 
17 experiments for soybean (Lesser et al 1990) or 6 studies with 9 varieties 
in total for wheat (Mills et al 2003). In those experiments, the plants were 
grown in the ground rather than in pots, and were exposed to elevated 
[O3] fluctuating in response to ambient [O3]. Thus, the experimental basis 
for rice is much weaker than that for other major crops. In fact, two other 
experiments have been conducted with rice: one in Japan (Kobayashi et al 
1995) and the other in China (Jin et al 2001). The relative yield response 
to [O3] looks similar among these studies (Fig. 2), but we still need more 
experiments with rice before answering the question about ozone sensitivity 
in rice.

APPROACHES TOWARD REDUCED UNCERTAINTIES

We have just started a project to predict ozone impacts on crop production 
in East Asia. In this project, we will use the following approaches for better 
prediction with reduced uncertainties.
 1. Open-air O3 release will enable the plants to grow under elevated [O3] 

without the artifacts associated with the use of chambers.
 2. Quantitative understanding of the mechanisms of plant responses 

to elevated [O3] will enable us to explicitly describe the processes 
involved in yield losses. Stomatal O3 uptake and extracellular 
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antioxidation will be among the processes focused upon. Crop loss 
estimation will be based on an understanding of the mechanisms rather 
than manipulation of O3 dose metrics.

 3. Rice will be the target species. In view of the diversity of rice-based 
cropping systems, differences between varieties and cropping seasons 
would be considered as the major determinants of ozone impacts. 
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Rice is grown extensively in South Asia on 13.5 million ha, including 2.5 
million ha in Pakistan, mainly by practicing conventional puddling that requires 
5–10 cm of standing water throughout the growing season, resulting in the 
consumption of more water than that actually required. Water productivity for 
rice is very low in Pakistan: 1 kg of rice is produced with about 2,500 liters, 
whereas China and India produce 5 and 2 kg of rice with the same quantity 
of water, respectively. In addition, current rice production practices are more 
labor-intensive and have a low plant population, low water productivity, and 
low fertilizer efficiency. Conventional rice-growing techniques are the major 
cause of delayed harvesting, which consequently reduces the turnaround time 
for succeeding cereal or fodder crops and hampers their yields.
 Water, a precious commodity, is now being quantified as crop per drop, 
cash per drop, and even job per drop. This alarming situation necessitates 
more efficient crop establishment technologies that involve less water for 
high delta crops like rice. Many resource conservation technologies (RCTs) 
for rice production, for example, mechanical transplanting, parachute rice 
transplanting, direct seeding of rice, growing of rice on beds, and planting 
of rice in precisely leveled fields with laser-guided equipment (laser-leveling 
technology), have recently been developed for growing rice with comparatively 
less water. These interventions have been successfully promoted among farming 
communities in Pakistan.
 Laser leveling is also helping in pilot testing and adopting the System 
of Rice Intensification, in which nurseries have been transplanted after 
10–15 days to the laser-leveled field with a thin layer (15–20 mm) of water 
followed by wet and dry spells during crop growth. The adoption of RCTs has 
shown promising results for conservation of water and nonwater inputs, thus 
ensuring an increase in the productivity of land, water, and energy resources 
for rice production for the increasing population of South Asia to meet food 
requirements. The role of IRRI, CIMMYT, IWMI, the RWC, and other CGIAR 
centers in acquisition, pilot testing, indigenization, promotion, and adoption 
of RCTs is highly commendable.
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Asia covers about one-fourth of the globe’s land mass and accommodates 
over 60% of the world’s population, which is around 6.5 billion. Asia has 
one-quarter of the agricultural area and 36% of the world’s arable land. Rice 
and wheat are the major staple food crops of this region and contribute 
about 80% of total cereal production (Timsina and Conner 2001), which 
is one-fifth of the total area under crops (Hobbs and Morris 1996). The 
continent produces 43% of the world’s total wheat and has over 90% of 
total rice production. The diversity in natural resources, climate, people, 
and socioeconomic conditions has given rise to varying farming systems in 
the region. South Asia's Indo-Gangetic Plains (IGP) constitute one of the 
most agriculturally productive areas because 85% of the rice system of South 
Asia is located in this area (Timsina and Connor 2001, Huke et al 1993a,b, 
Woodhead et al 1993, 1994). The total population of the region comprising 
Bangladesh, India, Nepal, and Pakistan is now 1.32 billion. It is estimated 
that this is going to double by 2025, thus posing a serious threat to food, 
fiber, shelter, and the environment.
 South Asia’s total landmass is 437 million hectares, with agricultural 
area of about 210 million ha. A small expansion in agricultural area of 
Nepal and Pakistan took place during the last 40 years but total area under 
agriculture is almost the same as some decrease occurred in agricultural 
area of other countries (Ladha et al 2003). Although water resources have 
expanded because of the construction of dams, canals, etc., during the last 
four decades and irrigated area has increased, development in water resources 
is not consistent with population growth for sustainable agriculture. 
 Crop productivity is very low in the region as most farmers still practice 
traditional production techniques. Moreover, production costs have increased 
many times due to rising prices of fuel and other agricultural inputs. Existing 
production technologies do not offer effective and efficient use of natural 
resources, particularly water. Extremely low efficiency of input use has 
led to wastage and depletion of natural resources besides environmental 
degradation.
 Agriculture is the single largest sector of Pakistan’s economy, although 
its contribution to GNP has declined steadily over the years as other sectors 
have expanded. Agriculture contributed 24.0% of GNP in 2002-03. About 
68% of the rural population depends on agriculture, which employs over 
70% of the labor force and accounts for more than 80% of foreign exchange 
earnings.
 Rice is an important food cash crop. It is one of the main exports of the 
country. It accounts for 6.1% of the value added in agriculture and 1.3% of 
GDP. Its area during 2005-06 was about 2.62 million ha, with a production 
of 5.5 million tons and yield of 2,117 kg ha–1, which is the highest since 
1990-91. But the yield gap of 83% between potential and actual yield of 
rice (paddy) in 1990-91 still remains at 65% now in spite of the release of 
various high-yielding varieties. Of the country’s total area of about 2.62 
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million ha, about 70% is in Punjab, 22% in Sindh, 2% in NWFP, and 6% in 
Balochistan. Again, for area under rice, Pakistan ranks 10th in the world and 
14th for yield per ha. Aforementioned observations with respect to the yield 
gap and world ranking suggest that our poor rice production system needs 
immediate attention from agricultural policymakers to improve national rice 
production.

STATUS OF WATER RESOURCES

Water shortages are increasingly a global issue. Environmental impacts from all 
uses of water, particularly irrigated agriculture, urgently need special attention 
and an early resolution because water supplies involve hydrologic basins that 
may cross local, state, and international jurisdictions/boundaries.
 As population grows, dependence on irrigation will become greater for 
meeting food requirements. This places an extraordinary stress on freshwater 
systems, particularly in arid and semiarid regions. In addition, freshwater 
ecosystems are being intensely degraded by human activities. The quantity of 
water consumed for domestic, industrial, and agricultural uses has increased to 
the extent that the natural flow of major rivers such as the Colorado, Yellow, 
Indus, and Amu Darya no longer reaches the sea during the dry season.
 New estimates of water scarcity calculated by the World Resources 
Institute in collaboration with the University of New Hampshire show that 
2.3 billion people live in river basins under water stress with annual per 
capita water availability below 1,700 m3. Of these, 1.7 billion people reside 
in highly stressed river basins where water availability falls below 1,000 m3 
per capita annually and chronic water shortages threaten food production 
and hinder economic development. Assuming that current consumption 
patterns will continue, at least 3.5 billion people will live in water-stressed 
river basins by 2025 (WMO 1997).
 Water is therefore certain to remain a major topic of discussion. Climate 
change will probably be a perennial agenda at global gatherings of resource 
conservation and environmental policymakers. As such, it is highly important 
to develop a better understanding of water scarcity and its future trend. It 
is also necessary to consider possible strategies based on increasing water 
productivity, leading to efficient management of scarce water resources.

WATER AVAILABILITY IN PAKISTAN

The country has recently faced serious water crises and Tarbela, the nation’s 
main reservoir, remained unfilled for the first time since its commissioning 
in 1976. Similarly the country’s other reservoir, Mangla, has also remained 
unfilled for 9 years since its commissioning in 1967. This has resulted from 
much less precipitation than the normal, especially in the monsoon, and 
reduced ice melting in the northern mountainous areas, mainly due to 
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disturbance in the weather system responsible for generating water resources 
in the area. The water shortages registered during the last few years reached 
40–50%. The total inflow of western rivers during kharif season fell to 75.78 
million acre feet (MAF) in 2001 from 116.05 MAF in 1998, while in rabi 
season it dropped to 15.45 MAF in 2001-02 from 22.55 MAF in 1998-99. 
The total inflow of the western rivers fell to 91.23 MAF in 2001-02 from 
159.10 MAF in 1992-93. As a result, canal withdrawals in the Punjab during 
the rabi season fell to 9.78 MAF in 2001-02 but were more than 20 MAF 
from 1992-93 to 1995-96. The canal water deficit in the province usually 
remained around 1.99–5.74 MAF, but recorded over 10 MAF during the water 
crises. On the basis of current water shortages and rapidly increasing future 
demand, experts have foreseen that this situation would be unsustainable 
for agriculture, the foundation of the national economy. 
 Rice is a crop with one of the highest water requirements. Sugarcane 
requires 64–72 acres inches of water annually depending on early and 
late-maturing varieties, whereas rice requires 52–60 acres inches of water 
depending on early and late-maturing varieties during their growing period of 
6–7 months mostly during the kharif (summer) season. Common rice varieties 
are early maturing whereas fine basmati varieties are late maturing. Of the 
total area of rice in the country, 62% is under basmati rice, 27% under IRRI 
varieties, and 11% under other common varieties. But 96% of basmati rice is 
grown in the rice belt of Punjab, which is environmentally very suitable for 
maintaining its quality and aroma. Although basmati rice yields much lower 
than IRRI rice, due to its fineness and aroma, its demand at a higher price 
is very high in national and international markets. Therefore, most farmers 
in the rice belt of Punjab prefer to grow it, in spite of its lower yield, higher 
production cost, and higher water requirements. However, water productivity 
in Pakistan is very low as 1 kg of rice is produced with about 2,500 liters 
of water, while China and India produce 5 and 2 kg of rice, respectively, 
with the same quantity of water. Nevertheless, the cost of rice planting and 
irrigation efficiency could be significantly improved by following improved 
planting systems.

THE NEED TO CONSERVE AGRICULTURAL RESOURCES

Pakistan had only 50 million people in 1960, but the population is now over 
140 million. As a result, per capita land availability has declined from 1.59 
to 0.50 ha. Similarly, per capita agricultural land availability has declined 
from 0.44 to 0.17 ha during the last 40 years. Per capita water availability 
has also dropped from 5,650 m3 to 1,400 m3. 
 This reveals that an abrupt change in crop production can be achieved 
by adopting new technologies to make efficient use of available natural 
resources. Otherwise, it will be extremely difficult to meet the population’s 
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food demand. The best option for effective use of resources and increasing 
productivity is via adopting a conservation agriculture approach. 

CONSERVATION AGRICULTURE

Conservation agriculture is an approach for the design and management 
of sustainable and resource-conserving agricultural systems. It seeks to 
conserve, improve, and make more efficient the use of natural resources 
through integrated management of soil, water, crop, and other biological 
resources in combination with selected external inputs. This technological 
package represents a resource-saving and efficient/effective agriculture that 
contributes to environmental conservation while enhancing production 
on a sustainable basis. Elements of conservation agriculture, inter alia, are 
organic soil cover, improved on-farm water management, minimum tillage, 
direct seeding through crop residue, and appropriate crop rotations to avoid 
disease and pest problems. 

RESOURCE CONSERVATION TECHNOLOGY FOR RICE 
PRODUCTION

Resource conservation technologies proved successful in Pakistan are water-
course improvement, laser land leveling, parachute rice transplanting, 
direct-seeded rice, zero-tillage dry seeding, management of nitrogen through 
a leaf color chart (LCC), the System of Rice Intensification, etc. Effective 
linkages, however, should be established to accelerate the pace of transfer 
of these innovations to users.

Laser Land Leveling

Precision land leveling, a highly efficient RCT that is equally suitable for wet 
and dry land leveling (Balasubramanian et al 2003), has shown significant 
savings in irrigation water, efficient use of inputs, and higher yield in different 
temperate regions (Barnes 1996, Luzes 1991). Laser land-leveling technology 
was introduced in Pakistan on about 28,000 acres under a pilot project during 
1976-80 and about 500,000 acres have been precision-leveled in the country 
so far. Initially, bucket-type soil scrapers were used for precision land leveling, 
which have now been replaced by laser beam-guided automatic scrapers for 
more precision in land-leveling work. As rice is grown in standing water, 
uneven fields may increase the requirement of water, which may lead to a 
high cost of cultivation, poor crop stand, and poor crop management. Laser 
land leveling has proved to be very successful in overcoming these hurdles 
as a thin layer of water can easily be achieved and a large quantity of water 
can be saved. Impact assessment studies conducted reveal the benefits of 
precision land leveling (Table 1).
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Zero-Tillage Dry Sowing

Minimum/zero tillage is an innovation that both offers conservation of water 
and energy resources and results in better crop yields (IWMI 1999, OFWM 
1998). It is possible to achieve desirable rice and wheat yields with zero or 
reduced tillage using proper organic residue and water management (Jongdee 
1994). This technology has been practiced for a long time in many parts of 
the world and it was introduced in Pakistan during the 1980s. Initial trials 
for producing rice with zero tillage were confined to progressive and large 
farmers. Although yield results were impressive, uptake of the technology 
remained limited, partly because of the high cost of zero-tillage seed drills 
and their limited availability, along with general apprehension of farmers 
about the new technique. It could not be popularized among the farming 
community in spite of its many benefits. 
 Late-maturing long-grain basmati rice varieties sown in the region are 
a major reason for low yields of succeeding wheat due to delayed planting 
(Aslam et al 1993), besides the high cost of land preparation and other inputs. 
Preservation of moisture from rice fields can therefore be effectively used 
for growing succeeding crops and irrigations required for land preparation 
can be saved as sufficient residual moisture is generally available after the 
rice harvest to establish a new crop (Mann et al 2004). Conventional tillage 
accelerates soil moisture evaporation and requires extra irrigation water for 
rauni (preplanting land soaking) to bring the field back to a semblance of a 
seedbed. 
 On-Farm Water Management (OFWM) took responsibility for 
introducing zero-tillage technology for wheat and rice among farmers during 
1996-97. This time, small farmers were targeted by making simple and locally 
manufactured relatively cheap drills commercially available. Rice and wheat 
were grown on only 50 acres at 12 sites with five government-owned zero-
tillage drills during 1996-97. Farmers rapidly accepted the technology due 
to its contribution to reducing production costs, conserving resources, and 
improving yields. The area under zero tillage increased exponentially from 
1997 to 2003. Wheat was grown with this technique on about 1 million acres 
in Pakistan during 2003-04 and now more than 5,321 zero-tillage drills are 

Table 1: Major benefits of laser land leveling.

Item Extent (%)

Curtailment in irrigation application losses 25
Reduction in labor requirement 35
Enhancement in irrigated area   2
Increase in crop yield 20
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owned by farmers and 45 manufacturers are involved in making them. The 
area under zero-tillage rice is also increasing, especially in canal-irrigated 
areas where tubewell water is not easily available. 

Bed Planting of Rice 

Bed and furrow planting technology permits the growing of crops on beds 
with less water and other inputs besides less weed infestation and crop lodging 
(Hobbs and Gupta 2003). This technique has been tested for various crops 
and has proved quite successful for cotton and wheat as well (Kahlown 
et al 1998). Cotton was grown on more than 3 million acres in 2005 by 
adopting this practice. Wheat was grown on 137 acres during 1999-2000, 
which expanded to about 5,000 acres during 2003-04. The technique has 
also been evaluated for rice production in farmers’ fields for the last three 
years and has been adopted on more that 1,500 acres. It has potential to be 
a technology of the future as its adoption can make it possible to grow more 
rice with less water.

Parachute Rice Transplanting 

Rice was transplanted with both the conventional method and with 
mechanical parachute technology. Rice seeds were grown in plastic trays with 
two to three seeds in a hole. After germination, the nursery was transplanted 
using the parachute method. The plant population was maintained at 
70,000–80,000 in an acre and all the plants were healthy and free of diseases. 
Tillering increased versus the traditional practice, and yield increased by 
15–20% over the conventional method. 
 A series of experiments were carried out from 1999 to 2002 in farmers’ 
fields to assess the effectiveness of parachute technology for its adoption in 
Pakistan. Three farms in Sheikhupura District (Punjab) were selected for 
this purpose. Plastic trays (57.5 × 32.5 cm) with 1.25-cm deep plugs were 
used for raising a nursery. Each tray contained 434 plugs and 160–200 trays 
were used for 1 acre. The nursery was sown in these plastic trays in the last 
week of May and transplanted in the fields in the third week of June every 
year. To ensure good seedlings, two/three healthy seeds were put in each 
plug of the tray and then covered with a thin layer of sieved soil. Irrigation 
fertilizers and crop protection measures were applied as and when required. 
The nursery took only 25–30 days to attain a height of about 20 cm to be 
ready for transplanting. 
 A steel tray (30 × 42.5 ×7.5 cm) was attached with a solo spray machine 
to produce air pressure for throwing seedlings like projectiles. The steel tray 
was adjusted at an angle of 60°. The seedlings for transplanting were taken up 
from the plastic trays in such a way that a proper quantity of soil surrounded 
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the roots in the form of a ball. This helped in planting the seedlings upright 
in the puddled soil. 
 Parachute and conventional transplanting techniques were used 
in adjacent fields having the same agroecological and soil conditions. 
Experiments were replicated at three different locations. The study was 
conducted in the same fields each year. The date of seedling transplantation 
was always a few days earlier with the parachute method than with the 
conventional method. Data are presented as means of three observations 
from three locations in the same year. 

Advantages of Seedling Culture in Flexible Plastic Trays

Sowing of a nursery in plastic trays has certain advantages over the 
conventional technique. A low seed rate, fertilizer, and pesticides are required 
for growing a nursery by this method. This makes growing the nursery less 
laborious and more convenient in transportation to the field. Trays can 
be used for three years and only one person is required to handle nursery 
sowing. Area required for growing the nursery can be saved and prepared for 
subsequent rice transplantation. This technique also saves irrigation water 
and there is no threat of weed infestation. The nursery can be raised and 
transplanted quickly, which also allows early transplanting (Fig. 1A, 1B). 
Diseased plants can be identified and removed easily.
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Fig. 1: Labor and time required for nursery transplanting in conventional and 
parachute techniques.
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 A major benefit of adopting parachute technology is the reduced labor 
and cost with less time required to complete the transplanting process 
(Fig. 1B). Seven to eight people are required to work for the same number 
of hours to transplant in the conventional method, whereas parachute 
transplantation requires only two people for 2–3 hours. A considerable 
amount of water is wasted during the conventional method as 20–30 cm of 
water is put in fields, but the mechanical parachute method requires only  
5–7.5 cm of water in fresh puddled fields for good results. 

Effects of Transplanting Technique on Rice Yield and Growth 

Higher plant population along with a greater number of tillers (Fig. 2A, 
2B) was observed in the parachute technique. This contributed toward 
better crop stand and consequently higher rice yield than the conventional 
method. Panicle length was almost the same in both techniques (Fig. 2C). 
It is considered that yield increased due to an increase in plant population 
and higher number of tillers per plant (Fig. 2A). No major effect of planting 
technique was observed on the weed population (Fig. 2D). The 1,000-grain 
weight was higher in the parachute technique (Fig. 2G). Raising the nursery 
in trays made it possible to transplant earlier because seedlings attained the 
desired height in less time (25 days). This advancement in transplanting 
date in the parachute technique increased total crop duration in the field. 
Moreover, transplanting using parachute technology also avoided shock to 
plants at transplanting and therefore avoided the short period of chlorosis of 
plants in the early days of crop establishment; thus, plants started growing 
without any delay. These factors may have contributed to better crop growth 
and increased 1,000-grain weight (Fig. 2G), which, in turn, may have added 
to the yield increase. 
 Transplanting of rice nurseries by parachute technology provides both a 
better, less laborious, and more economical alternative for rice transplanting 
and a more uniform crop stand for higher yield. Parachute technology may 
help rice growers overcome labor shortage. Parachute technology is more 
cost-effective than conventional techniques and therefore may increase 
the net benefit of rice farmers. However, the initial cost of trays is the main 
constraint to adoption of the technology. Another apprehension was the 
high air speed during operations, but this can be avoided easily. 

THE SRI (SYSTEM OF RICE INTENSIFICATION) TECHNIQUE

SRI increases rice production and raises the productivity of land, labor, 
water, and capital through different practices for managing/transplanting 
rice seedlings less than 15 days old, when only the first small root and tiller, 
with two tiny leaves, come out from the seed. Besides saving inputs, about 
one-third of the water applied in the conventional system can be saved 
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with SRI as only a thin layer of water or just a moist puddled soil is required 
in fields at transplanting of the nursery. This technique involves planting 
of a single seedling in one hole rather than planting bunches of 3 or 4 
seedlings, which encourages greater root and canopy growth. When several 
seedlings are planted together, their roots have to grow in a competitive 
environment that limits absorption of nutrients. Similarly, rice plants grown 
in close contact with weeds have to compete with weeds for nutrients, 
water, and sunlight. In SRI techniques, seedlings are spaced by maintaining  
20-, 25-, 30-, or 40-cm spacing for plants preferably in a square pattern. This 
gives rice plants more access to sunlight and air above ground. 
 Plant roots have plenty of space to grow in a noncompetitive 
environment. Wider spacing between plants and single planting will mean 
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Fig. 2: Effect of parachute rice transplanting versus the conventional 
method on plant tillers (A), plants m–2 (B), panicle length (C), weed 

density (D), height of nursery at transplanting (E), plant height at 
transplanting (F), 1,000-grain weight (G), and grain yield (H).

Fig. 2 continued on next page.
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many fewer plants in a field. Wide spacing saves seed besides contributing 
higher production at harvesting because rice plants produce more productive 
tillers and grains.

ADOPTION OF SRI IN PAKISTAN

This technology has been implemented successfully in many rice-producing 
countries. On-Farm Water Management, Punjab, is the pioneer for introducing 
RCTs successfully in Pakistan, including zero tillage, bed planting for wheat 
and rice, laser land-leveling technology, parachute rice transplanting, crop 
residue management through the Happy Seeder, the LCC for nitrogen 
management, direct seeding of rice, green manuring, and brown manuring. 
Farmers have adopted these technologies on a large scale as adopting them 
can save 30–50% of irrigation water.
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Fig. 2 continued.
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 Initially, farmers were not convinced by SRI as they had been 
transplanting the rice nursery with 30–45-day-old seedlings for a long time 
and they used to plant 2–3 plants per hill. This concept was a great shift 
from the conventional method of 1 plant per hill and transplanting 12–15-
day-old seedlings. Farmers were motivated to spare 0.5 acre under SRI and 
0.5 acre under their traditional practice. 

THE SRI METHODOLOGY

Healthy seedlings result in healthy growth of young rice plants. Seed quality, 
seed density, water quality, and pest management influence the development 
of seedlings in the nursery bed. Healthy and clean seeds were selected 2 days 
before seeding the nursery. Seeds were soaked in water to remove unhealthy 
seeds as light seeds float on the surface and can be easily removed. Seeds 
were then treated with fungicides at 2 g kg–1 of seed and then shifted to 
gunny bags and soaked for 24 hours. They were placed under shade and 
soaked again in water for 24 hours. Seeds were then spread under the shade, 
covered with gunny bags, and sprinkled with water at frequent intervals. 
After 36 hours, the germinated seeds were broadcast in the seedbed to raise 
the nursery. The following step-wise methodology was used for raising rice 
with the SRI technique.
  Fields were leveled with laser land-leveling technology 
  Soil sampling was done before transplanting the nursery 
  Clean and healthy rice plants were transplanted 
  Farmers were trained to transplant the nursery
  12–15-day-old plants were transplanted instead of 30–45-day-old 

plants
  Nursery plants having heights of 9–12 cm were transplanted in selected 

fields
  Space was maintained at 25. 30, and 40 cm by using a rope 
  One plant per hill was transplanted instead of 2–3 per hill 
  During transplanting, a thin layer of irrigation was applied 
  The nursery was transplanted in the evening 
  To control weeds, weedicides were applied, but weeds were also 

eradicated by hand

OBSERVATIONS AND RECOMMENDATIONS

The following observations and recommendations were made:
  Proper care and handling should be done during the pulling of young 

nursery plants from the nursery bed.
  The nursery should be raised on beds.
  The nursery should be transplanted in the field within 15–30 

minutes.
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  A laser-leveled field is a prerequisite of this technology.
  The nursery should be transplanted in the evening and high 

temperature must be avoided. 
  There is a need to maintain proper spacing at 20, 25, 30, and 35 cm 

as planned. 
  Moist, fresh puddled fields are needed during transplanting.
  Trained labor is required for transplanting a small nursery.
  Weeds should be controlled by hand initially.
  More and more vigorous roots are observed in young nursery plants than in  

45-day-old nursery plants.
  Water level should be maintained during the first 20–30 days and 

plants must not be submerged. In case of overirrigation, water must 
be drained out from the field. Preferably, the field should be moist.

  Some 30–50% more plant tillers are observed than with the 
conventional method.

  Farmers are now quite convinced and are ready to adopt this method 
on a large scale.

  Equipment for weed control is needed.
  In SRI, plants increased growth rapidly but planting of plants too close 

together may slow their growth.

RESIDUE MANAGEMENT 

The use of combine harvesters for wheat is gaining popularity in the country. 
Conventional combines are mainly concerned with grains only. They leave 
the straw partially uncut and partially ejected as a swath in the field. To 
manage the straw from combine-harvested wheat fields, a tractor-operated 
straw chopper-cum-blower was identified, which was acquired courtesy of the 
Rice-Wheat Consortium. The chopper was initially tested and demonstrated 
at the National Agricultural Research Center (NARC), Islamabad, and 
subsequently in farmers’ fields in the Sheikhupura area to assess its suitability 
for adoption under local conditions. In view of the performance of the 
chopper, farmers showed keen interest in its use. To make the machine 
available locally, arrangements have been made for its local manufacture at 
three different locations, Daska, Lahore, and Multan.
 The chopper is towed behind a tractor during both transportation and 
field operation. Power is provided from the tractor PTO through a universal 
shaft. The machine harvests uncut straw and picks up combine-ejected straw 
from the field, chops the straw into fine pieces (bhoosa), and blows it into a 
trolley hooked at its rear. The trolley is covered with a steel mesh for handling 
chopped straw, which is unloaded after filling at any convenient point. The 
Happy Seeder, a combination of zero-tillage drill and residue chopper, is also 
under fabrication and it should be available to manufacturers and farmers of 
Punjab soon. 
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CONCLUSIONS

Resource conservation technologies can be promoted at an accelerated 
pace to mitigate the adverse effects of shrinking water resources. Research, 
education, extension, and water resource management institutions should 
be strengthened for developing and promoting RCTs for producing rice with 
less water. It is highly imperative that capacity building of staff involved 
in the introduction and extension of RCTs, especially SRI, be carried out 
through exchange visits among various organizations for sharing experiences. 
More emphasis should be given to mass awareness and the participatory 
approach in planning and decision making for sustainable agriculture. As the 
farmers of South Asia are predominantly poor, cost-effective applications of 
conservation agriculture techniques shoul be developed for growing rice in a 
scenario of deteriorating water resources. Socioeconomic and environmental 
issues should also be studied and mitigating measures developed to promote 
conservation agriculture in the region. International agencies working to 
better farmers’ livelihood through promotion and adoption of RCTs need to 
be involved. International coordination/cooperation should be enhanced, 
along with strengthening national and regional networks such as CAFAP 
and SACAN to promote RCTs in Pakistan and South Asia. Similarly, 
collaboration with China and other countries should be enhanced to develop 
and promote parachute technology. 
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Resource-conserving technologies (RCTs) have become popular in many 
cropping systems as a response to increasingly limited agricultural production 
resources and in view of the projected demand for agricultural products. 
Worldwide experiences have shown synergies between RCTs when they are 
applied in combination as, for example, in conservation agriculture.
 Conservation agriculture (CA) is a concept for resource-saving agricultural 
crop production characterized by three principles that are linked to each 
other: zero tillage, soil cover, and crop rotations. As such, CA is being applied 
worldwide in different agro-climatic zones and farming situations, providing 
socioeconomic benefits for farmers and environmental services. Traditional 
paddy rice cultivation practices involve intensive soil tillage during puddling 
operations not compatible with the concept of CA. Adapting rice growing to CA 
principles is possible and is being progressively implemented. Besides offering 
the known benefits of CA, adoption in rice would bring further benefits for 
saving water as an increasingly scarce resource and providing scope to address 
greenhouse gas emissions from rice paddies without sacrificing production 
potential. 

The traditional paddy production system involving puddling results in 
destruction of soil structure and has come under increasing pressure 

from conservationists. Water consumption of traditionally puddled rice is 
restricted in some areas, which has forced people to look for alternatives. 
The cultivation of summer rice, grown prior to the monsoon season, is not 
allowed in parts of northern India. In Karakalpakstan, adjacent to the Aral 
Sea in Uzbekistan, rice cultivation is restricted in view of the scarce water 

Synergies of Resource-Conserving 
Technologies in Rice-Based Systems1

D. Gustavson and T. Friedrich

1The views expressed in this paper are the personal opinion of the authors and do not necessarily 
reflect the official policy of FAO.
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resources and high evaporation losses. In China, the paddy rice areas around 
the city of Beijing have been replaced by other crops due to the alarmingly 
falling groundwater table. Also, the traditional approach faces criticism 
because of the release of greenhouse gases such as methane (Gao 2006). 
 In view of this scenario, a number of resource-conserving technologies 
(RCTs) have been developed with the objective of reducing the use and 
damage of natural resources through agricultural production and increasing 
the efficiency of their use. The next section discusses in detail some of the 
main RCTs.

RESOURCE-CONSERVING TECHNOLOGIES

Most RCTs have been aiming at the two most crucial natural resources, water 
and soil. However, some of them would also affect the efficiency of other 
production resources and inputs such as labor and farm power or fertilizer.
 Agriculture accounts for 70% of the actual water use (FAO 2002). 
Predictions are that by 2025 water consumption will exceed the available 
“blue water” if the current trends continue (Ragab and Prudhomme 2002). 
In the Indian state of Punjab, characterized by intensive irrigated agriculture, 
the groundwater table is falling at a rate of 0.7 m per year (Aulakh 2005). 
Rising temperatures and evapotranspiration rates combined with more erratic 
rainfall aggravate water problems in rainfed agriculture (Met Office 2005).
 Soil affects both production and other natural resources, specifically 
water. Soil structure is strongly correlated to organic matter content and soil 
life. Organic matter stabilizes soil aggregates, provides feed to soil life, and 
acts as a sponge for soil water. With intensive tillage-based agriculture, soil 
organic matter is steadily decreasing, leading first to a decline in productivity, 
later to visible signs of degradation, and finally to desertification (Shaxson 
and Barber 2003). The lack of yield response to a high fertilizer dose in the 
Indo-Gangetic Plains can be attributed to deteriorated soil health as a result 
of overexploitation (Aulakh 2005). In the Indian states of Uttaranchal 
and Haryana, the organic carbon content in soil reaches minimum values 
below 0.1% (PDCSR 2005). Agricultural production worldwide has led to 
soil degradation, more pronounced in tropical regions, but also in moderate 
climatic zones. The world map of degraded soils indicates that nearly all 
agricultural lands show some level of soil degradation (FAO 2000). 
 Some of the more popular RCTs, particularly in irrigated or rice-based 
cropping systems, are the following: (1) laser leveling: For surface-irrigated 
areas, a properly leveled surface with the required inclination according to 
the irrigation method is absolutely essential. Traditional farmers’ methods 
for leveling by eyesight, particularly on larger plots, are not accurate enough 
and lead to extended irrigation times, unnecessary water consumption, and 
inefficient water use. The use of laser-guided equipment for the leveling of 
surface-irrigated fields has become economically feasible and, through hiring 
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services, become accessible even to lower-income farmers. With laser leveling, 
the unevenness of the field is reduced to about ±2 cm, resulting in better 
water application and distribution efficiency, improved water productivity, 
better fertilizer efficiency, and reduced weed pressure. Water savings of up 
to 50% have been reported in wheat and 68% in rice (Jat et al 2006). (2) 
Bed planting: Bed planting refers to a cropping system where the crop is 
grown on beds and irrigation water is applied in furrows between the beds. 
This is a common practice for row crops, but not for small grain crops such 
as wheat and rice. The advantages are improved fertilizer efficiency, better 
weed control, and a reduced seed rate. The most important one as an RCT 
is the saving of irrigation water because of reduced evaporation surface and 
efficiency in distribution. In addition, the rooting environment is changed 
and aeration of the bed zone is better than with flat planting. Water savings 
compared to flat surfaces of 26% for wheat and 42% for transplanted rice 
have been reported, with yield increases at the same time of 6.4% for wheat 
and 6.2% for rice (RWC-CIMMYT 2003). (3) Direct seeding: Direct seeding 
of rice compared with transplanted rice saves water as there is no puddling. 
There are huge savings of labor and fuel. Further, the total growing period 
from seed to seed is reduced by about 10 days and yields and water efficiency 
of the following rotation crops other than rice are increased (PDCSR 
2005). However, weed management is more difficult in dry direct-seeded 
rice (RWC-CIMMYT 2003). (4) Reduced tillage, zero-tillage: Intensive soil 
tillage is the main cause for the reduction in soil organic matter and hence 
degradation of soils. Tillage accelerates the mineralization of organic matter 
and destroys the habitat of soil life. To the extent that soil tillage is reduced 
or eliminated, soil life returns and the mineralization of soil organic matter 
decreases. This results in better structuring of the soil. Under zero-tillage, the 
mineralization of soil organic matter can be reduced to levels inferior to the 
input converting the soil into a carbon sink. In addition to this, zero-tillage 
results in water savings and improved water-use efficiency. Since the soil is 
not exposed through tillage, the unproductive evaporation of water decreases. 
At the same time, water infiltration is facilitated (DBU 2002). The possible 
water savings through zero-tillage vary depending on the cropping system 
and climatic conditions. On average, water savings of about 15–20% can be 
expected (PDCSR 2005). However, used in isolation, zero-tillage might face 
problems with weed control, compaction, or surface crusting depending on 
the soil type. (5) Mulching and green manure: The supply of organic matter 
to the soil through mulching and green manure is an important factor for 
maintaining and enhancing soil fertility. The mulching material can result 
from crop residues or green manure crops. This provides feed for the soil life 
and mineral nutrients for plants. If legume crops are used as green manure, 
they can supply up to 200 kg ha–1 nitrogen to the soil. This can result for 
rice in savings of mineral fertilizer of 50–75% (RWC-CIMMYT 2003). Left 
on the soil surface, the mulch reduces evaporation, saves water, protects 
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from wind and water erosion, and suppresses weed growth. (6) Controlled 
traffic farming: Controlled traffic farming restricts any traffic in the field to 
always the same tracks. Although these tracks are heavily compacted, the 
rooting zone never receives any compaction, resulting in better soil structure 
and higher yields. Through border effects, the area lost in the traffic zones 
is easily compensated for by better growth of plants adjacent to the tracks 
so that overall yields are usually higher than in conventional systems with 
random traffic (Kerr 2001). Obviously, controlled traffic farming is the ideal 
complement to zero-tillage or bed-planting systems. Also in conventional 
agriculture, controlled traffic provides advantages through time and fuel 
savings since the resistance to soil tillage in the compaction-free rooting 
zones is significantly lower and traction is more efficient when tires work on 
compacted tracks (RWC-CIMMYT 2003). However, in this case, provision 
must be made either by GPS guidance or visible bed and furrow systems to 
limit tillage operations to the rooting zones and not to disturb the tracks. 

SYNERGIES BETWEEN RESOURCE-CONSERVING 
TECHNOLOGIES: THE CONCEPT OF CONSERVATION 
AGRICULTURE

The examples of RCTs have already indicated a certain scope for synergies, 
for example, between bed planting and controlled traffic or mulching and 
zero-tillage. At the same time, any of these technologies used in isolation faces 
limitations or specific problems, such as surface crusting or weed problems in 
direct-seeded rice or zero-tillage under irrigated conditions. The combination 
of RCTs taking advantage exactly of those synergetic effects has become 
popular under the term conservation agriculture. 
 Conservation agriculture (CA) is defined as a concept for resource-saving 
agricultural crop production that strives to achieve acceptable profits and 
high and sustained production levels while concurrently conserving the 
environment. CA is based on enhancing natural biological processes above 
and below the ground. Interventions such as mechanical soil tillage are 
reduced to an absolute minimum, and external inputs such as agrochemicals 
and nutrients of mineral or organic origin are applied at an optimum level 
and in a way and quantity that do not interfere with or disrupt biological 
processes. CA is characterized by three principles that are linked to each 
other: 
 1. Minimum mechanical soil disturbance throughout the crop 

rotation.
 2. Permanent organic soil cover. 
 3. Diversified crop rotations for annual crops or plant associations for 

perennial crops.
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 During the last decade, conservation agriculture has been gaining 
popularity worldwide. It is now applied on about 95 million ha (Derpsch 
2005). Together with other organizations and stakeholders, FAO has been 
promoting and introducing CA in several countries in Latin America, Africa, 
and Asia. By applying these three principles, CA has been adapted to different 
climatic conditions from the equatorial tropics to the vicinity of the polar 
circle and to different crops and cropping systems, including vegetables, root 
crops, and paddy rice. 
 Since the soil is never tilled, the soil structure changes. A system of 
continuous macro pores is established, facilitating water infiltration and 
aeration of the soil as well as root penetration into deeper zones. Soil organic 
matter contents increase, with higher values near the surface, gradually 
declining at increased depth. Soil macro- and microfauna and -flora are re-
established, resulting in better soil fertility. 
 The permanent soil cover through crops, mulch, or green manure cover 
crops complements zero-tillage effects by supplying substrate for soil organic 
matter buildup and for soil life, which is facilitated by not disturbing the soil. 
Through protection of the soil surface, the mulch is reducing evaporation 
and avoiding crusting. It also suppresses weed growth. Problems experienced 
in direct seeding or zero-tillage when applied in isolation are reduced in this 
way. On the other hand, the application of zero-tillage and direct-seeding 
technology facilitates the management of residues, which in conventional 
systems are often considered a problem. 
 The same applies for crop rotations. Besides phytosanitary and weed 
management objectives, crop rotations serve to open different soil horizons 
with different rooting types.
 In systems where surface irrigation is applied, bed planting would provide 
the benefits of water savings. Under CA, the beds would be converted into 
permanent beds, whereas any soil tillage would be limited to a periodic 
cleaning and reshaping of furrows. The same permanent bed system would 
be applicable under CA also for crop rotations, which include crops grown 
on beds, for example, for drainage purposes. However, the precondition for 
such a permanent bed system is the harmonization of furrow distances and bed 
width for all crops in the rotation and for all mechanized traffic operations. 
In this way, a permanent bed system leads also to controlled traffic taking 
additional advantage of that RCT. 
 Direct seeding is another complement to conservation agriculture. 
Although transplanting of crops, including paddy rice, is possible under 
zero-tillage, direct seeding is preferable for the reasons mentioned above. 
In addition, direct seeding results in less soil movement than transplanting, 
which often involves some sort of strip tillage. At the same time, CA 
facilitates direct seeding by reducing several problems, such as surface crusting 
or weed control, encountered when direct seeding is applied in isolation.
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 Laser leveling provides the same benefits to conservation agriculture as 
to conventional agriculture under surface irrigation conditions. However, it 
involves significant soil movement in the beginning and would be considered 
as an initial investment before converting to a permanent zero-tillage 
cropping system as CA. The benefits are long term as no further soil tillage 
would accrue. 

IMPACT OF CONSERVATION AGRICULTURE

Under CA, the levels of soil erosion are inferior to the buildup of new soil. 
On average, the soil under CA “grows” at a rate of 1 mm per year because 
of the accumulation of soil organic matter. This growth continues until a 
new point of saturation is reached in the soil, which takes 30 to 50 years 
(Crovetto 1999). The organic matter levels rise by 0.1–0.2% per year due to 
the residues left on the soil surface, the remaining root biomass, and reduced 
mineralization. Within a crop rotation, different root systems structure 
different soil horizons and improve the efficiency of soil nutrient use. In 
general, the soil structure becomes more stable (Bot and Benites 2005). 
 Soils under CA improve water efficiency. The increased amount of 
continuous vertical macro pores facilitates the infiltration of rainwater into 
the ground and hence a recharge of the aquifer. The increased soil organic 
matter levels improve the availability of water accessible to plants. Some 
1% of organic matter in the soil profile can store water at 150 m3 ha–1. The 
permanent soil cover and the avoidance of mechanical soil tillage reduce the 
unproductive evaporation of water. Also, the water requirements for a crop 
can be reduced by about 30%, under either irrigation or rainfed conditions 
(Bot and Benites 2005). 
 In addition to the quantitative benefits, the reduced leaching of soil 
nutrients and farm chemicals together with reduced soil erosion leads to 
a significant improvement in water quality in watersheds where CA is 
applied (Bassi 2000, 2002). Conservation agriculture can reduce the overall 
requirement for farm power and energy for field production by up to 60% 
compared with conventional farming (Doets et al 2000) because of a decrease 
in tillage. Finally, long-term experiences with CA show a decline in the use 
of agrochemicals due to enhanced natural control processes. 
 FAO has been working on rice-based CA systems in China and DPR 
Korea, while in the Indo-Gangetic Plains the Rice-Wheat Consortium has 
been introducing RCTs into rice-based cropping systems with good success. 
Not puddling or even zero-tillage in rice resulted in higher yields of other 
nonrice crops in the crop rotations. The reported water savings through 
RCTs in paddy rice was usually higher than in other rotation crops (PDCSR 
2005). Cropping systems involving residue retention and zero-tillage were best 
performing in terms of profitability, yield, and resource conservation, whereas 
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conventional systems and zero-tillage systems without residue retention were 
inferior. 
 In addition to resource-conserving effects, the cropping systems involving 
permanent zero-tillage, so called “double zero-tillage”2 and residue retention, 
resulted in significantly increased water infiltration rates (PDCSR 2005). In 
this way, the experiences and results obtained in CA in other cropping systems 
could be confirmed also for rice-based cropping systems. The Rice-Wheat 
Consortium has developed technologies that allow the application of CA 
in rice-based cropping systems (RWC-CIMMYT 2003). Those include laser 
leveling, permanent bed planting, and the retention of residues, including 
rice straw. The introduction of sesbania as a cover crop to bridge the gap 
between the wheat harvest and rice seeding in the rice-wheat system is 
well accepted by the farming community. This helps with weed control and 
adds additional nitrogen and organic matter to the system. Direct-seeding 
equipment has been developed and introduced to the market to seed different 
crops into residues and under zero-tillage either on flat fields or raised beds 
(PAU 2006). With the latest model of the Turbo Happy Seeder, a machine 
has become available that can even cope with seeding into fresh rice straw 
(Dasmesh 2006).
 Over the past decades, extreme climatic events––extreme precipitation 
as well as extended drought periods or extreme temperatures––have become 
more frequent and stronger (Met Office 2005). Agricultural production 
systems are highly vulnerable to those changes. 
 Conservation agriculture can assist in the adaptation to climate change by 
improving the resilience of agricultural cropping systems and hence making 
them less vulnerable to abnormal climatic situations. Better soil structure 
and higher water infiltration rates reduce the danger of flooding and erosion 
catastrophes after high-intensity rainstorms. Yield variations under CA in 
extreme years, under either dry or wet conditions, are less pronounced than 
under conventional agriculture (Shaxon and Barber 2003, Bot and Benites 
2005).
 Conservation agriculture can also help to mitigate climate change, at 
least as far as the release of greenhouse gases is concerned. With increasing 
soil organic matter, soils under CA can retain carbon from carbon dioxide 
and store it safely for long periods of time. 

CONCLUSIONS

Resource-conserving technologies applied in isolation have advantages and 
disadvantages. For this reason, they are not universally applicable since in 

2This term is used in rice-wheat cropping in South Asia to describe a system where both rice and 
wheat are cropped under zero-tillage.
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some cases the problems outweigh the benefits. However, by combining 
different RCTs, synergies can be achieved where the disadvantages of 
single technologies are eliminated while the benefits of the technologies 
can be accumulated. Different RCTs are successfully applied under the 
concept of conservation agriculture in different cropping systems around the 
world, allowing stable agricultural production without the known negative 
environmental impact. 
 The Rice-Wheat Consortium of the Indo-Gangetic Plains has been 
instrumental in adapting the concept of CA to rice-based cropping systems, 
resulting in higher yield and better profitability of the entire cropping 
system, enhanced soil fertility, and better water-use efficiency. Thus, a way 
toward sustainable agricultural production in rice-based systems could be 
shown. Of particular concern is high water consumption. In regions where 
cropping mainly depends on groundwater for irrigation purposes and where 
groundwater tables are falling dramatically, such as in the Punjab of India, 
water-saving technologies might not be sufficient to assure sustainability of 
the cropping systems. The combination of different RCTs, such as mulching, 
direct seeding, and “double zero-tillage,” results not only in water savings but 
also in increased infiltration rates and hence recharge of the aquifer during the 
monsoon season. In view of the benefits of combined RCTs as conservation 
agriculture for the farming sector, the environment, and the general public, 
a more concerted effort for their promotion and adoption is needed. FAO, 
together with regional partners in the Rice-Wheat Consortium, could play 
an important role in this process.
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The questioning of the sustainability of conventional plow-based agriculture 
led to the emergence of alternative concepts and practices such as conservation 
agriculture (CA), which is currently spreading in many places. CA-based systems 
are said to rely on the simultaneous use of three main components: (1) reduced 
tillage or no-tillage and direct seeding for less disturbance of the soil and 
proper crop establishment; (2) soil cover to mitigate erosion, reduce weeds, 
and improve soil fertility and functions; and (3) crop rotation to control pests 
and diseases. These systems are thought to respond to production-protection 
requirements; interest in their applicability and results is growing. 
 Knowledge Assessment and Sharing on Sustainable Agriculture (KASSA) 
is an EU-funded project that intended to extract lessons from past research on 
CA. It did it through a step-by-step and iterative process that took place within 
four regional platforms: Asia, Europe, Latin America, and the Mediterranean. 
In the four platforms of KASSA, implementation of the concept of CA gave rise 
to many farming practices. The no-till–based systems are the most common: in 
some places, they are about to replace completely the conventional plow-based 
systems. However, soil cover and sound crop rotation are still hardly practiced 
because of biophysical conditions; low biomass production; competition from 
livestock; lack of adapted varieties, of implements, and of knowledge; and 
general market conditions. The absence of these components makes the systems 
rely mainly on using chemicals to control weeds, pests, and diseases. 
 The reduction in production costs CA systems provide often acts as a 
powerful argument for their introduction and adoption. But this argument 
alone is risky because (1) the development and fine-tuning of these systems is 
knowledge-consuming and (2) their suitability and efficiency are highly sensitive 
to local biophysical, social, cultural, technological, institutional, market, and 
policy environments. Furthermore, there are relatively few scientific data 
on CA systems; particularly, their long-term agronomic, environmental, and 
socioeconomic impacts are still not well understood.
 Substantial systemic and multidisciplinary research effort is needed 
to understand the functioning of CA systems and their socioeconomic and 
ecological sustainability conditions.

Sustaining Conservation Agriculture: 
Lessons Learned from the EU Project 
KASSA

Rabah Lahmar and Raj Gupta
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Conservation agriculture (CA) refers to the simultaneous use of three main 
principles: (1) less disturbance of the soil, that is, reduced tillage (RT) 

or no-tillage (NT) and direct seeding; (2) soil cover, that is, crop residue, 
cover crops, relay crops, or intercrops to mitigate soil erosion, reduce weeds, 
and improve soil fertility and soil functions; and (3) crop rotation to control 
pests and diseases. Other terms such as conservation tillage (CT), zero-tillage 
(ZT), direct drilling (DD), and direct sowing/seeding (DS) apply to CA.
 CA emerged historically as a response to soil erosion crises in the United 
States, Brazil, Argentina, and Australia. According to available data, CA 
currently spans almost 100 million hectares worldwide.
 The Knowledge Assessment and Sharing on Sustainable Agriculture 
(KASSA) project aimed at taking stock of past research results on sustainable 
agriculture (http://kassa.cirad.fr). It was funded by the European Commission 
within the 6th framework research program.
 In the agroecological and socioeconomic environments considered in 
KASSA, CA is practiced in several ways. For many reasons, the basic trilogy of 
CA is not always fully respected, which may lead to declining performance of 
CA systems or even making them underperform in some sustainability aspects. 
This paper deals with the practices and adoption of CA in KASSA platforms 
and their reasons. It emphasizes knowledge gaps that deserve more research 
and development actions in order to help ensure CA sustainability.

THE KASSA PROJECT

KASSA is a worldwide initiative assembling 28 partners from 18 countries 
in Europe, North Africa, Southeast Asia, and Latin America. 
 KASSA focused mainly on conservation agriculture; it worked 
simultaneously within four regional platforms: Europe, the Mediterranean, 
Latin America, and Asia. The project was implemented through a step-
by-step and iterative process. This process began with the development 
of comprehensive inventories and assessments of existing and validated 
knowledge on sustainable agriculture in the four different regional platforms. 
It continued with a comparative critical analysis across the platforms, then 
refined the findings, and concluded with a final synthesis.  Reports released 
at each step were submitted to the critical review of a panel of experts. A 
closing conference addressed the prospects for CA in the regions considered 
by KASSA.



Sustaining Conservation Agriculture: Lessons Learned from the EU Project KASSA     497

PRACTICES AND ADOPTION OF CA IN KASSA PLATFORMS 

European Platform

The introduction of CA practices in Europe in the early 1960s was mainly 
driven by economic considerations (Soane and Ball 1998).1 Farmers in the 
UK and Scandinavia seem to have been among the first adopters of CA 
practices. In the UK, by 1978, 8–10% of the winter cereals were grown under 
NT or RT; however, by 1990, there was a strong move of farmers back to 
moldboard plowing because of several unforeseen problems of weed and crop 
residue management (Soane and Ball 1998). The same scenario occurred 
in Scandinavia between the 1970s and late 1990s (Rasmussen 1999); the 
reasons given were residue management problems, grassy weed infestations, 
and excessive topsoil compaction (Munkholm et al 2003). According to 
Håkansson (1994), in Scandinavian areas where CA practices had been 
advocated without having previously carefully investigated all consequences, 
farmers who had started using these methods sometimes returned to traditional 
methods. In erosion-risk area in Norway, there is a clear tendency of shifting 
from RT with no plowing to spring plowing. In France, farmers’ interest in CA 
began in the 1970s, mainly driven by the need to reduce labor time, but, in 
the 1980s, this interest decreased because of favorable economic conditions 
and the higher costs of herbicides. By the 1990s, the Common Agricultural 
Policy (CAP) reform and international market conditions led farmers to 
again seek to reduce production costs and improve productivity. This new 
interest in CA was helped by the availability of adapted implements and a 
decrease in herbicide prices. Hence, experience with CA in northern Europe 
varies from country to country and from region to region within a country; 
farmers’ interest in CA systems also varies with time.
 In Eastern European countries, many research trials were carried out in 
the last decade (Javůrek and Vach 2006, Martyniuk et al 2006, Dryšlová et 
al 2006, Smutný et al 2006, Winkler and Smutný 2006); farmers’ interest 
in CA practices is just beginning. In the Baltic countries, some long-term 
experiments seem to have begun in the late 1980s (Jodaugiene et al 2006); 
farmers’ adoption of CA practices is not yet clear.
 Data on CA extension in the European platform are scarce at the EU 
or country level and may not apply to the whole cropping system. Figures 
assembled tend to ascertain that CA practices are less adopted in Europe 
and that RT is more common than NT. Most of the areas listed as NT may 
correspond to fields managed in NT only for a part of the rotation, whereas 
the other crops of the rotation are managed using RT or plowing (Lahmar 
et al 2006).

1In this text are cited only additional references, that is, ones not used in KASSA and not referenced 
in the KASSA database.
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The Mediterranean Platform

Spain seems to be the country of the platform with the strongest experience in 
CA. The interest in reducing labor time rose in the 1960s, but CA principles 
were introduced in the 1970s only, mainly through knowledge from the 
U.S. and later from Australia. The real development of CA practices began 
by the 1980s with the involvement of technical advisers from agricultural 
services, farmers’ cooperatives, and multinational and national companies 
and scientists as well as the support provided to some regions. Eleven farmers’ 
societies and consortia have been created across the country; they played a 
key role in the development and adoption of CA by farmers. The Spanish 
Conservation Tillage Research Network created in 1996 identified, between 
1996 and 1998, 22 research groups across Spanish territory collaborating 
with farmer-adopters of CA and developing basic and applied research 
linked to farmers’ concerns, including long-term experiments to assess and 
develop CA systems. The shift from plow-based systems to CA systems took 
place through two steps. The first step was the widespread adoption of RT 
techniques; the second step, ongoing but to a lesser extent, is the adoption 
of NT with more than 30% of the crop residue left on the soil surface. The 
adoption of NT practices faces many problems linked to soil compaction: 
straw and stubble management; higher incidence of weeds, pests, mice, 
rodents, slugs, and diseases; and a lack of knowledge and technical advice, 
which sometimes discourages farmers. Actual data on the expansion of CA 
in Spain are not available.
 In Italy, no-tillage trials started in 1968, but CA expansion began only 
in the 1990s; it was driven by the need to reduce crop costs and helped by 
the availability on the Italian market of sowing equipment and adequate 
herbicides (De Vita et al 2006).
 In Morocco, research on CA systems in rainfed dryland wheat-fallow–
based agriculture started in the 1980s. Many published results show that 
CA improves yields and profitability of rainfed wheat systems and soil 
water, carbon, and fertility, and reduces soil erosion and production costs. 
A prototype driller has been developed. But, farmers’ adoption of CA in 
Morocco remains incipient (Lahmar 2006).

The Latin American Platform

Latin America is the region where the CA concept has been shaped and is 
currently practiced on about 45 million hectares. According to available 
data, Brazil and Argentina total near 45% of the world’s surface cultivated 
under NT. 
 The most famous success story is that of Brazil, where farmers began 
no-till as a response to soil erosion. The innovation process started from 
the subtropical region, led mainly by large-scale farmers. The availability 
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of planting equipment and suitable herbicides is one of the main technical 
factors that contributed to the dissemination of CA in the country. Nowadays, 
the proportion of cropped area under CA in subtropical and tropical Brazil 
is nearly the same: respectively, 55.6% and 44.4%. However, despite the 
availability of a wide range of equipment—hand-operated, animal-drawn, 
and motorized—for cover crop/crop residue management, planting, and 
spraying, CA adoption by small-scale farmers occurred only in the subtropical 
region. 
 According to farmers’ views, CA adoption by large-scale farmers was 
mainly driven by cost savings in the use of machinery. A reduction in labor 
requirements and drudgery was the major driving force for CA adoption by 
small-scale farmers. The main constraints to CA adoption by small-scale 
farmers are difficulties in weed control and lack of knowledge on herbicides 
and their use, increased incidence of pests, and a higher use of pesticides.
 A survey of CA adoption in the state of Paraná showed that family 
farms incorporate tillage operations into their NT systems according to the 
opportunities and constraints they face, that is, weed infestations and soil 
compaction, which are seen by farmers to increase with time; input costs; 
availability of labor; and knowledge on herbicides. Despite the efforts made 
by research and extension in promoting diversification of cover crop species 
and rotations, most family farmers still use a limited range of species and 
practice rotations with the same crops, repeated in successive cycles. This 
is likely linked to the attitude of farmers toward risks and may demonstrate 
that cover crops and diversified crop rotations are not used if they do not 
provide a short-term economic benefit. 
 Regarding soil erosion, empirical observations of the drastic reduction 
in soil erosion by NT practices in Brazil led to a general thought that NT 
systems by themselves were strong enough to control erosion. Consequently, 
farmers neglected complementary conservation practices and eliminated 
terracing systems. Recent results showed that protection of the soil surface 
by crop residues in NT systems is not always followed by a reduction in 
runoff. In addition to leaching of nutrients and pesticides, sheet and rill 
erosion developed even at sites where NT systems have been used. A new 
conservation technique, called “vertical mulching,” is being developed in 
southern Brazil in NT systems. 
 In Argentina, the NT adoption process started during the 1970s with some 
small-scale trials. During the 1980s, adoption started to spread. Nowadays, 
around 65% of the total country farmed area is being NT-cropped and a 
large NT area is located in the central area of the country. CA development 
and dissemination in Argentina have been mostly led by farmers and their 
organizations. Farmers practicing large-scale market-oriented agriculture 
played a key role in the process. Cooperation between farmers and industry 
allowed developing appropriate drillers and planters that helped in the 
propagation of CA. During the last decades, Argentinean agriculture 
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had undergone a deep transformation with a strong adoption of NT and 
biotechnology. Now, around 65% of the total grain and oilseed production 
is coming from “new farmers” that produce on rented land and contract for 
different services to raise and harvest crops. This new agriculture is seen 
as modern sustainable high-productivity agriculture. Constraints to the 
development of CA in Argentina are not known.
 In Bolivia, the development of CA-based technologies started in the 
1980s as an initiative of farmers from the eastern lowlands without any support 
from research institutions. In 1993, through cooperation between a farmers’ 
society and CIMMYT, NT started as a tool to improve the profitability of the 
soybean-wheat rotation. Thereafter, two specialized no-till networks linking 
public research institutions, farmers’ societies, and agrochemical companies 
emerged. 
 NT and RT are still incipient in the Andean valleys where small-scale 
intensive farming predominates. A cover crop is difficult to establish, crop 
residues are sold or used to feed livestock, and farmers lack capital to invest 
in machinery. In the humid tropics, CA is practiced mainly for annual crops. 
Driving forces for large-scale farmers have been savings mainly in diesel 
consumption and the possibility to extend the planting period from about 
3 days after the first rains to about 12 days. The main constraints to CA 
adoption by small and medium-scale farmers seem to be the lack of machinery 
and cultural or religious beliefs. The low use of cover crops and crop rotations 
resulted in soil compaction and crusting problems; the maintenance of a soil 
cover itself poses problems in the humid tropics due to the rapid degradation 
of the biomass. 

The Asian Platform

In the Indo-Gangetic Plains (IGP), rice-wheat (R-W)–based cropping 
systems predominate. Rice and wheat require contrasting edaphic conditions. 
Rice is normally transplanted under puddled soil conditions; the process of 
puddling leads to destruction of soil structure. Rice and wheat monocropping 
and the overexploitation of natural resources during the Green Revolution 
led to huge, complex interrelated agronomic and environmental problems, 
including soil, water, and biodiversity degradation; soil fertility, biota and 
carbon decline, and nutrition issues; salt buildup and waterlogging; water 
table lowering; weed infestations and herbicide resistance; and diseases and 
pest problems. All these issues have been extensively reported and are seen 
as the major causes of stagnating crop yields and declining profitability of 
rice-wheat farmers. Implementing the concept of CA in the R-W system is 
a major challenge for researchers and farmers.
 In the late 1990s, the resource-conserving technologies (RTCs) concept 
emerged as a response to the unsustainability of the R-W system. RTCs 
are a package of alternatives, including zero- and reduced tillage, surface 
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seeding, bed planting, real-time N management using the leaf color chart, 
residue management, paired-row planting, single deep placement of fertilizer, 
laser leveling, controlled traffic, etc., which are “scale-neutral” and accept 
“divisibility” in application and proved usefulness in diverse situations in the 
IGP. 
 The emergence of an effective and dynamic innovation system assembling 
efforts of the public and private sector, national and international research 
institutions, extension services, and innovative farmers led researchers to 
develop and fine-tune adapted systems and implements and to improve 
knowledge on RCTs. As a result, ZT for sowing wheat, after puddled rice, bed 
planting of wheat, and laser leveling found rapid acceptance. The increase 
in ZT-wheat surface in the IGP is noticeable: 400,000 ha in 1998 and more 
than 2 million hectares in 2004. The reasons seen are that RTCs help to get 
timely planting, improve the yield of winter crops, save irrigation water, and 
reduce the cost of cultivation and population of herbicide-resistant weeds. 
ZT markedly reduces fuel consumption and wear and tear on tractor parts 
and accessories.  It has been observed that medium and large farmers who 
have greater capacity to absorb the risk of practicing RCTs are often the first 
to experiment with RTCs. But soon, the landless, farm holders with leases, 
and small farmers become enthused from learning from their neighbors. 
 The use of a soil cover is still difficult. Demand for crop residue for 
cooking fuel and animal feed is high in the region and many farmers are 
used to burning rice residue in the field to be able to sow a timely wheat 
crop. Substantial and continued efforts are being made by stakeholders to 
improve the systems through additional options such as mulching, green 
manuring, brown manuring and double no-till, and crop diversification. 
A new generation of drills able to seed in loose residue is being developed 
to encourage farmers to avoid burning rice straw and promote its use as 
mulch.
 The socioeconomic impact of RTCs is still not clear. Mechanization of 
field operations and the use of herbicides reduce employment in agriculture 
and affect women, who are more involved in rice systems. 
 In Vietnam, unsustainability of rice- and maize-based systems on sloping 
lands due to excessive soil erosion seems to have been the major driving 
force for direct seeding of mulch-based agriculture. This proved to be very 
effective in reducing soil erosion and weed infestation, and in improving 
yields. However, long-term agronomic, socioeconomic, and environmental 
impacts are not yet known.  



502     Lahmar

DRIVERS AND CONSTRAINTS FOR FURTHER EXTENSION 
OF CA IN KASSA PLATFORMS 

In the European and Mediterranean platforms, CA does not change yields 
markedly. On average, yields on poor and medium fertile soils do not change 
(+/– 10%); they decrease slightly on very fertile soils with a high intensive 
level of production. In Eastern Europe, yields are expected to increase by 
5–10%, mainly on the Ukrainian chernozem. In the Mediterranean countries, 
most of the studies carried out in Spain and Morocco concluded that yields 
are generally 10–15% higher under no-tillage, especially in dry years. Change 
in yields in these regions does not appear critical to the decision of farmers 
whether to adopt CA or not. 
 In both European and Mediterranean platforms, scientific evidence 
of the long-term economic impacts of CA is rare. However, it seems clear 
that, except for Norway and Germany, where reduced tillage is subsidized, 
the reduction in production costs acts as a powerful driving force for CA 
adoption. Soil and water protection and erosion reduction provided by CA 
are recognized by Spanish farmers but these items are not decisive in farmers’ 
decisions. 
 The short-term socioeconomic benefits that CA provides through the 
reduction in production costs, the need to improve farms’ competitiveness, 
the current trend of increase in farm size, market globalization, and the 
steady increase in fuel cost are probably sufficient to boost CA systems within 
Europe and to overcome farmers’ and society’s possible reluctance due to 
socio-cultural barriers or environmental considerations. In many European 
regions, the shift from conventional agriculture to CA is probably already 
ongoing.
 In the Latin American platform, the crop yield increase at the farm level 
was extensively reported; however, the decrease in “among-years yield 
variability” requires long-term, comparative well-designed experiments 
that are not commonly found. Even so, the report of empirical observations 
derived from “paired crops” managed under conventional-tilled and NT 
conditions clearly shows the advantage of NT in average crop yield and the 
decrease in interannual variability. The response of different annual grain 
crops varies with different soil tillage systems. Long-term trials showed that 
NT systems produce higher yields than conventional systems; crop rotation 
increases and stabilizes yield more than continuous cropping. Field trials in 
subtropical Brazil comparing conventional-till, RT, and NT systems carried 
out over 18 years showed that annual variation in yield was not necessarily 
associated with the type of soil management; it could be accounted for by 
climatic oscillations and, especially, variations in rainfall during the annual 
growth cycle. Also, other experiences indicate that in years of rain shortage 
higher productivity is obtained under the NT system, whereas, during years 
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of normal rain distribution, productivity did not differ among agricultural 
management systems. 
 In small-scale farming, CA reduces drudgery, especially for farmers 
depending on animal draft power. The reduction in total labor ranges 
from 11% to 46% depending on the crops grown. The reduction in labor 
peaks throughout the agricultural year is also an important aspect. A labor 
reduction allows farmers to increase their cultivated area or to undertake 
other activities that generate additional income, or even to provide help for 
their neighbors, which is also socially relevant. Total hours for the use of 
equipment and machinery and the cost of their maintenance, consumption 
of fuel, and other lubricants as well as employment decrease significantly. A 
tractor lasts three to four years longer in NT systems than in conventional 
systems. In large-scale farming, economies of scale are improved. Savings 
allow increasing crop area and a more efficient use of machinery and labor 
force. Thus, the greater profitability and smaller risk of the NT system plus 
crop rotation are due to the increase in gross revenue, and in savings in labor, 
fuel, lubricant, and maintenance, and depreciation costs of the agricultural 
machinery. 
 In the Asian platform, beyond the savings in irrigation, ZT technology 
provides a total net gain per hectare ranging from $70 to $80 in the northwest 
to $70 to $140 in the eastern IGP. The higher gains are mainly due to yield 
improvement. Surveys showed that ZT wheat increases yield by 200 to 400 
kg ha–1 in India and by 500 kg ha–1 in Pakistan. ZT and bed planting reduce 
irrigation water by 15–20% and 25–50%, respectively; ZT saves about 50 
liters of diesel per hectare. 
 South Asian farmers are attracted toward CA/RCTs as these benefit them 
in the short term through savings in fuel, labor, and water, and improve the 
productivity of externally added inputs. They also fulfill the longer-term 
goals of enhancing the quality of the resource base. Hence, in South Asia, 
CA/RCTs should be seen as an important component of the national strategy 
for food security, poverty alleviation, health for all, rural development, 
enhancing productivity, improving environmental quality, and preserving 
natural resources.

DISCUSSION 

The concept of CA gave rise to a wide variety of farming practices in the 
context of the diverse KASSA platforms. In Europe and the Mediterranean, 
practices range from a noninverting plow to reducing the depth of tillage 
and/or number of passes (RT), to direct seeding within more or less covered 
soil (NT); these different tillage practices may follow one another in time 
and may coexist within the same farm land. In Latin America, in large-scale 
farming, the three CA components seem to coexist, while in small-scale 
farming they seem to not always coexist, and, in some situations, a plow is 
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intermittently used. In the IGP, ZT wheat is practiced after puddled rice. 
Hence, farmers adapt their practices to the practical constraints they face 
and to market opportunities.
 Results show clearly that RT and especially NT greatly cut production 
costs in all the agroecosystems considered in KASSA. This reduction seems 
to be the major common feature when soil tillage is reduced or eliminated. 
However, the magnitude of the reduction depends on many factors, 
including soil, crop rotation, machinery, cropping and farming systems, 
etc. Data related to input costs (fertilizer, irrigation, and pesticide) and to 
socioeconomic aspects of CA remain unfortunately scarce and do not allow 
drawing a comprehensive picture and a realistic comparison among countries, 
cropping systems, and farming conditions. Labor savings in particular may 
allow (1) increasing agricultural area, (2) developing other agricultural or 
nonagricultural activities that generate additional income, and (3) developing 
activities of cultural, social, or educational value. But, the long-term effect 
of a labor reduction on employment and rural development is still not clear. 
Also, the savings may be offset by additional costs induced by plant control, 
and it is reasonable to argue that the rise in the cost of pesticides and/or 
heavy infestations of weeds, pests, and diseases may lead farmers to favor 
specific marketable crops or to go back to conventional practices. 
 Scientific evidence of the long-term economic impacts of CA is rare in 
the KASSA platforms. It seems clear that, except for situations where CA 
is subsidized, the reduction in production costs has been the major driving 
force for CA adoption. Change in yield induced by CA and the resource/
environment considerations seem to not play a decisive role in farmers’ 
decisions whether to adopt CA or not. Soil and water protection and erosion 
mitigation provided by CA may be recognized by farmers but these items 
are not crucial in farmers’ decisions. In Brazil and Argentina, soil erosion 
problems were the historical cause that led to CA development, but small-
scale farmers are still not adopting CA. 
 Hence, cost savings in machinery, fuel, and labor remain the most 
important economic element that makes CA attractive and drives its 
adoption. Increased global and regional competition will certainly urge 
farmers to seek reduced production costs and improved agricultural 
productivity. CA may be a means to achieve these goals. However, according 
to KASSA findings, development, dissemination, and sustainability of CA-
based systems are affected by many factors acting as drivers or constraints 
on-farm and off-farm (Table 1). Most of these factors are reversible: drivers 
can become constraints and vice versa. The factors listed in Table 1 make 
it clear that CA is not equally appropriate for all agroecosystems. This is 
in accordance with observations and conclusions made by other authors 
(Håkansson 1994, Rasmussen 1999, Munkholm et al 2003, Pratap Narain 
and Praveen Kumar 2005, Ramakrishna et al 2005, Wani et al 2005). The 
use of a cover crop and diversified crop rotations is still hardly practiced 
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because of climate and soil limitations, length of the growing period, a lack 
of adapted crop varieties, difficult management of crop residues in wet and 
dry conditions, competition for crop residues, and general market conditions. 
Thus, the mechanical control of weeds provided by a plow in conventional 
systems is replaced by chemical control in CA systems, which is made easier 
by the availability of affordable and effective chemicals. As a result, in some 
situations, the number of herbicide treatments increases on average. The lack 
of knowledge and technical references on biological control of weeds using 
the competitive and allelopathic properties of intercrops and associated crops 
in CA systems makes the integrated management approach more risky for 
farmers. This may explain why farmers in Europe, the Mediterranean, and 

Table 1: Drivers and constraints for conservation agriculture.

Drivers/constraints for CA (not ranked)

Farm and market Reduced/increased production costs
 conditions More/less flexibility and improved timeliness of operations
  More/less diversification and enterprise selection
  Use/lack of cover crops
  Use/lack of suitable rotations for integrated pest, weed, and disease 

control
  Scarcity or excess of suitable amounts of residues
  Strong/weak crop-livestock interactions
  Reduced/increased soil erosion and resource degradation
  Improved/reduced water productivity (applying to water-scarce 

agroecosystems)
Biophysical conditions Favorable/unfavorable climate
  Favorable/unfavorable soils
Social, cultural,  Presence/absence of a crisis mentality 
 technological,  Absence/presence of socio-cultural barriers
 institutional, and  Leadership/lack of leadership from farmers and farmer organizations
 policy environments Ready availability/lack of CA implements
  Presence/absence of dynamic and effective innovation systems
  Availability/lack of knowledge regarding CA 
  Presence/absence of policies for training, communication, and 

support for farmers’ initiatives
  Policies affecting farm size, agrarian structure, and land tenure
  Appropriate/inappropriate agricultural research policies
  Favorable/unfavorable macroeconomic policies
  Favorable/unfavorable agricultural sector policies
  Presence/absence of suitable subsidies and credits to facilitate 

conservation agriculture 
Impact of CA on  Reduced/increased pressure of weeds, pests, and diseases
 health and the  Reduced/increased pollution
 environment Impact of CA on human health known/not known
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Brazil return partly or definitely to the plow after years of practicing CA, even 
if they perceive the effectiveness of CA practices in increasing soil organic 
matter and earthworm activity, reducing soil erosion, and improving water 
infiltration and productivity in dry conditions.
 The conversion from plow-based agriculture to CA-based agriculture is 
not a straightforward technical change. The development of CA systems and 
their socioeconomic and ecological sustainability are highly site-specific. The 
fine-tuning of CA systems requires a continuous adjustment that calls for 
permanent knowledge generation and sharing among stakeholders. Success in 
the shifting process requires (1) a substantial research effort on CA systems 
to generate knowledge needed to develop, adapt, and improve site-specific 
attractive CA technologies and options, and to assess/anticipate their 
long-term impacts; (2) creating favorable conditions allowing a significant 
involvement of leader farmers and farmers’ organizations, private companies, 
and extension services in the shifting process and the improvement of their 
knowledge and management skills; and (3) a favorable institutional and 
policy environment allowing all stakeholders to interact within an effective 
innovation system able to generate, improve, and disseminate knowledge. 

CONCLUSIONS 

A reduction in production costs is the major common feature of CA in the 
KASSA platforms. It acts as a powerful driving force for CA adoption. In 
addition, CA technology significantly reduces the consumption of scarce 
resources: a reduction in fuel is general; evidence of long-lasting machinery 
with less maintenance cost has been provided by the Latin American 
platform; evidence of a reduction in water consumption has been provided 
by the R-W system in the IGP; no evidence has been provided regarding 
fertilizers and pesticides. The effects of CA on major gains in crop yields are 
expected to result from changes in soil physical, chemical, and biological 
properties, which will likely come about only with time. However, a recent 
study (Deen et al 2006) showed that a change in yields occurs in the early 
years of NT adoption; the length of time under NT had a minimal impact 
on crop yield response to the NT system.
 Soil, water, biodiversity, and environmental concerns do not appear 
decisive in the decision of farmers whether to adopt CA or not. We can 
assume that these concerns (1) are likely to contribute more in the adoption 
of CA when farmers get involved in innovation and learning processes, and 
(2) are unlikely to discourage farmers that adopt CA to go back to the plow 
when their production costs increase. 
 Market globalization,  the need for farmers to improve their 
competitiveness, and the steady increase in fuel cost are likely to boost CA 
systems in many parts of the world. In Europe and the Mediterranean, the 
conversion process is likely already ongoing; the process is mainly farmer 
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driven and the major driving force is the short-term benefits provided by 
CA systems through a reduction in production costs. 
 The lack of scientific documentation of the long-term agronomic, 
socioeconomic, and environmental impacts of CA systems as well as lessons 
learned from past and ongoing experiences with CA lead us emphasize the 
need to anticipate the conversion process in order to improve the long-term 
sustainability of CA. This calls for a substantial systemic and multidisciplinary 
research effort, which certainly requires, more than the involvement of 
local institutions, leading farmers, farmers’ societies, and research staff, the 
involvement of the international research community. 
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The rice-wheat system is both the rice bowl and bread basket of South Asia, 
covering an estimated 14 million ha of cultivated land primarily in the Indo-
Gangetic Plains. The recent stagnation of productivity growth in this system has 
led to increased calls for resource-conserving technologies and conservation 
agriculture. To date, the most significant progress has been made by addressing 
the challenge of reducing tillage. With the rapid spread of tractor-drawn zero-
tillage drills, tillage intensity has declined dramatically for wheat. Survey results, 
however, show that the use of zero-tillage in wheat had limited spillover for the 
productivity and management of the subsequent rice crop. Despite promising 
on-farm experimental results, a reduction in tillage intensity for rice still has 
limited acceptance among farmers, not least because of weed management 
issues. The prevailing rice germplasm developed for puddled conditions is 
another issue. Increasing water scarcity in the region and global trends in 
energy prices add to the attractions of reducing tillage. Moving the rice-wheat 
system toward conservation agriculture also implies tackling the challenges 
of crop residue retention and diversification. A final challenge is to keep our 
interventions “pro-poor.” This calls for a better understanding of livelihood 
implications and stakeholder dialogue/participation.

The Green Revolution transformed the Indo-Gangetic Plains (IGP)—
spreading from Pakistan through northern India and the Nepal terai 

region to Bangladesh—into the bread basket and rice bowl of South Asia, 
with the rice-wheat system now covering an estimated 14 million ha in 
the region (Timsina and Connor 2001). The technological packaging of 
improved wheat and rice seeds, chemical fertilizer, and irrigation in an 
overall supportive environment for agricultural transformation led to rapid 
productivity growth. Over the past decade, productivity growth has stagnated, 
however (Kumar et al 2002), leading to concerns over national food security 
and lagging rural economic growth. The intensification of the rice-wheat 
system thereby has become a victim of its own success, with the degradation 
of the natural resource base widely seen as the root cause for the recent 
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stagnation. Resource-conserving technologies and conservation agriculture 
are increasingly perceived by the R&D community as the way forward out 
of the morass. Conservation agriculture implies three key components: 
(1) a minimum level of soil movement; (2) the maintenance of soil cover, 
particularly the retention of crop residues; and (3) the use of sensible crop 
rotations (Harrington and Erenstein 2005). Therefore, in contrast to seed, 
conservation agriculture is not an embodied tangible technology. Instead, 
it is a basket of cultural practices around a common concept that implies 
the need for supporting component technologies and knowledge. This paper 
reviews some of the issues and challenges inherent in applying these concepts 
to the rice-wheat system in the IGP.

CHALLENGE 1: REDUCING TILLAGE

To date, the most significant progress has been made by addressing the 
challenge of reducing tillage in the rice-wheat system of the IGP. With the 
rapid spread of tractor-drawn zero-tillage (ZT) drills, tillage intensity has 
declined dramatically for wheat from eight passes to a single tractor pass. 
Surveys of 400+ farm households each in 2003-04 confirmed the significant 
adoption of ZT wheat in the rice-wheat system of the northwest IGP: 34.5% 
in India’s Haryana and 19% in Pakistan’s Punjab (Erenstein et al 2007, Farooq 
et al 2007). Experts estimate the zero-/reduced-tillage wheat area in the IGP 
to amount to some 2 million ha in 2004-05 (www.rwc.cgiar.org). The main 
driver behind the rapid spread of ZT wheat is the significant, immediate, and 
recurring “cost-saving effect” that makes adoption profitable (e.g., 15–16% 
savings on operational costs—Erenstein et al 2007, Farooq et al 2007). The 
cost-saving effect primarily reflects the drastic reduction in tractor time and 
fuel for land preparation and wheat establishment. A significant “yield effect” 
can further boost the returns to ZT (e.g., 4%—Erenstein et al 2007). The 
yield effect, if any, is closely associated with enhanced timeliness of wheat 
establishment after rice, thereby reducing the exposure to terminal heat. ZT 
adoption is closely associated with the farm resource base and rice-wheat 
specialization (Erenstein et al 2007, Farooq et al 2007). The significant wheat 
area of ZT adopters implies larger annual benefits, lower relative learning 
costs, and earlier payback to a ZT drill investment. The same survey results, 
however, show that the use of zero-tillage in wheat had limited spillover for 
the productivity and management of the subsequent rice crop. The reduction 
in tillage in the rice-wheat system has thus only been partially successful, 
reflecting the increasing acceptance of ZT for wheat, with the challenge of 
reducing tillage for rice still remaining.
 For the rice crop in the IGP, intensive and wet land preparation followed 
by transplanting still prevails. For rice, a range of direct-seeding (i.e., 
nontransplanted) options exist, with varying implications for a reduction in 
tillage. Compared with transplanting, wet direct seeding (e.g., drum seeding, 
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broadcasting) is resource-conserving primarily as it saves labor, but typically 
still implies puddling and therefore has no positive impact on soil quality. Dry 
direct seeding encompasses the range of establishment options available for 
other cereals like wheat, ranging from conventional dry tillage to no tillage 
and seeding with a ZT drill to broadcasting. Compared with transplanting, all 
direct seeding of rice typically saves labor and reduces the labor bottleneck, 
and, depending on the circumstances, can reduce production risk and allow 
for intensification, whereas dry seeding inherently saves water (Pandey and 
Velasco 1999). Under weed-free conditions, there typically is no significant 
yield difference between transplanting and direct seeding. However, under 
weedy conditions, direct-seeded rice is typically lower yielding (Singh et al 
2005). Adequate and timely weed management thereby becomes imperative. 
This makes direct seeding knowledge-intensive and typically implies learning 
costs and an increased reliance on herbicides. Weed management issues are 
a major factor explaining the limited acceptance among farmers of direct-
seeded rice, despite promising on-farm experimental results in the IGP.
 The range of direct-seeding options for rice has varying implications. A 
positive aspect is that this thereby provides farmers with a basket of options 
that can ease a gradual transition away from transplanting. The range of 
options, however, does add to the potential confusion as terminology and 
implications vary and can lead to apparently contradictory results. It has 
been hypothesized that water availability and wage rate drive the adoption 
of direct seeding in rice (Pandey and Velasco 1999). High wage rates in 
situations with good water availability and a low cost of weed control are 
likely to be conducive to wet direct-seeding methods. Low water availability 
likely favors dry direct seeding, particularly when labor costs are high. The 
impending water crisis in the northwest IGP (e.g., Briscoe and Malik 2006) 
may thereby provide a thrust to direct rice-seeding methods, driven by their 
inherently water-saving nature. In the eastern plains, irrigation infrastructure 
is more marginal and rice is often rainfed or only partially irrigated. Here 
too, direct-seeded rice can be an increasingly attractive alternative to 
transplanting, particularly in view of the erratic onset of the monsoon and 
frequent incidence of drought during the kharif season. 
 It has been postulated that “in South Asia, where population density is 
high and overall economic growth is slow, economic incentives for a shift 
to direct seeding are likely to remain weak” (Pandey and Velasco 1999). 
Whereas economic growth has recently picked up significantly in India, 
this growth is primarily outside the agricultural sector, relatively jobless, 
and thereby typically inequitable—implying still relatively limited effects 
on unskilled labor markets and wage rates in rural areas, particularly in the 
eastern plains. However, continued and more equitable economic growth 
resulting in increased rural wage rates in combination with increasing regional 
water scarcity and global trends in energy prices add to the attractions of dry 
direct seeding and reduced tillage for rice farmers. 
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 The increasing prospects for direct seeding imply the need to start 
reversing some of the imbalances in germplasm development. Most crop 
breeding efforts have traditionally selected germplasm under intensive-tillage 
conditions, and, in the case of rice, puddling (Joshi et al 2006, Singh et al 
2005). As a result, most rice varieties currently available are primarily suited 
for puddled conditions. Rice varieties specifically developed for direct-seeding 
and aerobic conditions are likely to boost the productivity of direct-seeded 
rice and thereby make it more profitable. 
 Cost savings and enhanced profitability of the rice crop are likely to 
drive the future adoption of direct seeding in rice. In the case of dry direct 
seeding of rice, there is likely to be significant positive spillover for the 
productivity and profitability of the subsequent aerobic crop, particularly 
in terms of improved soil structure but also enhanced timeliness in view of 
the shorter duration of the rice crop (Singh et al 2005). 
 The success of reducing tillage for wheat had much to do with the 
adequate development of delivery pathways of ZT drills: a mechanical 
tractor-mounted seed drill that can seed wheat into an untilled rice field. 
Several factors proved crucial to its success in India (Seth et al 2003). A local 
manufacturing capacity was developed to produce and adapt ZT drills at a 
competitive cost. The private sector could see substantial market opportunities 
for its products, whereas the involvement of several manufacturers ensured 
competitive prices, good quality, and easy access to drills by farmers, along 
with a guarantee for repairs and servicing. Close linkages of scientists and 
farmers with the private manufacturers, including placement of machines in 
villages for farmer experimentation, allowed rapid feedback and refinement 
of implements. Strong support from state and local government officials 
helped with dissemination, including the provision of a subsidy to lower the 
investment cost. The Rice-Wheat Consortium (RWC) for the Indo-Gangetic 
Plains (www.rwc.cgiar.org) played a crucial catalytic role in promoting the 
public-private partnership, nurtured it through its formative stages, and 
facilitated technology transfer from international and national sources (Seth 
et al 2003). In addition, private ZT service providers have made the lumpy 
technology divisible. Recent adoption surveys revealed that 60–74% of ZT 
adopters did not own a ZT drill (Erenstein et al 2007, Farooq et al 2007). 
Service providers have the added advantage of having hands-on experience 
and having self-interest in promoting the technology.
 For rice, the range of direct-seeding options can imply the need for new 
delivery pathways, particularly for new devices such as the drum seeder. 
However, in the case of dry direct seeding, rice farmers can draw on the 
already existing ZT drills, particularly the multiseeding drills. This inherently 
lowers the transition cost and increases the return to investments in ZT 
drills. Indeed, some farmers currently refrain from investing in a ZT drill as 
it is primarily used only in the rabi season. 
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CHALLENGE 2: CROP RESIDUE MANAGEMENT

Moving the rice-wheat system toward conservation agriculture also implies 
tackling the challenge of crop residue management so as to ensure adequate 
retention of soil cover. Prevailing crop residue management practices in 
the IGP are largely incompatible with residue retention as mulch despite 
significant biomass production. The ex situ use of crop residues as livestock 
feed is near universal and rigorous. Wheat is the traditional food crop in 
the northwest IGP and wheat residues are the corresponding basal feed 
for ruminant livestock. Proceeding to the eastern plains, rice becomes the 
traditional food crop and rice straw the preferred basal feed. In the northwest, 
this implies significant imbalances in terms of seasonal residue extraction, 
with surplus rice straw being burned in situ (Erenstein et al 2005). The 
widespread use as feed implies that crop residues have significant value and 
residue markets and institutional arrangements have developed accordingly. 
There are also significant regional variations in nonfeed residue uses (e.g., 
fuel, construction material). The increasing mechanization of rice and 
wheat harvesting practices also has trade-offs in terms of residue use and 
management. 
 Retention of crop residues as soil cover is imperative in continuous no-
tillage systems (Erenstein 2002). The widespread use of ZT wheat without 
necessarily maintaining some soil cover in the IGP has so far had limited 
perceivable negative consequences. This is, however, a consequence of the 
seasonal nature of ZT use, with plots still being seasonally tilled for the 
subsequent rice crop. However, with the year-round—or double no-till—rice-
wheat system, residue retention becomes imperative.

CHALLENGE 3: CROP ROTATION

The rice-wheat system is characterized by a public incentive structure geared 
toward these staple foods of the subcontinent, including widespread public 
intervention in produce chains with assured produce prices and marketing 
channels in India. These provide a major obstacle for the third component 
of conservation agriculture—the need for crop rotation. The combination of 
secure produce markets and irrigation-ensured yield stability makes rice and 
wheat production a low-risk venture that has proven difficult to displace. 
The relative prices of cereal crops such as rice and wheat have decreased 
over recent decades, eroding their farming profitability, but benefiting 
poor consumers. The rapidly evolving domestic markets in response to 
economic growth, urbanization, and emerging marketing chains also imply 
promising opportunities for diversification of the rice-wheat system with 
selected vegetables, legumes, feed/fodder crops, and livestock products (e.g., 
dairy, poultry). Technological developments further enhance the scope 
for diversifying (Jat et al 2006). There are, however, some challenges to 



516     Erenstein

capital- and knowledge-intensive diversification options that still need to be 
addressed in the IGP, for example, access to land and resources, and market 
chain development vis-à-vis bureaucracy and transaction costs. 

CHALLENGE 4: EQUITY IMPLICATIONS 
AND POVERTY ALLEVIATION

A final challenge is to keep our interventions “pro-poor.” We therefore 
need to recognize the equity implications—both geographically and within 
rural communities. In fact, references to the rice-wheat system in the IGP 
tend to be based on extrapolations of the northwest situation, which is 
better documented. However, behind the apparent similarity are significant 
variations across the IGP—both in biophysical terms (Narang and Virmani 
2001) and socioeconomic indicators such as poverty and population density 
(Erenstein et al 2005). Rural development indicators in the Indian states 
of Punjab and Haryana now compare well with those of middle-income 
countries (World Bank 2006). Yet, large tracts of the IGP remain marred 
in dire poverty despite their agricultural potential. The main exponent 
of this is the poverty pocket of the eastern IGP, an area with 500 million 
people, typically characterized by smallholders (i.e., <2 ha, >70–90% of farm 
households) and widespread poverty (>30% below the official poverty line, 
but more than two-thirds surviving on less than US$2 per day). ZT wheat 
so far primarily benefited the northwest IGP and larger farmers (Erenstein 
et al 2007, Farooq et al 2007, Laxmi et al 2007). Although the early focus in 
the case of ZT R&D in the rice-wheat system is in part justified in view of 
the risks inherent in technology development, there is an increasing need to 
directly target poorer areas and poorer households, particularly the poverty 
pocket of the eastern IGP.
 A techno-centric approach and inherent diversity among stakeholders 
have often resulted in only partial stakeholder analysis, if any. Agricultural 
scientists have increasingly started to recognize the need to acknowledge 
the differential resource base of our target group—yet boundaries between 
what is considered a large farmer and a smallholder are often blurred. And, 
more worryingly, the implications for the landless are often forgotten. 
Diversification options tend to have a positive poverty reduction bias, being 
labor-intensive and small-scale. But labor-saving technologies inherently 
shift income from laborers to producers. Both large and small farmers may 
thus ostensibly benefit from direct seeding of rice, and may actually need 
it to remain competitive, enhance productivity, and make a decent living 
from farming. But the landless laborers typically lose out in the absence of 
alternative employment at the local level, whereas they lack the skills to 
gain remunerative employment elsewhere. The gender segmentation in the 
labor market imposes further social costs (Singh et al 2005). The implications 
also cut across transects, with the intensive northwest systems still relying 
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on migrant labor from the eastern plains to alleviate their labor peaks. This 
calls for a better understanding of livelihood implications and a broader 
stakeholder dialogue/participation in technology development. In the end, it 
also calls for remedial action outside the immediate agricultural development 
sphere, both in terms of making nonagricultural economic growth more 
labor-intensive and enhancing primary rural education to provide the rural 
poor with the minimum human capital needed to escape poverty. 
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In Indonesia, rice is the main staple food for more than 95% of the population. 
Rice farming provides job opportunities and income for about 21 million farm 
households. Rice is also a strategic and political commodity. Rice sufficiency at 
an affordable price has been pursued as a desirable policy objective to prevent 
hunger as well as economic and political chaos. It is not surprising that the 
government of Indonesia has intervened heavily in both rice production and 
marketing, with other food sources getting less attention. This article aims to 
provide an overview of the status of the rice economy and its profitability in 
Indonesia. The data showed that, from 1970 to 1995, rice production grew 
significantly at 3.85% per year. This significant growth was mainly attributed 
to massive intensification programs in line with inputs and credit subsidies, 
the provision of irrigation facilities, and price support policies. Meanwhile, 
in 1997, production declined, mainly because of El Niño. During 1997-
2004, production increased by 1.30% per year, indicating a recovery for rice 
production in Indonesia, although with low growth. However, for more than 
three decades, domestic production has not been able to meet the exploding 
demand for rice, due to increases in per capita consumption and population 
growth. Therefore, Indonesia had an increasing deficit and became the largest 
rice-importing country in the world. Rice farming is financially profitable, 
indicated by return to management of 31–32% of the total cost in irrigated 
area, about 6% in tidal swamp, and 12% in upland. For the last two production 
environments, profits are too low and, hence, financially less attractive. 
However, farmers in these two areas grow rice as a subsistence crop for home 
consumption. In addition, the share of upland and swamp rice is only 5–6% of 
total rice production. Economically, rice farming on irrigated land has a high 
comparative advantage. To improve farmers’ competitiveness, price support 
should be gradually reduced and replaced by a policy that improves efficiency. 
Without any intervention, irrigated rice farming in East Java and South Sulawesi 
will begin to lose competitiveness against imported rice when the international 
price falls to US$182 per ton and $101 per ton f.o.b. Bangkok, and $242 and 
$250 per ton f.o.b. Bangkok, respectively, for upland and tidal swamp rice in 
South Kalimantan. In addition, all rice farming is still profitable if the rupiah 
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appreciates to Rp. 9,000 per US$. In the future, improvement in cropping 
intensity followed by the use of improved technology (new high-yielding 
varieties and cultural practices) will be the new sources of rice production 
growth and efficiency.

Rice is the main staple food for more than 95% of the Indonesian population. 
On the production side, rice farming provides employment and income 

for about 21 million farm households. Due to the high population and limited 
land resources, Indonesia is not yet able to meet rice consumption needs in 
a sustainable way. Therefore, rice is a strategic and political commodity that 
attracts significant attention of the government and political leaders. Self-
sufficiency in rice at an affordable price has been the main policy objective 
to prevent hunger as well as economic and political chaos (Sudaryanto et 
al 1999). To achieve this objective, the Indonesian government intervenes 
strongly in rice production, marketing, and pricing policies. The primary 
focus of this paper is to assess the financial and economic profitability of rice 
farming across different production environments confronting a declining 
long-term trend of rice prices in the world market.

CURRENT POLICY REGIME

Sudaryanto et al (2002) concluded that since the mid-1980s rice policy in 
Indonesia has been reversed from a high price and high support policy to 
a low price and low support policy. Currently, this assessment is no longer 
valid because the Indonesian government fully insulates the domestic rice 
market from the influence of the world market. The primary instrument of 
this policy is the government control on rice imports. Commercial imports 
are not allowed at all except for a limited amount for a specified quality 
and purpose. In addition, an import tariff of Rp. 430 kg–1 is applied. These 
policies have been effective in reducing rice imports, which were recorded 
as only about 235,000 tons in 2004 and 117,000 tons in 2005.
 The import control policy is complementary to the procurement price 
policy. The government set up a procurement price reference at Rp. 2,250 
kg–1 of dried paddy and Rp. 3,550 kg–1 of medium-quality milled rice in 2006. 
This policy along with import controls has been fairly effective in maintaining 
the domestic rice price. In January-July 2006, the average farm-gate price of 
dried paddy was Rp. 2,275 kg–1 and the average price of milled rice was Rp. 
4,271 kg–1 or 0.1% and 20.3% above the procurement price, respectively. 
Compared with the world market price (25% Thai broken), the domestic 
rice price was roughly 52.1% higher.
 On the input side, major incentive policies are subsidies on fertilizer, 
seed, and farm credit. The fertilizer subsidy is implemented in terms of a gas 
subsidy to the fertilizer manufacturer. With this subsidy, the fertilizer price 
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paid by the farmer is lower than the market price. For urea, the subsidized 
price is roughly 50% of the market price.
 A similar scheme is used for certified seed. The government pays the 
subsidy to the seed producer, which enables farmers to buy subsidized seed 
at a price roughly 20% lower than the market price. For farm credit, the 
government provides a subsidy on the interest rate. With the commercial 
rate around 18% per annum, farmers pay an interest rate of only 9%, and 
the rest is paid by the government.      

RICE PRODUCTION AND CONSUMPTION 

From 1970 to 1995, rice production grew significantly at 3.85% per year, 
which was attributed to the growth of yield (2.45% year–1) and planted area 
(1.37% year–1). The high growth of yield indicated significant technological 
progress (both technical and socioeconomic), as a result of various massive 
intensification programs since 1960. During 1997-2005, however, rice 
production grew at only 1.16% year–1 because of more limited land and a 
slowdown in technological innovation. According to 2000 data, roughly 
61.4% of rice is planted on irrigated land, 26.3% is planted on rainfed land, 
7.8% is planted on tidal swamps, and 4.5% is planted on other types of 
land.
 Rice is the main staple food in the Indonesian diet. The participation 
rate in rice consumption is around 97–100%. Although per capita rice 
consumption is declining, in some regions, there is a tendency for some people 
to change their diet in staple foods from nonrice toward rice. For example, 
Harianto (2001) reported that the participation rate of rice consumption in 
Maluku Province was 100%, although the traditional staple food was sago. 
Ariani (2003) reported that rice is the only staple food consumed by the 
population in some regions. In eastern Indonesia, only South Kalimantan 
Province consumed rice as a staple food in 1979. However, in 1996, about 
eight provinces in this region consumed rice as a staple food.
 Per capita consumption of rice (for human consumption and other uses) 
increased from about 99.6 kg capita–1 in 1970 to 146.3 kg capita–1 in 1995, 
at a rate of 1.55% year–1. However, growth decreased to 0.82% year–1 during 
1995-97 and –0.14% year–1 during 1997-2005. Although per capita use in 
the last 7 years was declining, because the population grew faster than the 
decline in per capita consumption, total consumption was growing positively 
at 1.31% year–1 during the same period.
 Total rice consumption from 1970 to 2005 was mostly higher than that 
of net domestic production, which implied the need to import rice in order 
to close the gap.  Net imports fluctuated and tended to increase from about 
0.96 million tons in 1970 to 1.63 million tons in 2003. In 2004 and 2005, 
rice imports declined significantly to 0.23 million tons and 0.12 million tons, 
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respectively. The significant decline in rice imports during the last two years 
is mainly due to the tight import restriction policy. 

PROFITABILITY AND COMPETITIVENESS
OF RICE FARMING 

Table 1 shows that rice farming was financially profitable, indicated by 
returns to management ranging from 45% to 46% for irrigated rice farming 
and 23% to 27% for upland and tidal swamp rice. The lower returns to 
management for upland and swampy rice were due to their lower yield, as a 
result of traditional technology use. Farmers in these two environments were 
growing rice traditionally, mainly for home consumption, not for commercial 
purposes.
 Table 2 shows that farmers in those regions receive more than 20% 
protection on output, even more than 30% for dry land. The negative signs 
on the divergence of tradable inputs mean that farmers pay input costs lower 
than they should be. This is also indicated by the value of private costs that 
are lower than social costs. In this case, rice farmers in East Java paid an input 
cost of Rp. 140,000 lower than they should have, whereas farmers in South 
Sulawesi paid a cost Rp. 133,000 lower than they should have. On the other 
hand, farmers in upland and swampy areas paid a cost only Rp. 16,000 and 
Rp. 18,000 cheaper than they should have. In other words, farmers in East 
Java received 10% of input protection indicated by the nominal protection 
coefficient on inputs (NPCI) of 0.90. Farmers in South Sulawesi received 
11% input protection, while the other two locations received much less 
protection (3% to 5%).
 The domestic resource cost ratio (DRCR) of 0.59 in East Java means 
that US$0.59 of domestic resources was required to produce $1.00 of value 

Table 1: Financial analysis of rice farming, by type of land, selected provinces in 
Indonesia, wet season 2005-06.

 Irrigated land Dry land  Swampy  
Item   land
 East Java South Sulawesi South Kalimantan

Production       
   Quantity (kg paddy ha–1) 6,350 6,230 1,500 2,300
   Price (Rp. kg–1 paddy) 1,600 1,630 1,750 1,700
   Value (Rp. 000 ha–1) 10,160 10,155 2,625 3,910
Costs (%) 54 55 77 73
   (Rp. ha–1) 5,438 5,576 2,233 2,844
Returns to management (%) 46 45 23 27
   (Rp. ha–1) 4,722 4,578 592 1,066
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added. In other words, rice farming in this province was very competitive. 
It was seen that rice farming in East Java showed the highest comparative 
advantage, whereas dry land in South Kalimantan showed the least. In this 
area, $1.39 was required to earn $1.00 of value added, meaning that rice was 
not competitive. The same case was also true for the swampy area.
 As shown in Table 3, the breakeven world rice price of East Java was 
$180 ton–1, meaning that the crop will begin to lose its competitiveness if 
the world price of rice falls to $180 ton–1 f.o.b. Bangkok. Rice production in 
South Sulawesi will begin to lose its competitiveness if the world price falls 
to $188 ton–1. The same thing will happen to dry-land and swampy rice in 
South Kalimantan if the world price falls to $279 ton–1and $254 ton–1 f.o.b. 
Bangkok, respectively. At the current world price ($270.50 ton–1) and at the 
exchange rate of Rp. 9,300 per $1, social profit would be Rp. 2.54 million 
to Rp. 2.83 million for irrigated land, Rp. 63,000 for upland rice, and Rp. 
183,000 for swamp-land rice. 

Table  2: Level of protection and competitiveness of rice farming, by type of land, in 
selected provinces, wet season 2005-06.

 Irrigated land Dry land  Swampy  
Item   land
 East Java South Sulawesi South Kalimantan

Output       
   Private revenue  10,160 10,155 2,625 3,910
      (Rp. 000 ha–1)
   Social  revenue    8,407   8,248 1,986 3,045
      (Rp. 000 ha–1)
   NPCO 1.21 1.23 1.32 1.28

Tradable inputs      
   Private costs (Rp. 000 ha–1) 1,297 1,090 295 645
   Social  costs (Rp. 000 ha–1) 1,437 1,223 311 663
   Divergence (Rp. 000 ha–1) –140 –133 –16 –18
   NPCI 0.90 0.89 0.95 0.97

Effective protection   
   EPC 1.27 1.29 1.39 1.37
Comparative advantage      
   DRCR 0.59 0.64 1.04 0.92
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CONCLUSIONS AND POLICY IMPLICATIONS

Rice remains as a strategic and political commodity in the Indonesian 
economy, which attracts considerable policy and political support from the 
government. The degree of government intervention on rice varies over time.  
Currently, the government price policy leads to a higher domestic price than 
that in the world market.
 Reflecting substantial public support, rice farming is financially profitable. 
On irrigated land, rice farming has shown a higher comparative advantage 
than on rainfed land, dry land, or swampy areas. The fact that Indonesia is still 
importing rice and rice farmers are still poor does not mean that Indonesian 
rice loses its competitiveness. It loses its competitiveness because of limited 
land coupled with a large population. Therefore, more appropriate strategies 
to increase farmers’ income are promoting farm diversification toward high-
value crops and increasing value added through processing industries. This 
is particularly important in marginal land where the opportunity to improve 
rice productivity is more limited.
  To increase rice production and farming competitiveness, priority 
should be given to enhancing productivity by promoting the adoption of 
high-yielding varieties, including hybrid rice. An area expansion strategy 
will face the problem of competing choices moving toward more commercial 
and high-value crops. 

Table 3: Efficiency of rice farming in Indonesia, wet season 2005.a

 Social profit Breakeven world price  Farm-gate  
Land type   price
 (Rp. 000) (%) (US$ ton–1) (Rp. kg–1)  (Rp. kg–1)

Irrigated land     
   East Java 2,829 34 180 878 1,600
   South Sulawesi 2,539 31 188 916 1,630
Upland (S. Kalimantan) –63 –3 279 1,366 1,750
Swampy land (S. Kalimantan) 183 6 254 1,244 1,700

aExchange rate: Rp. 9,300 = US$1; world rice price = $270.50 ton–1 f.o.b. Bangkok.
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This paper examines the comparative advantage of rice production in two 
rice-importing countries of Asia, the Philippines and Bangladesh, by estimating 
financial and economic profitability using detailed costs and returns data 
and assessing distortions in the market due to government intervention. 
The estimates are made separately for irrigated and rainfed rice farming and 
for modern and traditional varieties. The findings show that rice farming is 
financially profitable at market prices of the inputs and output faced by farmers. 
But, if market distortions were removed, rice farming would not be economical 
in the Philippines. In Bangladesh, rice farming is economically profitable for 
modern varieties under rainfed farming during the monsoon season, but not 
for dry-season cultivation with full irrigation.

Rice is the dominant staple food and the principal source of employment 
and income for rural households in the Asian tropics. It is regarded 

as a politically sensitive commodity by most governments in the region. 
Achievement of self-sufficiency in rice through domestic production remains 
a major political objective, particularly for the rice-importing countries. 
Whether this objective is consistent with efficient allocation of resources 
is an issue debated by economists in their analysis for policy advice to 
governments (Gulati and Sharma 1991, Chand 1998). The answer depends 
on the economic profitability of domestic production vis-à-vis imports if 
market distortions from government intervention were removed.
 As a member of the World Trade Organization (WTO), most governments 
in South and Southeast Asia are committed to liberalization in agricultural 
trade. Against this background, an assessment of the comparative advantage 
in domestic rice production vis-à-vis the world market under traditional and 
improved technologies might be useful. The findings may shed light on the 
desirability of maintaining policies to protect the input and product markets 
in the face of ongoing WTO negotiations, promoting technological progress 
to improve competitiveness, and the probable effects of trade liberalization 
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on the distribution of gains between rice producers and consumers (Chand 
1998, Estudillo et al 1999, Shahabuddin 2000).
 This study aims to evaluate the financial and economic profitability and 
comparative advantage in rice cultivation for the two major rice-importing 
countries in Asia, the Philippines and Bangladesh. Although there are 
previous studies for these two countries (Estudillo et al 1999, Shahabuddin 
2000), this paper updates the information using the most recent national-
level information on costs and returns. The paper also compares the picture 
for rainfed and irrigated ecosystems, which helps assess the impact of 
technological progress on economic profitability and comparative advantage. 
The second section explains the methodology for estimating economic 
profitability. Section three provides information on developments in the 
rice economy for the two countries, as background information. Section four 
reports the findings on financial and economic profitability as well as the 
comparative advantage of domestic rice farming. 

CONCEPTUAL FRAMEWORK 

Measurement of Comparative Advantage

A country has a comparative advantage in producing a commodity if the social 
opportunity cost of producing one unit of it is lower than its international 
price. The social opportunity cost is the value of domestic resources used 
per unit of production when inputs are evaluated by the opportunity cost 
(or shadow price). The social benefit of producing the commodity in the 
country is the amount of foreign exchange earned when it is exported or 
foreign exchange saved when it is imported.
 Inputs can be classified into two groups: tradable and nontradable. 
Tradable inputs are those than can be exchanged in the international market, 
such as fertilizers, seeds, pesticides, agricultural machinery, and fuel. For 
tradable inputs, the opportunity cost is the border price, that is, the c.i.f. price, 
but the domestic trade margin for imported inputs and the f.o.b. price minus 
the domestic trade margin for exported inputs. Nontradable inputs are the 
ones that have a market only within the country, such as land, animal labor, 
farmyard manure, and human labor. For nontradable inputs, the opportunity 
cost is the price prevailing in the domestic market adjusted for a margin 
required to ensure full employment of the resources (labor, animals, etc.).
 The exchange rate is required to convert prices of the output and tradable 
inputs into domestic currency units. To calculate social benefit and costs, 
a shadow exchange rate (SER) is used. SER is the rate that will equate the 
demand for foreign exchange with its supply, that is, a zero balance in the 
external trade account. The net social profitability (economic returns) is 
the difference between the social benefit of exporting a unit of rice and the 
social opportunity cost of producing it. The financial profitability is the 
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difference between the gross value of output and the total cost of production 
at the actual price that the producer faces in the market. Market prices are 
distorted by government policy. Social or economic profitability is the rate 
of profit that would prevail if market distortions were removed.

Sources of Data on Input Coefficients

The estimation of economic profitability requires data on the following 
parameters: (1) input coefficients, (2) financial or market prices of output 
and inputs faced by farmers, (3) economic and shadow prices of output and 
production inputs that would have prevailed if there had been no market 
distortion, and (4) the shadow price of foreign exchange that would have 
equalized the demand for foreign exchange with its supply.
 The data on input coefficients were obtained from costs and returns 
studies. For the Philippines, the data are obtained from the report on input 
use, production costs, and returns and losses published by the Bureau of 
Agricultural Statistics (BAS 2004). The Bureau uses a three-stage replicated 
sampling design with the province as the domain. The municipality is the 
primary sampling unit, the barangay (village) is the secondary sampling unit, 
and the farm household is the final sampling unit. The sample is drawn 
according to the probability proportion of the sampling unit at each stage. 
The data were collected through interviews of sample farmers for all 77 
provinces.
 The data for Bangladesh were obtained from a nationally representative 
sample survey conducted in 2003-04 by the International Rice Research 
Institute for agricultural policy studies conducted under a DFID-funded 
project entitled Poverty Elimination Through Rice Research Assistance 
(PETRRA). The sample was drawn using a three-stage random sampling 
framework at the union, village, and household level. The survey covered 
1,927 households from 62 villages across 57 out of 64 districts in the country. 
The costs and returns data were collected for one representative parcel that 
was not affected by floods or droughts or other abiotic stresses out of all parcels 
operated by the sample farm households (61% of all rural households).

Market Prices and Opportunity Costs

The financial profitability of different crops has been estimated using accrual 
market prices received by farmers for paddy (unhusked rice) and paid for 
inputs, as reported in the abovementioned costs and returns surveys. The 
family-supplied inputs such as family labor and animal power are valued at 
the prevailing wage rates and animal rental rates.
 The shadow or border price of rice is estimated as the five-year average 
price in the international market (f.o.b. price of 25% broken rice offered by 
Thailand, the major rice exporter). To convert the border price of milled 
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rice to rough rice equivalent, we adjust the border price of milled rice for 
milling recovery of 65% and the storing and marketing cost of 25%. The 
price thus derived is called “export-parity” price, that is, the price that the 
country would receive for exporting rice in the world market. Since both the 
Philippines and Bangladesh are major rice importers, the relevant price for 
the calculation of economic profitability is the “import-parity price,” that is, 
the price that rice consumers would face if rice were imported from abroad. 
To estimate the import-parity price, we have added a freight charge of US$20 
per ton to the f.o.b. price and an additional $10 per ton as marketing cost 
for taking the imported rice from the port to the retail market.
 The market prices of tradable inputs, such as seeds, chemical fertilizers, 
pesticides, fuel for running agricultural machinery, and depreciation of capital 
equipment and machinery, have been adjusted with tariffs and other indirect 
taxes (minus) and subsidies (plus) to get the shadow prices or opportunity 
costs. For nontradable inputs, the domestic market prices are assumed as 
their opportunity cost. If there is a widespread unemployment of labor, 
for estimation of economic profitability, the shadow wage rate is usually 
assumed to be lower than the market wage rate, to encourage generation of 
employment. In the Philippines, the rural labor market is well integrated and 
the wage rate is high and increasing at a higher rate than inflation. So, for the 
Philippines, we have assumed the market wage rate as the opportunity cost of 
labor. In Bangladesh, the wage rate is low, although it has been increasing at 
a faster rate than other prices. For Bangladesh, we have assumed the shadow 
price of labor at 90% of the market wage.
 The shadow exchange rate is approximated by (1 + WATR) × OER, 
where OER is the official exchange rate and WATR is the weighted average 
tariff rate. The WATR is estimated as the total value of import tariff divided 
by the total value of imports. For the reference year of the study, the WATR 
is estimated at 5% for the Philippines, and 10% for Bangladesh.
 The values of conversion factors to convert market prices to economic 
prices are reported in Table 1. A value of greater than unity indicates taxation 
of inputs by the government and a value lower than unity indicates a subsidy 
on inputs as a result of government intervention in the market. The reverse 
is the case for the output.

RESULTS AND DISCUSSION

Technological Progress

An important source of cost advantage and competitiveness in the market 
is the adoption of new technology. Rice farming has major innovations in 
developing high-yielding varieties, and better options for managing crops and 
efficient use of inputs. The gradual adoption of new technologies helps farmers 
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increase output with the same inputs (yield and total factor productivity 
growth), thereby reducing the unit cost of production.
 Table 2 provides data on the sources of growth in rice production since 
the initiation of the Green Revolution in the late 1960s. It should be noted 
that in both countries rice production has more than doubled since 1970, 
mostly because of an increase in yield due to technological progress. The 
Philippines took advantage of the Green Revolution much earlier due to the 
existence of a favorable infrastructure for irrigation. Technological progress 

Table 1:  Conversion factors for estimating opportunity costs.

Item Bangladesh, 2004 Philippines, 2002

Rice
Import parity 1.25 0.95
Export parity 0.75 0.63
Inputs
Fertilizers 1.52 0.60
Pesticides 0.91 0.91
Irrigation 1.20 1.40
Machinery 1.20 1.44
Human labor 0.90 1.00
Shadow exchange rate 1.10 1.05

Source: Own estimates based on the methodology used in Shahabuddin  
(2000) and Estudillo et al (1999).

Table 2: Cost structure and financial profitability. 
Trend in rice production, 1966-2006.

Country 1966 1986 2006

Philippines
Area (million ha)   3.2   3.3   4.1
Yield (t ha–1)      1.3   2.6   3.5
Production (million t)   4.2   8.9 14.2
Bangladesh
Area (million ha)   9.4 10.4 10.3
Yield (t ha–1)   1.65   2.2   3.7
Production (million t) 15.6 22.9 37.8

Sources: for Philippines, Bureau of Agricultural Statistics; for 
Bangladesh, sample surveys in 62 randomly selected villages 
by IRRI.
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has slackened considerably since the late 1980s. Annual growth in rice yield 
has declined substantially since 1990, and the country has failed to maintain 
production growth at earlier rates despite substantial increases in rice area. 
As a result, the Philippines moved backward from self-sufficiency in rice 
to import dependence since the late 1980s, and now imports on average 
about 1.5 million tons of rice (20% of its domestic demand) from the world 
market.
 The experience of Bangladesh is the opposite of the Philippines. 
Technological progress in rice cultivation was quite slow till the mid-1980s 
due to less-developed irrigation infrastructure and a supply of modern 
agricultural inputs with a subsidy that contributed to a rationing of inputs 
due to inadequate allocation of funds for subsidy from the government budget. 
A policy change in favor of deregulation of input markets and a reduction 
in import duties on agricultural machinery led to heavy private investment 
in groundwater irrigation through shallow tubewells and an increase in the 
use of chemical fertilizers (Zohir et al 2002). This contributed to a rapid 
expansion of cultivation of dry-season irrigated rice (boro) that has been the 
dominant contributory factor to growth in rice production in Bangladesh. 
Production growth accelerated from 2.0% per year during 1970-90 to 3.4% 
per year during 1990-2004. The increase in production growth was almost 
entirely due to the increase in yield rates (Table 2). As a result, Bangladesh 
has been able to reduce import dependence on rice to a great extent. 

Cost Structure

The costs of different inputs as a share of the total value of output, as estimated 
from the reports of costs and returns studies, are reported in Table 3. The 

Table 3: Cost structure and financial profitability, 2002 and 2004.

Item Philippines, 2002 Bangladesh, 2004

 Rainfed Irrigated Rainfed Rainfed Irrigated
   TVs MVs MVs

Cost 93.6 89.5 86.6 82.7 93.8
Fertilizer   4.0   4.8   3.7   7.0   8.6
Irrigation –   1.7 – – 17.4
Machine & draft power   5.6   6.9   8.2   7.3   5.4
Human labor 46.5 37.2 35.1 30.0 27.3
Land rent 30.0 30.0 33.0 30.4 27.8
Operational surplus 17.6 10.5 13.4 17.3   6.2

Sources: for the Philippines, Bureau of Agricultural Statistics; for Bangladesh, sample surveys in 
62 randomly selected villages by IRRI.
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numbers have been estimated for both rainfed and irrigated rice systems. 
It can be noted that the major nontradable inputs, land and labor, are the 
predominant source of costs in both countries. These two factors of production 
account for three-fourths of the total value of production in rainfed rice 
farming in the Philippines and for two-thirds of the total value of production 
in Bangladesh. The use of mechanization that helps save on labor cost is 
still at a low level in both countries. Farmers adopt modern technologies 
and use inputs at higher rates in irrigated rice farming. In the Philippines, 
costs on account of two modern inputs, fertilizer and irrigation, account for 
only 6.5% of the value of production. The irrigation cost is nominal because 
of the heavy subsidy on irrigation in the Philippines. In Bangladesh, where 
almost three-fourths of the irrigation is provided by privately owned shallow 
tubewells, the cost of irrigation accounts for 17% of the value of production 
for irrigated modern varieties (boro). A major advantage of the adoption 
of modern varieties under rainfed conditions during the boro season is the 
savings on the cost of irrigation. But the yield of modern varieties grown 
under rainfed conditions is only about 3.5 t ha–1 compared with 5.0 t ha–1 
for dry-season irrigated rice.
 In the Philippines, the rate of operational surplus (gross value over total 
costs as percent of total value) is in fact higher in rainfed rice farming than 
in irrigated rice. In Bangladesh, the rate of operational surplus is highest 
in the production of modern varieties in the monsoon season, followed by 
the cultivation of traditional varieties. Farmers are interested in cultivating 
modern varieties with irrigation in the dry season as yield is high, which 
helps overcome the food deficit with the use of family-owned resources.

Financial and Economic Profitability
Estimates of the financial and economic profitability in rice cultivation are 
reported in Table 4. At prevailing market prices of inputs and output, rice 
cultivation is profitable. In the Philippines, the absolute profit is higher in 
irrigated rice farming because yield is substantially higher than in rainfed rice 
farming. In Bangladesh, the gross value of production in the cultivation of 
modern varieties is almost double compared with that of traditional varieties 
(TVs) grown under irrigated conditions and almost 40% higher than that 
of TVs grown under rainfed conditions. But the financial return per unit of 
land is lower under irrigated farming than under rainfed farming because of 
the high cost of irrigation.
 In the Philippines, positive financial profitability is ensured by 
government intervention in the market. If price distortions were removed, 
rice farming would become uneconomical, as indicated by the negative 
values of economic profitability even under the import parity price for rice. 
Farmers in Bangladesh, however, are efficient producers of rice for import 
substitution. Economic returns at the import parity price are substantially 
positive for the production of modern varieties under both irrigated and 
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rainfed farming. However, at the export parity price, the economic gain of 
the adoption of modern varieties is greatly reduced. A modern variety grown 
under the rainfed conditions in the monsoon season has the highest economic 
profitability, even higher than that of the highest yielding modern variety 
boro rice grown under irrigated conditions. 

CONCLUDING REMARKS

The economic profitability of rice farming under rainfed and irrigated 
conditions and for modern and traditional varieties estimated in this paper 
reflects actual farming conditions. Profitability can change with technological 
improvements and changes in world market conditions. Profitability can also 
change with overall economic growth that increases the cost of nontradable 
inputs, land and labor. So, technological progress may not necessarily 
enhance economic profitability and comparative advantage. The comparative 
advantage may shift from regions with high yield to regions with low yield if 
the cost of land and labor is higher in the former than in the latter region. 
Although technological innovations would be reflected in lowering the 
physical input coefficents, changes in conditions in the world market and 
developments in the domestic economy would affect the opportunity costs 
of inputs and border prices of output and tradable inputs. An analysis of 
dynamic comparative advantages of different crops that takes into account 
technology potential and projection of price trends in the future is needed 
to guide policymakers in the discussion on trade opportunities and optimum 
allocation of resources.

Table 4: Financial and economic returns in rice cultivation (US$ ha–1).

Item Philippines, 2002 Bangladesh, 2004

 Rainfed Irrigated Rainfed Rainfed Irrigated
   TVs MVs MVs

Gross value 424 693 331 467 639
Total cost 397 620 286 386 600
Financial return   27 73 22 81 39
Economic return
   Export parity –107 –247 –19 26 –82
   Import parity    –8       4    22 127 69

Source: Own estimates from costs and returns surveys.
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Impact of Rice Research: An 
Overview and Challenges, with 
Emphasis on Rainfed Environments

Sushil Pandey

The overall impact of rice research has been very positive on efficiency, equity, 
and environmental grounds. Nevertheless, considerable opportunities exist for 
further enhancing the impact, especially in rainfed environments, where yields 
have remained relatively low. An increase in research investments, changes 
in the modality of research, improvements in mechanisms for technology 
dissemination, and increased public-sector support for rural development are 
needed to further increase the impact.

Impact assessments are critically important for providing evidence of the 
impact of past research and for identifying future investment opportunities 

that are likely to lead to large impacts. In the context of rice, an abundance 
of literature provides an assessment of the impact of the Green Revolution, 
which led to rapid growth in rice production throughout Asia over the past 
30 years. This paper provides an overview of the impact of rice research, with 
special emphasis on rainfed environments, where yields are still relatively low 
and the incidence of poverty is very high. Findings from studies in rainfed 
areas of eastern India are used to illustrate the main points.

IMPACT OF RICE RESEARCH IN GENERAL

Worldwide production of rice increased almost threefold from about 200 
million tons in 1961 to over 600 million tons in 2005 (Fig. 1). This massive 
increase in production resulted in a long-term decrease in rice price, thus 
benefiting poor consumers who spend a large proportion of their income to 
purchase rice. During 1970-2005, rice production increased at 2.73% per 
annum in Asia. Yield growth accounted for 75% of this increase in production 
(Fig. 2). The increase in production was thus driven mainly by yield increases 
made possible by the use of improved varieties, irrigation, and fertilizer.
 Up until 1999, the national research systems released a total of 2,040 
improved varieties of rice, which is roughly equal to 20 improved varieties 
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Fig. 1: Trend in world rice production and price.  Data source: 
World Rice Statistics, IRRI.
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Fig. 2: Growth rates in rice area, yield, and 
production in selected Asian countries (1970-2005).  
Data source: FAOSTAT Electronic Database, 2006.
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Table 1: Estimated economic impact of rice research in Asia.

Attribute Estimated value

Net increase in yield (t ha–1) 0.94
Value of yield increase (US$ ha–1) 150
Total annual value of yield increase ($ million) 10,800
Adjusted annual value of yield increase ($ million) 4,310
Annual cost of rice research ($ million) 70

Source: All estimates except adjusted annual value of yield increase from 
Hossain et al (2003). The adjusted value of annual yield increase was obtained 
from Raitzer (2003).

per million ha (Hossain et al 2003). The adoption of improved varieties 
increased rapidly, especially in irrigated areas, with high-yielding improved 
varieties accounting for over 70% of the rice area in Asia. The replacement 
of traditional varieties by these high-yielding modern varieties produced a net 
economic gain (after deducting the additional cost of inputs) of approximately 
950 kg ha–1 in Asia (Hossain et al 2003).
 Is this level of benefit worth the cost of rice research? This can be 
judged using three criteria: efficiency, equity, and environmental impact. 
A comparison of net economic gain with the cost of research provides a 
measure of efficiency. Based on the analysis reported in Hossain et al (2003) 
and subsequently adjusted by Raitzer (2003), the annual net value of yield 
increase is estimated to be $4.3 billion against the estimated annual total 
cost of research of $70 million (Table 1). This indicates that the net benefit 
per year has been almost 60 times the cost of research—a very high return 
to investment indeed.
 What has been the impact on equity? Numerous research results have 
indicated that the impact on equity has been very favorable. Concerns about 
the equity impact expressed in earlier research on the Green Revolution 
(Griffin 1979, Pearse 1980) were shown to be unfounded by the subsequent 
overwhelming empirical evidence (Osmani 1998, Lipton and Longhurst 
1989). Poor farmers benefited directly from increased incomes resulting from 
higher yields and increased employment due to higher cropping intensity 
made possible through the use of short-duration rice varieties. They also 
benefited indirectly through labor market linkages (David and Otsuka 
1994). Both poor consumers and small farmers who are net purchasers of rice 
benefited from the availability of cheaper rice.  In the case of India alone, 
it is estimated that $1 million invested in rice research lifted 65,000 poor 
people above the poverty line every year during 1991-99 (Fig. 3).
 Although there are some concerns regarding the environmental impact of 
the increased use of agricultural chemicals, a broader positive environmental 
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Fig. 3: Impact of rice research on poverty 
reduction. Based on Fan et al (2003) and 

Hossain et al (2003).

impact was generated through the use of land-saving technologies. Had 
rice yield remained at the pre-Green Revolution level, the production of 
the current quantity of rice in Asia would have required at least double the 
current rice area (IRRI 2004). The environmental consequences of such an 
expansion in area would have been very serious indeed. It has been suggested 
that the positive environmental effects generated through land saving far 
outweigh the negative effects (Gardner 2003).

Impact in Rainfed Areas

Improved varieties initially developed for irrigated areas have now also 
spread to rainfed areas. In eastern India, which accounts for about 40% 
of the total rainfed rice area of Asia, the area under improved varieties 
increased from less than 20% in 1970 to over 60% during the late 1990s 
in most states (Pandey et al 2007). Rice yield was somewhat stagnant at 
about 1.5 t ha–1 in eastern India up until the mid-1980s, but increased to 
2.5 t ha–1 during recent years (Fig. 4). In addition, rice production has 
become more stable over time as evidenced by a decline in its coefficient 
of variation (Fig. 5). Overall, the incidence of poverty has decreased over 
time in eastern Indian states despite still being much higher than in irrigated 
areas (Fig. 6).

Some Major Issues

Despite the generally positive impact, three major issues affect the impact 
of rice research in rainfed areas of eastern India: high spatial variation in 
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Fig. 4: Rice area, yield, and production in eastern India. Data 
source: NCAP-IRRI Eastern India Rice Database, 2006.  Yield 

and production expressed in terms of unmilled rice.
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Fig. 5: Coefficients of variation of rice production in eastern 
India.
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Fig. 6: Incidence of poverty in eastern India.  Data source: EPW (2007). 
Bihar, Madhya Pradesh, and Uttar Pradesh include the reorganized 

states of Jharkhand, Chattisgarh, and Uttaranchal, respectively.

productivity and its growth, the substantially reduced rate of growth in yield 
during the 1990s, and a generally low average yield despite the spread of 
improved varieties (Pandey et al 2007).
 The district-level yield maps for eastern India indicate that yield growth 
has taken place mainly in eastern Uttar Pradesh and in West Bengal, with 
average yield remaining below 2 t ha–1 in most of the districts in Bihar, 
Chattisgarh, Jharkhand, and Orissa (Fig. 6). Expansion in the use of 
groundwater is the primary reason for substantially higher yields in eastern 
Uttar Pradesh and West Bengal. Other states where rice is grown mostly 
under rainfed conditions have not performed as well in terms of rice yield. 
The adoption of improved varieties has been limited mainly to hydrologically 
more favorable land such as medium land than in drought-prone uplands or in 
submergence-prone lowlands (Singh et al 2002). In addition, the performance 
of improved varieties relative to traditional varieties has been highly variable, 
with the yield advantage being as low as 0.2 t ha–1 in several cases (Table 2). 
High levels of risk in these areas have apparently discouraged farmers from 
investing in yield-increasing inputs such as fertilizer.
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Table 2: Rice yield (t ha–1).

State District MV yield TV yield Difference

Assam Golaghat 3.4 2.1 1.3
Bihar and Jharkhand Samastipur 2.5 1.6 0.9
 Darbhanga 2.3 1.6 0.7
Chattisgarh Raipur 1.7 1.5 0.2
 Bastar 1.9 1.7 0.2
Eastern Uttar Pradesh Maharajganj 3.2 n.a.a
 Bahraich 2.1 n.a.
Orissa Kalahandi 2.3 1.4 0.9
 Mayurbhanj 2.1 1.9 0.2
 Kendrapara 1.4 0.8 0.6
 Balasore 2.8 1.3 1.5
West Bengal 24 Pergona 4.6 n.a.
 Dinajpur 4.2 n.a.

an.a. = not available.
Data source: NCAP-IRRI survey data 2000.

CHALLENGES FOR INCREASING IMPACT 
IN RAINFED AREAS

Recent research indicates that there is an underinvestment in rice research in 
rainfed areas (Pandey and Pal 2007). Not only is the overall research intensity 
low, but rainfed rice research receives a lower than optimal share of budget 
when efficiency and equity objectives are taken into account. As a result, 
the number of improved varieties released so far for rainfed environments 
is only 10–12 per million ha compared with 25 per million ha for irrigated 
environments of India. Although rainfed areas have benefited from the 
spillover effect of varieties developed for irrigated environments, these 
varieties are not adapted to abiotic stresses such as drought and submergence 
that are the major constraints in rainfed areas. As the cost of irrigation 
development in states such as Jharkhand, Bihar, Chattisgarh, and Orissa is 
likely to be very high, additional investment of research resources to develop 
rice varieties adapted to abiotic stresses is needed to increase impact.
 Another important constraint to generating a productivity impact in 
rainfed areas of eastern India is limited access to improved seeds. Major 
bottlenecks in the seed production and distribution systems limit access to 
improved seeds, especially for poor farmers. The high costs of producing and 
distributing improved rice seeds to millions of poor and small farmers have 
limited the involvement of the private sector. As a result, the diffusion of 
modern varieties released recently has been very slow and farmers in these 
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Fig. 7: Rice yield (in terms of rough rice) in different districts of eastern India, 1990-2003.

areas are mostly growing improved varieties released 15–20 years ago. Some 
of the more recent releases have not spread fast enough to make an impact 
over a large area. Alternative approaches to technology validation and 
accelerating dissemination such as those that promote greater participation 
of local stakeholders (e.g., farmer organizations and NGOs) are needed to 
complement the current institutional setup for increasing impact.
 Rainfed rice systems are highly heterogeneous both in biophysical 
conditions and in terms of human adaptations to such conditions. 
Technological interventions for such systems obviously require tailor-made 
rather than the usual “one-size-fits-all” approach. Careful targeting is needed 
for technology design, validation, and dissemination. Technologies that do 
not just increase yield but meet farmer livelihood needs better are needed. 
Decentralized and participatory approaches to research are suitable under such 
circumstances. It is encouraging that such approaches are being developed 
and are increasingly accepted by the research community (Courtois et al 
2001, Bellon and Reeves 2002).
 The broader impact of research also depends critically on other 
investments such as infrastructure, health, and education. These investments, 
which are needed for broader rural development, increase the multiplier 
effects of agricultural research investments. Unfortunately, public-sector 
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investments in these poor areas often tend to be inadequate. An increase 
in investment in infrastructure and public-sector support for small-farm 
development will help increase the impact of technology.
 For irrigated areas, where average yields are substantially higher, a 
continued increase in yield through crop improvements and through the 
integrated use of improved germplasm and natural resource management 
technologies is needed. Input use in these areas is already high and 
opportunities for cost savings through technologies that raise input-use 
efficiency will not only help increase farmers’ income but will also generate 
positive environmental impacts. In addition, policy reforms such as a 
reduction in subsidies on inputs and deregulation of markets will help increase 
overall farming efficiency and the impact of technology.
 Finally, there are some important challenges for impact assessment itself. 
More refined methods and approaches are needed to measure small effects over 
many small areas (or domains). Although the impact in each domain may be 
small, the aggregate impact over many such domains, especially under rainfed 
conditions, can indeed be very large. Current methods of impact assessment 
are mostly oriented toward picking up impact over domains spread over large 
geographic areas. Similarly, superior approaches are needed to estimate the 
impact of resource management technologies that may not be manifested 
in terms of short-term gains in productivity and may also have some off-site 
effects. A typical example is that of assessing the impact of interventions that 
reduce soil erosion. Finally, more research is needed to develop and refine 
tools for assessing the impact of policy research as technology impacts are 
critically dependent on policies that affect agriculture.
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This paper briefly describes the role of rice research in sub-Saharan Africa 
(SSA) with particular reference to WARDA’s science-led partnership strategies, 
examines whether investments in rice research have paid any dividends, and 
underlines the prerequisites needed to achieve a rice revolution in SSA. Rice is 
the most rapidly growing food source in SSA and more than US$1.5 billion in 
foreign exchange is spent every year on rice imports. Many actors have played 
a role in the history of rice research in SSA. In the 1960s and ‘70s, national 
and international programs focused on introducing improved varieties from 
outside SSA. However, because of the greater diversity of farming systems in 
SSA, the introduced varieties were not useful beyond some limited domains. In 
the 1990s, WARDA explored innovative pathways to target the more difficult 
rice production ecologies of uplands and rainfed lowlands. It developed the 
New Rice for Africa (NERICA) that combines the ability of the African parent to 
withstand local stresses with the productivity of the Asian parent. Now, about 
150,000 ha are under upland NERICA production in Africa. Using a slightly 
different breeding approach, a new generation of NERICA varieties adapted to 
lowland rice ecologies was developed in 2005 by WARDA in close partnership 
with its national partners. Notable successes for the irrigated ecology have been 
the Sahel varieties. To enhance the productivity, profitability, and sustainability 
of irrigated rice farming, an integrated crop management (ICM) approach has 
been developed. WARDA has explored a range of research partnership models 
that cover strategic to adaptive research and development. For upstream 
research, a mechanism was developed to bring together the pool of expertise 
from advanced research institutes to national programs. The partnership 
model that has been most acclaimed by its national partners is the ROCARIZ 
rice network. WARDA has developed several farmer participatory models, 
which have been the key to NERICA success. In association with its national 
partners, it is developing strategies for competitive rice sector development in 
SSA. Its research grants to national partners and capacity-building efforts have 
contributed significantly to broad institution-building goals in SSA. According to 
important impact assessment studies, rice research has made and is continuing 
to make a big difference in Africa. Three impact studies are described here. 

Toward a Rice-based Agricultural 
Transformation: A Science-led 
Partnership in Africa

Kanayo F. Nwanze, Savitri Mohapatra, Aliou Diagne, 
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The first one carried out in West Africa revealed that genetic enhancement and 
transfer increased the net revenues by $93 ha–1 between 1980 and 2000 and the 
returns to investment in rice research have exceeded 20% annually. The second 
study conducted on the impact of rice research in Senegal and Mauritania 
showed that the internal rate of return was about 74%. The third one on the 
socioeconomic impact of NERICA on farming households in Benin showed a 
3% increase in child school enrollment and retention rate and a 2% reduction 
in frequency of child sickness. New WARDA projections on NERICA adoption 
indicate that SSA countries can save 5% of current rice imports. However, SSA 
will fully benefit from improved technologies only when governments institute 
policies that guarantee prices, create access to credits, inputs, and markets, 
safety nets, and subsidies to support vulnerable groups, particularly farmers. 
These conditions create level playing fields and give farmers incentives to adopt 
new technologies that raise incomes and lift households out of poverty. SSA 
has become increasingly dependent on a relatively ‘’thin” world rice market 
for one of its staple foods. It should urgently review its rice importation policy 
to avoid a crisis in the near future. Outside SSA, rice continues to be one of the 
most protected commodities. Although science-led partnership will be a key 
element to achieve a rice-based agricultural transformation in SSA, the onus is 
on Africans themselves to take the lead in this. For there is no country, and no 
people, whose economic and political development was not an endogenous 
and intrinsic process, engraved in its own culture and adapted to its own soil 
and climate.

This paper briefly describes the role of rice research in sub-Saharan 
Africa (SSA), with particular reference to WARDA’s science-led 

partnership strategies, examines whether investments in rice research have 
paid any dividends, and underlines the prerequisites needed to achieve a rice 
revolution in SSA. It is divided into six sections: 
  The strategic position of rice in SSA agriculture
  Rice research in SSA
  Role of the Africa Rice Center (WARDA)
  Has rice research made any difference in SSA?
  Challenges for a rice-based agricultural transformation in SSA
  Conclusions

THE STRATEGIC POSITION OF RICE IN SSA AGRICULTURE

Rice is the most rapidly growing food source in SSA and annual demand for 
it in the region is increasing at an unprecedented rate of 6% per year, driven 
mainly by rapid population growth and increasing urbanization. 
 Rice production in SSA increased from 8.6 million tons of paddy rice 
in 1980 to about 12.6 million t in 2005. Despite this, the quantity of rice 
imported yearly by the region increased from 2.5 million t in 1980 to 7.2 
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million t in 2005. SSA countries are spending more than US$1.5 billion in 
foreign exchange every year on rice imports to meet their rice demand.

RICE RESEARCH IN SSA

Many actors have played a role in the history of rice research in SSA. Formal 
rice research and development activities in SSA began during the colonial 
period. Some of the big schemes related to irrigated rice in Mali and Senegal 
were established by France during that period. Rice programs in Nigeria, 
Sierra Leone, and Tanzania were launched in the 1930s. 
 Over the past 40 years, international organizations, including WARDA, 
the International Institute of Tropical Agriculture (IITA), and the 
International Rice Research Institute (IRRI), in collaboration with national 
programs have made valuable contributions to rice development in SSA. 
 In the 1960s and ’70s, national and international programs focused on 
introducing improved varieties from Asia and Latin America, rather than 
identifying locally-adapted rice genetic resources and using those as the 
basis for breeding new varieties. However, because of the greater diversity 
of farming systems, the introduced varieties were not useful beyond some 
limited domains.

ROLE OF THE AFRICA RICE CENTER (WARDA) 

In the 1990s, rice research activities were centralized at WARDA and new 
partnership mechanisms were developed to target the more difficult rice 
production ecologies of uplands and rainfed lowlands as well as to continue 
to deliver improved technologies for the irrigated ecology. A new breed of 
WARDA researchers explored innovative pathways to R&D designed to 
succeed under the specific conditions of the upland rice ecology in SSA.
 Upland rice represents about 40% of the total area under rice cultivation 
in West Africa—the rice belt of SSA—and employs about 70% of the region’s 
rice farmers, most of whom are women and are among the poorest in the 
region. To help these farmers, a team led by Dr. Monty Jones made a scientific 
breakthrough by successfully crossbreeding African (Oryza glaberrima) and 
Asian (O. sativa) varieties of rice. The result of this breakthrough is the New 
Rice for Africa (NERICA) that combines the ability of the African parent 
to withstand local stresses with the productivity of the Asian parent.
 WARDA has generated several hundred NERICA lines, opening new 
gene pools and increasing the biodiversity of rice to the world of science. 
Some of the NERICA varieties have a yield advantage over their parents, 
either through superior weed competitiveness, drought tolerance, and pest 
or disease resistance or simply through higher yield potential. In addition, 
the protein content of some of the NERICAs is 25% higher than that of the 
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Asian rice in the market. To date, NERICA is considered one of the major 
advances in the field of rice varietal improvement of the past decades.
 There was high payoff from a spillover of the upland NERICA research 
work to the lowlands. Using a slightly different breeding approach, a new 
generation of NERICA varieties adapted to lowland rice ecologies was 
developed in 2005 by WARDA scientists in close partnership with their 
national partners. As the lowlands offer great potential for the sustainable 
expansion and intensification of rice, the impact of the lowland NERICA 
is expected to be bigger than that of the upland NERICA. 
 The Sahel irrigated ecology is the most homogenous in the region and 
the most similar to controlled Asian production systems. Notable successes 
of WARDA’s introduction and screening activities have been the Sahel 
varieties: Sahel 108, Sahel 201, and Sahel 202. Among them, these varieties 
now dominate the irrigated rice area of the Senegal River Valley both to the 
north (Mauritania) and to the south (Senegal). The proportion of the total 
area under the Sahel varieties in the Senegal River Valley increased from 
3% in 1995-96 to 72% in 2000-01. In 2005, five new Sahel varieties were 
released in Senegal. 
 To enhance the productivity, profitability, and sustainability of irrigated 
rice farming, which is the most input-intensive system, and highly market-
oriented, WARDA and its partners have developed an integrated crop 
management (ICM) approach. A wide range of improved technologies, 
including decision-making tools, that are still in the prototype phase are 
made available to farmers. 
 WARDA has explored a range of partnership models that cover strategic 
to adaptive research and development. The partnership model that has been 
most acclaimed by our national partners is the ROCARIZ rice network, which 
has played a central role in the development of the lowland NERICAs. 
 For accelerated dissemination of improved technologies, WARDA has 
developed and adapted several participatory models, such as participatory 
varietal selection (PVS) and community-based seed production systems 
(CBSS). Introduced for the first time in SSA, PVS has revolutionized 
scientist-farmer interactions across SSA.
 WARDA and its partners are developing strategies for competitive rice 
sector development in SSA through a better understanding of rice policy 
and market dynamics and are assessing the impact of technical, policy, and 
institutional change within the rice sector. 
 In SSA, rice is usually threshed manually by women farmers who spend 
hours doing this backbreaking work. The ASI rice thresher, developed by 
WARDA and its partners, is a technical solution that is affordable, locally-
constructed, and acceptable to everyone in the rice-growing community, 
including women. A small-scale harvester has also been developed using the 
same partnership mechanism.
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 WARDA has made human resource development one of its priority 
activities, indispensable for strengthening rice cultivation capacities of the 
SSA countries. Its training programs have contributed significantly to broad 
institution-building goals and have been greatly appreciated by its national 
partners. In response to increasing demand from SSA countries, WARDA 
is now strengthening the biotechnology and impact assessment capacity of 
its national partners. 

HAS RICE RESEARCH MADE ANY DIFFERENCE IN SSA?

According to important impact assessment studies done recently, rice research 
has made and is continuing to make a big difference in Africa.

Dalton and Guei Study

A study by T. Dalton and R. Guei in 2003 analyzed the impact of improved 
rice varieties from both national and international research centers in seven 
West African rice-producing countries between 1980 and 2000. 
 According to their study, about 100 improved rice varieties were released 
between 1980 and 2000, generating sizable gains in rice productivity. 
It showed that about 40% of the total rice area in SSA is planted with 
improved varieties, particularly in the irrigated and mangrove rice areas. 
It also showed that without regional efforts in rice research, an additional 
658,000 hectares of land would have needed to be under rice cultivation to 
maintain consumption levels at their current standard.
 Rice varietal improvement contributed, on average, $375 million per year 
to the regional economy and could be as high as $850 million. The returns 
to investment in rice research have exceeded 20% annually. 

Fall Study

A study by A. Fall in 2005 on the impact of rice research in Senegal and 
Mauritania by WARDA and its national partners showed clearly that 
investment in rice research and extension is a good alternative for the use of 
public funds. The internal rate of return for the two countries was estimated 
to be about 74%, which amply justifies the rice research and extension 
investments. 
 WARDA studies have confirmed the successful impact of the Sahel 
varieties in the two countries and estimated that accumulated revenue gains 
from the Sahel varieties from 1995-96 to 2000-01 exceeded $30 million. Even 
a partial adoption of the ICM approach by irrigated rice farmers in Senegal 
and Mauritania resulted in a 60% increase in farm yields and 85% increase 
in profits.
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Diagne et al Study

Socioeconomic impact studies by A. Diagne and his national research partners 
in 2005 show that, thanks to NERICA adoption in Benin, child schooling 
in the survey area had a 3% increase in school attendance and a similar 3% 
increase in youngsters persisting with primary education. Overall, families 
were able to spend an extra $8 on keeping each child in school. A study of 
rice growers in Uganda also highlighted schooling as a priority. 
 On top of the extra money spent on schooling, about $12 extra was spent 
on child health care in 2004 by the growers of NERICAs. That led in turn 
to a 5% increase in attendance at a hospital when children became sick but, 
tellingly, an overall 2% reduction in the frequency of child illness in those 
families. 
 When these modest impacts are extrapolated across a sub-Saharan Africa 
rice sector of about 20 million farmers and about 100 million other people 
depending on rice for their livelihoods, the value of the agricultural research 
that led to the development of NERICAs becomes very significant. 
 These impacts also reveal that NERICA contributes effectively to the 
realization of almost all the Millennium Development Goals, including 
halving poverty and hunger, promoting education, improving health, 
reducing child mortality, empowering women, and ensuring environmental 
sustainability.

CHALLENGES FOR A RICE-BASED AGRICULTURAL 
TRANSFORMATION IN SSA

Technological innovation is just one piece in a large and complex mosaic. 
SSA will benefit from technologies when agricultural policies are favorable 
and consistent. The recently held Africa Rice Congress in Dar es Salaam 
underlined that SSA governments should support agricultural technologies, 
institute policies that guarantee prices, and create access to credits, inputs, 
and markets, and safety nets and subsidies to support vulnerable groups, 
particularly farmers. 
 These conditions create level playing fields and give farmers incentives 
to adopt new and sustainable technologies and diversify production into 
higher-value crops, actions that raise incomes and lift households out of 
poverty.
 To achieve a rice-based agricultural transformation, two areas in 
particular, should be urgently addressed: farmer support and investment in 
science and technology.
 SSA has become increasingly dependent on Asian rice producers and 
the world market for one of its staple foods. With 9.2 million t projected 
for 2006, rice imports cover more than 45% of African consumption and 
represent a third of world rice imports. 
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 While SSA’s 36 million rice farmers scrape a living out of rice farming in 
a liberalized market, Asian and American rice farmers are highly supported 
by their governments. African governments must support farmers in their 
search to produce adequate amounts of rice to guarantee food security as well 
as reduce poverty.
 SSA’s economic renewal and sustainable development will not be 
achieved without effective investment in science and technology. SSA 
must therefore engage in a massive investment in human capital and create 
institutions that will provide a favorable environment in which African 
scientists can work. 

CONCLUSIONS

Science-led partnership will be a key element to achieve a rice-based 
agricultural transformation in SSA. However, a meaningful partnership only 
happens when Africans know what they want for themselves. SSA’s problems 
cannot be solved by its partners. The onus is on Africans themselves. For 
there is no country, and no people, whose economic and political development 
was not an endogenous and intrinsic process, engraved in its own culture 
and adapted to its own soil and climate. 
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Green Revolution technologies have contributed to the more than doubling of 
rice production over the last 35 years in India, driven mainly by a productivity 
increase approaching 85%. This strong increase in rice production that came 
from small farmers underlines the impressive role of smallholders in the 
Green Revolution process. Both the unit cost of production and real rice 
prices have fallen. A surplus of rice exists for trade. Agricultural research 
has contributed significantly and substantially to these trends, and returns to 
agricultural research have remained both stable and high since the 1970s. 
This paper assesses the total factor productivity (TFP) of rice grown in various 
states/regions of India and examines the sources of productivity growth and 
marginal rates of return to public investment in rice research. The TFP index 
has risen about 1% per year and has contributed about one-third of production 
growth. A decelerating tendency in TFP growth is observed. To maintain a 
surplus of rice, the study emphasizes the need to strengthen efforts to increase 
production by maintaining or increasing TFP through public investment in 
irrigation, infrastructure development, research, and efficient input use. It is also 
important to conserve natural resources and promote the ecological integrity 
of the agricultural system. 

Rice is an important food grain that is produced and consumed worldwide. 
India contributes 22.4% of the total world rice production. Public investment 
in irrigation, other rural infrastructure, and research and extension, together 
with improved crop production practices, has added 43 million tons of rice 
from 1970 to 2003. The 62% increment in rice production that came from 
small farmers (with farm size of less than 2 ha) underlines the impressive role 
of smallholders in the Green Revolution process (Singh et al 2002). This 
paper examines total factor productivity (TFP) growth for rice in different 
states and regions of India and estimates the returns to public investments in 
rice research. This paper is an extension of the work of Kumar and Rosegrant 
(1994) and Jha and Kumar (1998). It also uses more recent data and recent 
decomposition analysis of sources of TFP by following a multistage model.

Total Factor Productivity
and Returns to Rice Research in India

Praduman Kumar 
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THE CONCEPTUAL FRAMEWORK 
OF CROP PRODUCTIVITY

Productivity growth in agriculture is both a necessary and sufficient condition 
for its development and has remained a serious concern for intense research 
over the last five decades. Solow (1957) was the first to propose a growth 
accounting framework, which attributes growth in TFP to that part of growth 
in output that cannot be explained by growth in factor inputs such as land and 
capital. Development economists and agricultural economists have computed 
productivity and have examined productivity growth over time along with 
differences among countries and regions. Productivity growth is essential to 
meet food demand arising out of steady population and economic growth. 
 TFP is an important measure to evaluate the performance of any 
production system and the sustainability of a growth process. However, 
several complex conceptual issues are not adequately captured by an analysis 
of the kind described earlier. First, for example, agricultural research has 
contributed to breaking seasonality in crop production. Second, a great deal 
of stability has been introduced in crop production by providing farmers with 
varieties that tolerate or resist adverse environmental conditions. Finally, 
quality improvements have added to the value of production, as in the case of 
basmati rice. All of these and many other contributions have been subsumed 
under a residual TFP measure. It would be worthwhile to identify these 
influences explicitly, which would lead to a more realistic assessment of the 
productivity of crop research; otherwise, we may continue to underestimate 
research contributions. 
 Decomposition of growth in agricultural output in India has interested 
researchers and policymakers for a long time. Various attempts have been 
made to explain growth in agricultural output in terms of area and yield 
components, beginning with the first systematic study by Minhas and 
Vaidyanathan (1965). Later, work on the decomposition of growth in 
agricultural output became more refined and invoked the total productivity 
concept. The contributions of Evenson and Jha (1973), followed by Dey and 
Evenson (1991), Sidhu and Byerlee (1992), Kumar and Mruthyunjaya (1992), 
Rosegrant and Evenson (1992), Dholakia and Dholakia (1993), Kumar and 
Rosegrant (1994), Evenson et al (1999), Fan et al (1999), Ali and Byerlee 
(1999), Coelli and Rao (2003), Rozelle et al (2003), and a few others have 
been important parts of this genre. The yield-area decomposition model and 
productivity growth accounting model are compared in Box 1.
 In Model 1, growth in agricultural output is simply decomposed into 
area and yield components. This simple scheme is easy to understand for 
the dynamics of agricultural growth, particularly when growth in land is the 
main source of output growth. This was the situation until the 1960s, for 
example. Subsequently, as technological change and other (nonland) inputs 
became more important, an alternative approach became necessary. Model 2 
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is able to identify the sources of output growth in terms of inputs and (total) 
productivity. The contribution of improved technology is measured as TFP 
growth, which can be further decomposed into several factors: research, 
extension, education, infrastructure, health of natural resources, and so on. 
Input growth is also influenced by several factors such as input-output prices, 
technological innovations, institutions, infrastructure, policy initiatives, etc. 
As can be seen, Model 2 is more comprehensive and more appropriate for 
understanding the dynamics of agricultural growth.

SUSTAINABILITY AND TFP: METHODOLOGY

At the farmers’ level, sustainability concerns are being expressed that input 
levels have to be continuously increased in order to maintain yield at the 
old level. This poses a threat to the economic viability and sustainability of 
crop production. A sustainable farming system is a system in which natural 
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resources are managed so that potential yield and the stock of natural 
resources do not decline over time. However, each of the components of 
sustainable agriculture is complex and some quantifiable measures are needed 
to check whether a farming system is sustainable or not. Because of the 
multidimensional nature of the concept of sustainability and the difficulties 
in determining specific threshold values for these dimensions, it may be even 
too ambitious to seek the absolute level of sustainability. We should probably 
be satisfied with the relative ranking. Lynam and Herdt (1989) proposed a 
nonpositive trend in TFP as a good indicator of a lack of sustainability of a 
production system. This has been widely accepted and used as an indicator 
of the unsustainability of production (see Ethui and Spencer 1993, Cassman 
and Pingali 1995, Kumar et al 1998). A farming system is sustainable if it 
can maintain TFP growth over time. In this paper, deceleration in TFPG 
has been taken as a proxy of unsustainability. TFPG was classified into five 
categories: negative (negative and statistically significant TFPG), stagnant 
(statistically nonsignificant TFPG), low (<1% TFPG), moderate (1–2% 
TFPG), and high (>2% TFPG). 
 The relative sectoral growth rates of productivity are important 
determinants of the structural transformation of economies, and the rate 
of growth of productivity in the industrial (Kuznets 1986) and agricultural 
sectors (Evenson and Jha 1973) has been put forward as a key variable. Since 
the publication of the pioneering works of Schultz (1953), Solow (1957), 
and Griliches (1964), voluminous literature has appeared dealing with the 
measurement and analysis of productivity at different levels of aggregation. 
Three approaches for this measurement are the most representative: (1) the 
parametric approach, which models the state of technology by including a 
time trend in the production or cost functions and partial differentiation with 
respect to time to get estimates of technological changes; (2) the accounting 
approach, which approximates technological change by the computation 
of factor productivity indices, mainly the rate of change of TFP indices 
(Christensen 1975); and (3) a recent approach, termed as “nonparametric” by 
Chavas and Cox (1988) and Cox and Chavas (1990), which identifies a group 
of implied linear inequalities that a profit-maximizing (or cost-minimizing) 
firm must satisfy and estimates the rate of TFP using linear programming. 
Coelli and Rao (2003) used this approach and constructed the Malmquist 
TFP index for agriculture using an FAO database of 93 countries covering 
the period 1980-2000. However, the accounting approach is popular because 
it is easy to implement and requires no econometric estimation. The use of 
TFP indices gained prominence since Diewert (1976, 1978) proved that the 
Theil-Tornqvist discrete approximation to the Divisia index is consistent 
in aggregation and superlative for a linear homogeneous trans-logarithmic 
production function. The Divisia-Tornqvist index has been used in our study 
for computing TFP for rice by state and region of India. 
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 The TFP trend indicates whether production growth is taking place 
in a cost-effective and sustainable manner. Though growth in output can 
be achieved by using higher and higher levels of inputs, this may not be 
sustainable in the long run if incremental output involves increasing doses 
of incremental inputs. Sustainable growth in the long run necessitates faster 
growth in output than in inputs. TFP serves as an excellent indicator of 
the performance of any production system and sustainability of the growth 
process. TFP is influenced by changes in technology, institutional reform, 
infrastructure development, human resource development, and other factors. 
The crop-related technology changes that are often embodied in seed adoption 
by farmers can be divided into two components: “quality” and “quantity.” The 
former represents productivity improvement and cost reduction, while the 
latter is the extent of area on which farmers adopt the technology. Quality 
reflects the research output that is determined by investment in research 
and is an exogenous variable in explaining TFP. The quantity of technology 
is linked to its adoption and is affected by extension, literacy, infrastructure 
development, and on-farm and off-farm characteristics. 

THE DATA

The farm-level data on rice yield and the use of inputs and their prices from 
1971-72 to 1999-2000 collected under the “Comprehensive scheme for the 
study of cost of cultivation of principal crops,” Directorate of Economics and 
Statistics (DES), Government of India (GOI), were used in the analysis of 
TFP and supply projections. The missing year data for a few states and years 
on inputs and their prices were predicted using interpolations based on trends 
of the available data. The time-series data on area, yield, production, irrigated 
and high-yielding variety (HYV) area for the rice crop, and source-wise area 
irrigated were taken from various published reports of the DES (GOI). Crop 
production across the country is diverse and agricultural production and 
input use depend on the physical environment, which includes factors such 
as soil quality and climate. State-wise time-series data were aggregated into 
four regions: the eastern region covering the states of Assam, Bihar, Orissa, 
and West Bengal; the northern region, which includes Haryana, Punjab, and 
Uttar Pradesh; the western region, covering Gujarat, Maharashtra, Madhya 
Pradesh, and Rajastan; and the southern region, comprising Andhra Pradesh, 
Tamil Nadu, Karnataka, and Kerala. The share of the hills region (Himachal 
Pradesh and Jammu and Kashmir) in rice production was marginal and was 
therefore not included in the analysis. The data on research and extension 
stock investment compiled by Evenson and Jha (1973) and updated by 
Ranjitha (1996) were used. 
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AGRICULTURAL R&D AND MODERN RICE TECHNOLOGY

Rice is grown in highly diverse environments in India. Of the total of 45 
million hectares of harvested area under rice, about 28% are rainfed lowland, 
46% irrigated, 12% rainfed upland, and 14% flood-prone. In nontraditional 
rice-growing states, such as Punjab, Haryana, and Uttar Pradesh, rice 
production has increased substantially since the late 1960s because of the 
introduction of modern high-yielding rice varieties. Rice production in the 
country was barely 32 million tons and the harvested area was 31 million 
hectares in the early 1950s. Production accelerated in the mid-1960s on 
account of the Green Revolution. The increase in production was mainly 
productivity-led. The production growth rate increased to 3.6% in the 1980s, 
from 1.9% in the 1970s, but fell again to 2.0% per year in the 1990s. This 
has given a major challenge to rice research. 
 The national agricultural research and extension system (NARES) 
recognized the importance of rainfed areas in sustaining food security in the 
country. Between 1965 and 2001, the rice R&D (research and development) 
system in India released about 640 improved rice varieties: 54% of these for 
irrigated areas, 27% for rainfed lowlands, and 19% for upland areas. Looking 
at the historical perspective of the development of rice varieties in the rice 
research system in India, during 1965-75, 105 varieties were developed and 
released by the Central Variety Release Committee, which increased to 
139 in the next ten-year period and increased further to 231 in 1986-95. 
A substantial irrigated area in Punjab and Haryana in northwest India is 
allocated for the production of high-quality basmati rice, but traditional 
varieties also account for a large portion of rice land in these states. 
 Between 1970 and 2001, food grain production increased by 103 million 
tons. Of this gain, rice contributed 48.5%, wheat 47%, coarse cereals 1%, and 
pulses 2% (Table 1). The contribution of farms less than 2 ha to incremental 
production was substantially higher: 62% in rice and 48% in wheat during 
1970-90 and even higher during 1990-2001, 71% in rice and 61% for wheat. 
Even the contribution of small farms to total food-grain production of rice 
will be much higher in the future than observed in the past. These results 
underline the impressive role of smallholders in the Green Revolution process 
and the attainment of both household and national food security. The process 
needs to be sustained through technological transfer and policy support 
to ensure higher productivity, stability, and sustainability of agricultural 
production in order to tackle the emerging challenges of equity and food 
and nutritional security at the national and household levels. 
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Growth in Area, Yield, and Production

Changes in cropping patterns represent responses to changing economic, 
technological, and institutional factors. Land constrains Indian agricultural 
production. An increase in crop area and production is strongly associated 
with the crop’s relative profitability. Farmers allocate their land among 
alternative crops to maximize their expected return. India has also 
experienced considerable changes in rice area, production, and yield since the 
Green Revolution began. Levels of yield, the adoption of modern varieties, 
irrigation, and price policy are some important factors that have influenced 
changes in cropping pattern. Rice yield increased spectacularly from 1.1 t ha–1 
in 1967-71 to 1.9 t ha–1 in 1997-2000. The extension of irrigation facilities 
has brought about drastic changes in cropping pattern that replaced coarse 
cereals with high-yielding and high-value crops such as wheat and rice. From 
1967 to 2000, rice area increased 0.6% annually and output increased 2.8%, 
mainly because of yield growth (Table 2).
  The northern states, which were not traditionally rice-growing states, 
have contributed more to the growth of rice yield and production. The share 
of rice from the northern region was merely 12% in 1970 but increased to 29% 
of total rice production in 2000 (Table 3). From 1967 to 2000, rice production 
in the northern region increased at 5.7% annually, with nearly two-thirds of 
this increase being contributed by yield gains. The rice area, production, and 
yield growth attained were highest in 1973-81. In the following decade, the 
rate of production increase declined to 5.2% per year, with yield gains still 
showing a high growth of 4.0% annually, which declined further to 3.2% 
during 1991-2000, while area and yield growth decreased to 1.9% and 1.3%, 
respectively. In the southern region, growth in production was 2.5% during 
1973-81, 3.5% during 1982-90, and 1.4% during 1991-2000, and virtually all 
of it came from yield increases as the proportion of rice area under modern 
varieties and irrigation increased. It is encouraging that the eastern region 

Table 1: Contribution of rice to food production in 
India.

 Production  Increment 
Food grains (million t) in production

 1970 2001 Million t Percent

Rice   43   93   50 48.5
Wheat   24   72   48 46.6
Coarse cereals   30   34     4 3.8
Pulses   12   13     1 1.0
Food grains 109 212 103 100.0
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realized high growth rates in production (6.8%) and yield (5.6%) during 1982-
90, but this growth declined steeply during 1991-2000. The eastern region 
accounted for the highest share (35%) in total production in the triennium 
ending in 2000. Although the western region faced irrigation constraints, 
an increasing trend in production was observed.
 The gains in rice output have come essentially from a steady increase in 
yield. A steady growth in yield was observed in the 1980s and ’90s, despite 
a decline in capital formation. Part of the explanation lies in the significant 
lag between investments in irrigation, research, education, extension, etc., 
and realization of the potential created. After the 1990s, decelerating growth 

Table 2: Annual compound growth rates (%) in area, production, and yield of rice in 
India.

Region Item 1967-99 1967-72 1973-81 1982-90 1991-2000

Eastern Area 0.2 –0.0 –0.4 1.2 0.6
 Production 2.2 0.1 0.3 6.8 2.1
 Yield 2.0 0.1 0.7 5.6 1.5
Western Area 0.7 0.7 1.2 0.2 0.5
 Production 2.3 –1.2 2.8 2.0 1.0
 Yield 1.6 –2.0 1.5 1.8 0.5
Northern Area 2.0 1.3 4.4 1.1 1.9
 Production 5.7 5.9 9.0 5.2 3.2
 Yield 3.7 4.6 4.6 4.0 1.3
Southern Area –0.2 –0.6 0.2 –0.3 0.2
 Production 1.9 2.8 2.5 3.5 1.4
 Yield 2.1 3.4 2.4 3.8 1.2
All India Area 0.6 0.3 0.8 0.7 0.7
 Production 2.8 1.4 2.8 4.7 2.1
 Yield 2.2 1.2 2.0 4.0 1.4

Table 3: Share (%) of region in rice area and production in India.

 TEa 1970 TE 1980 TE 1990 TE 2000
Region
 Area Prod. Area Prod. Area Prod. Area Prod.

Eastern 46 43 43 36 43 36 43 35
Western 17 13 18 12 18 12 10   6
Northern 15 12 18 20 20 25 25 29
Southern 22 31 21 32 19 27 21 30

aTE = triennium ending. Area = total area under rice.



Total Factor Productivity and Returns to Rice Research in India     567

in area, production, and yield was observed in all the regions. The scope for 
area expansion is limited. The deceleration in technological components 
might have slowed production growth (Kumar 2001). 

Trends in Input Use

From 1967 to 1996, rice area under irrigation and modern varieties exceeded 
85% of the total cultivated area in the southern region. The growth in 
planting of modern varieties in the northern region has been similar, but the 
irrigated area under rice was slightly lower (75%). The adoption of modern 
varieties and irrigation has been slower in the eastern and western regions 
(Table 4).
 Average fertilizer use was near or at the recommended dose in the 
northern and southern regions versus 61 kg in the western region and 74 kg 
in the eastern region. Where relatively high levels of input use have already 
been attained, the growth in the use of fertilizer and its marginal contribution 
to yield increases are expected to be lower in the future, especially in the 
northern and southern states. The eastern and western regions have lagged 
behind the northern and southern regions in the application of fertilizer 
and adoption of HYV technology, and a further growth in input use and rice 
yield in the eastern areas could occur. Organic manure was used in a small 
quantity and also has shown a declining trend.
 The use of labor-saving technologies, especially tractors, expanded 
rapidly and replaced animal labor. The most prominent change occurred in 
animal labor, whose growth declined by as much as 11.6% per annum in the 
northern region and by 2.5% in the southern region. The traditional use in 
other regions seems to be high. Human labor use did not decline except in 
the northern region.

Table 4: Trends in area under irrigation and modern varieties of rice in India.

Region Irrigated area (% ) Modern variety area (%)

 TEa  TE TE TE TE TE TE TE
 1970  1980  1990 2000  1970  1980  1990  2000

Eastern 29 30 29 32   6 27 45 65
Western 18 21 23 27   7 35 57 68
Northern 29 43 61 75 13 56 83 87
Southern 82 84 85 89 73 84 88 90
All India 38 42 45 50 11 43 62 74

aTE = triennium ending.
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 Evidence on the use of inputs revealed that the existing level of 
application of modern inputs is relatively low in the eastern region. A further 
spread of inputs in this region, or to new areas where the existing level of 
application is relatively low, would contribute to a rise in the productivity 
per unit of input and ensure a more equitable distribution of benefits. This 
is followed by the increased investment in minor irrigation, including pump 
sets and bamboo tubewells, and increased use of fertilizer. There is great scope 
for a further increase in yield and production in the eastern states through a 
substantial investment in flood control and in minor irrigation. The eastern 
region occupied 43% of the total rice area in the country and contributed 35% 
of the country’s total rice production. Any slight improvement in productivity 
in the eastern region will contribute significantly to the domestic rice supply 
in India.

Real Cost of Production, Price, and Profit

The nominal cost1 per unit of rice production showed an upward trend despite 
the rapid growth in yield caused by technical change.2 However, we need 
to ascertain whether the increase in nominal unit cost of production came 
mostly from an increase in prices of farm inputs at a rate higher than the rise 
in productivity or from a higher use of inputs in real terms for obtaining the 
same yield. This question was examined by assessing the cost of production at 
constant prices (base year 1981-82). Annual growth rates of the real cost of 
production, real rice price, and real profit were computed and are presented in  
Table 5.3 
 The unit cost of rice production has decreased steadily in real terms, 
at –1.2% in eastern India, negligible in western India, –1.9% in northern 
India, and –2.2% in southern India. Modern variety adoption; investment in 
irrigation, infrastructure, and research; and subsidies appear to have lowered 
the unit cost of rice production. From the results, it appears that, in the later 
period of fast growth of modern variety adoption in the southern region, there 
was a sharp decline in the unit cost of rice production. Thus, the adoption of 

1Cost includes all cash and kind expenses actually incurred, rent paid, interest on owned and borrowed 
capital, and imputed value of family labor.
2Detailed statistics are available in the reports of the Commission for Agricultural Costs and Prices 
for the crops sown during various seasons, Department of Agriculture and Cooperation, Ministry of 
Agriculture, Government of India.
3The unit cost of production was deflated by an input price index series to obtain the real cost per 
unit of output. The real price is computed by deflating the rice price received by farmers with the 
wholesale consumer price index. Real profit is measured as net profit in rice-equivalent terms.
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modern varieties and public policies have lowered the unit cost of production 
and rice prices in real terms. The real price in the northern states did not 
decline because of the adoption of high-priced basmati rice. The increasing 
trends in real profit are evident in all the regions. The annual growth in 
real profit was estimated to be 11% in the northern region, followed by the 
southern region (7.7%) and eastern region (4.8%). The cultivation of basmati 
rice benefited northern region farmers substantially. In all the regions, the 
decline in the real cost of production was more than the declining trend in 
real price. The results inferred that farmers and consumers have shared the 
benefits of higher production efficiency and lower prices, respectively. 

Total Factor Productivity

The results on average annual growth rates of output, input, and TFP indices 
reveal that, in the northern region, the input index during 1971-2000 rose by 
3.0%, whereas it rose by 1.4% in the southern region, by 1.6% in the eastern 
region, and by 2.7% in the western region. With increases in inputs and 
technical progress, output has increased by 4.4% annually in the northern 
region, followed by the eastern region (2.6%), the southern region (2.5%), 
and the western region (2.0%). The variation in TFP is due almost entirely 
to variation in output, as the total input use increased smoothly over time. 
Overall, the TFP index has risen by around 1.1% annually in the southern 
region, by 0.9% in the eastern region, and by 1.4% in the northern region. In 
the western region, wide variation in the TFP index was observed because of 
wide fluctuations in weather and the estimated annual growth was negative 
and statistically insignificant. Productivity growth represents 44% of total 
output growth in the southern region, 36% in the eastern region, and 31% in 
the northern region. For the country as a whole, TFP growth was estimated 
at 0.93%. TFP contributes nearly 31% of the output growth in rice. The 

Table 5: Annual rates of growth (%) in real cost of 
production, price, and profit (at 1981-82 prices) in rice 

production in India, 1971-72–1999-2000.

Region Real costa Real price Real profit

Eastern –1.24** –1.03** 4.8**
Western –0.54 ns –0.66** 0.7 ns
Northern –1.92** 0.50** 11.0**
Southern –2.18** –0.31 ns  7.7**
All India –1.44** –0.72** 6.0**
    
ans = nonsignificant, ** = 1% level of significance. 
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performance of TFP growth of rice by state in the subperiod 1971-86, for 1986-
99, and for the entire period presented in Appendix 1 revealed that several 
states are showing deceleration in TFP. Backward states such as Bihar and 
Madhya Pradesh are showing signs of improvement in rice TFP growth.
 TFP growth during the post–Green Revolution period (1986-2000) 
declined from the growth rate estimated for the early period of the Green 
Revolution (1971-86). This tendency serves to emphasize two points. First, 
research challenges remain and there is no scope for complacency in the 
light of the current comfortable food supply situation. Fast growth may not 
be sustained if further technological improvements do not occur. Second, 
it is essential for the country to cover a diverse research portfolio. Quality 
improvements such as basmati rice have added to the value of production. 
Rice research has helped break the seasonal barrier and expand rice area 
in northwestern India and in the rabi season. The new varieties bring 
stability to rice production by providing tolerance of or resistance to adverse 
environmental conditions. All these contributions are subsumed under a 
residual TFP measure. This decelerating process will be examined in more 
detail below. Some researchers attributed this slowdown to a reduction 
in growth following the exploitation of early productivity gains from the 
adoption of modern varieties, the declining trend of investment in agriculture 
during the 1990s, and, more importantly, the increasing problems of water 
quality and soil salinity.

Total Factor Productivity Decomposition

The TFP index varies not only across states but also over time. In this 
section, we analyze how technologies and infrastructure have contributed 
to productivity growth. Factors that account for a change in TFP include 
changes in technology, institutional reform, infrastructure development, 
human resource development, and others. Adoption is a farmer’s choice 
variable and therefore must be considered an endogenous variable in the 
TFP model. The empirical specification of the endogenous technology and 
the determinants of the TFP model are defined as follows:

TFP = f(RES, HYV, RAIN, DUMMY)
HYV = g(RES, EXT, RLIT, RINF, IRRINF, DUMMY) 

where RES = research stock of rice crop (Rs ha–1 of rice area), EXT = 
extension stock (Rs ha–1 of net crop area), RAIN = July to September rain 
in mm, HYV = percent of crop area under high-yielding varieties, RLIT = 
percent of total rural literate population (primary and above education), 
RINF = rural infrastructure, proxies by percent of villages electrified, IRRINF 
= irrigation infrastructure, measured as the percent share of irrigated area 
to total net cultivated area, DUMMY = dummy for region, DE = dummy for 
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eastern states (Assam, Bihar, Orissa, West Bengal), DW = dummy for western 
states (Madhya Pradesh, Rajasthan, Maharashtra, Gujarat), DN = dummy 
for northern states (Punjab, Haryana, Uttar Pradesh), and DS = dummy for 
southern states (Andhra Pradesh, Tamil Nadu, Karnataka) of India.
 Cross-section time-series data are used in the estimation of the 
simultaneous equation model of rice TFP decomposition using the three-stage 
least squares (3SLS) estimation framework. The econometric estimates of the 
model are presented in Appendix 2. The system R-square was high (0.98), 
indicating the goodness of fit. The estimates of the model were statistically 
significant. Research, extension, rural literacy, and rural infrastructure (rural 
electrification and irrigation) were significant determinants that influenced 
the adoption of modern varieties. 
 The adoption of modern varieties had a significant influence on TFP. 
Thus, research investment leads to increases in TFP through its impact 
on variety turnover. Using TFP elasticity and growth rates of each factor, 
the contribution of each determinant to TFP growth was computed. Rural 
infrastructure has accounted for 42% of TFP growth, followed by public 
research (21%), literacy (15%), irrigation infrastructure (14%), and extension 
(8%).
 The ratio of amount spent on extension to research is falling (Pal and 
Singh 1997). A wide untapped yield potential exists. This, coupled with 
the complexity of second-generation technologies and heterogeneity of 
production environments, warrants much more intensive extension efforts. 
The slowing down in emphasis on extension will further widen the gap in the 
adoption of technology. Extension services should be strengthened by scaling 
up investment levels and improving the quality of extension. The first step 
in this direction should be to increase the availability of operating funds. 
This will result in increasing TFP trends and raise the share of extension in 
TFP growth. 

Returns to Rice Research

Using the elasticity of TFP with respect to research stock, one can easily 
estimate the value marginal product (EVMP) of research stock (R) as

EVMP(R) = br . (V/R) 
V = Q . FHP . STFP 

where R is the research stock and V is the value of rice production associated 
with TFP, Q is rice production, FHP is the farm harvest price, STFP is 
the share of rice production accounted for by TFP growth, and br is the 
TFP elasticity of research stock. The benefit stream is produced under the 
assumption that the benefit of investment made in research in period t will 
start producing a benefit after a lag of five years, produce a benefit at an 



572     Kumar

increasing rate in the next nine years, remain constant for the subsequent 
nine years, and thereafter decline (Evenson 19914). The benefit stream is 
discounted at the rate r, at which the present value of the benefit is equal 
to one. Thus, r is considered as the marginal internal rate of return to the 
public research investment. 
 The returns to public investment in rice research revealed that, for 
1973-97, a one-rupee increment in research stock generated on average an 
additional income of Rs 7.2. The marginal internal rate of return to public 
rice research is estimated to be 41%. This indicates that the returns to 
investments in rice research have been highly rewarding. Returns are quite 
stable over time, ranging from 39% to 43% and reaching a peak during 1986-
91. Thereafter, returns to research steadied somewhat. 

CONCLUSIONS AND POLICY IMPLICATIONS

India has high population pressure on land and other resources to meet its 
food and development needs. The natural resource base of land, water, and 
biodiversity is under severe pressure. The massive increase in population 
(despite the slowing down of the rate of growth) and substantial income 
growth require an extra 2.5 million tons of food grains annually, besides 
significant increases needed in the supply of livestock, fish, and horticultural 
products (Appendix 3). Demand for rice (including feed, seed, wastage, and 
export) in 2020 is projected to be 112 million tons. Future increases in rice 
demand will have to be essentially achieved through increases in productivity, 
as the possibilities for expansion of area and livestock population are minimal. 
To meet the projected demand in 2020, the country must attain a per hectare 
yield of 2.7 tons for rice. 
 The TFP index has risen about 1% per annum and has contributed about 
one-third of production growth. A decelerating tendency in TFP growth is 
observed. Basmati rice technologies benefited farmers in the northern states 
of India. To maintain a surplus of rice, the study emphasizes the need to 
strengthen efforts to increase production by maintaining or increasing TFP 
through public investment in irrigation, infrastructure development, research, 
and efficient input use. Returns to rice research are high. More than half of the 
required growth in yield to meet the demand target must be met from research 
efforts in developing location-specific and low-input-use technologies with 

4The investment of one rupee in year t in research will generate a benefit equal to 0.1*EVMP in 
year t + 6, 0.2*EVMP in year t + 7, and so on, and it will be 0.9*EVMP in year t + 14. After this, 
the benefit will be equal to EVMP up to t + 23. Then, the benefit for year t + 24 onward will be 
equal to 0.9*EVMP and in t – i + 25 it will be 0.8*EVMP, and so on. This gives the benefit stream 
from research investment.
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emphasis on the states or regions where current yield is below the national 
average. All efforts need to be concentrated on accelerating growth in TFP 
while conserving natural resources and promoting the ecological integrity 
of the agricultural system. 
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APPENDICES

Appendix 1: Trends in total factor productivity for paddy in selected states of India, 1971-
2000.

 Total factor productivity

Years Increasing
    No change Decreasing
 < 1% 1–2% > 2%
  
1971-86  Andhra Haryana,  Bihar,
     Pradesh,    Punjab,    Karnataka,
     Assam    Tamil Nadu,    Madhya
      Uttar Pradesh    Pradesh,
       West Bengal
1986-99 West Bengal Andhra  Assam, Haryana,
     Pradesh,     Karnataka,    Punjab
     Bihar,      Uttar Pradesh
     Madhya 
     Pradesh, 
     Tamil Nadu
1971-2000 Punjab Andhra  Assam, Bihar, Karnataka
     Pradesh,     Haryana,
     Tamil Nadu,     Madhya
     Uttar     Pradesh
     Pradesh,
     West Bengal
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Appendix 2: Estimated parameters of a total factor productivity (TFP) 
decomposition model for rice, 1971-2000.

 TFP equation HYV equation
Variable 
 Parameter estimatea T-ratio Parameter estimate T-ratio

Intercept 0.437** 2.7 –0.056 0.3
RES 0.003 0.2 0.074** 4.1
EXT   0.041** 2.2
HYV 0.100** 3.0  – –
RLIT   0.270** 3.2
RINF   0.386** 9.3
IRRINF   0.286** 5.6
RAIN 0.542** 25.4  
Dummy 
DW –0.064 1.2 0.462** 6.7
DN 0.243** 4.6 0.340** 4.6
DS 0.153** 2.9 0.622** 10.6
R-square 0.77  0.89 
System R-square    0.98 

a** = significant at the 1% level.
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Appendix 3: Demand for agricultural commodities in India by 2020.

 Achieved TE 1998-2000 Demand in 2020 Yield target in
  (million t)  2020 (kg ha–1)
Item
 Area Production Yield
 (million (million (kg ha–1) LIGa HIG LIG HIG
 ha)  t)     

Rice   42.2   85.7 1,903 112.4 111.9 2,664 2,652
Wheat   26.2   69.1 2,582   82.3   79.9 3,137 3,045
Coarse cereals   30.7   30.4 1,041   38.9   37.3 1,268 1,214
Cereals   99.1 185.2 1,814 233.6 229.0 2,357 2,311
Pulses   21.7   13.8 608   22.3   23.8 1,029 1,095
Food grains 120.8 199.0 1,595 255.9 252.8 2,119 2,092
Edible oil   28.6     6.4 269   10.8   11.4 379.7 399
Potato     1.2   21.6 17,188   27.8   30.6 22,279 24,566
Vegetables     5.3   74.5 14,204 135.6 168.0 25,673 31,812
Fruits     3.2   43.0 13,437   77.0   93.6 24,064 29,259
Sugarcane (gur)    3.7   26.9 7,006   32.6   33.7 8,788 9,088
Milk –   71.2 – 115.8 137.3 – –
Meat –     5.0 –     8.8   11.4 – –
Eggs (number) – 2873 – 7,750 10,000 – –
Fish –     5.3 –   10.1   12.8 – –

aLIG = low income growth (3.5% per capita GDP growth), HIG = high income growth (5.5% per capita 
GDP growth). Demand includes export of 4.7 million t of rice, 3.6 million t of wheat, 2.2 million t of 
vegetables, 1.4 million t of fruits, and 0.49 million t of fish. 
Source: Paroda and Kumar (2000).
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Liberalization of agricultural trade has evoked considerable interest in countries 
like India, which had tightly controlled trade in the past and accorded high 
priority to the goal of self-sufficiency. The initial years of liberalization after 
1991 showed a sharp increase in net trade due to the much higher gain for 
exports compared to the increase in imports. The initial years of the WTO also 
proved quite favorable for net trade and exports. However, after 1998, exports 
declined for some years, imports witnessed a sharp increase, and domestic 
production came under threat from imports even when moderate tariffs were 
put in place. This sudden decline in the competitiveness of domestic production 
is often seen as an adverse impact of trade liberalization even though the 
opening up of trade in the six years preceding 1998 helped to increase the 
surplus in agricultural trade. To understand the real reasons for the loss in 
competitiveness in the post-1998 years, there is a need to understand the 
behavior of international prices and their transmission to domestic prices. This 
paper looks into the behavior of international prices and explores the impact of 
fluctuations in global prices on domestic production through the transmission 
of global price signals to domestic prices.

Rice has remained as the most important crop of India in terms of both 
area and value of output. The crop is currently grown on about 42 

million hectares and the value of output was Rs. 78 billion during 2003-04. 
Rice is estimated to contribute about 2.5% of gross domestic product and 
it provides employment to a large workforce in crop production and paddy 
processing. India also earned foreign exchange worth Rs. 6.696 billion 
during 2004-05 from rice exports. Rice is the staple food for the majority 
of the Indian population and rice consumption is an important item of the 
household budget. According to the NSSO consumption survey of 1999-2000, 
rice constituted 20.48% of total food outlay in urban areas and 32.28% in 
rural areas. Out of total household expenditures, rice accounted for 10.45% 
in rural areas and 8.07% in urban areas. These broad indicators reveal the 
importance of rice in the Indian economy.

International Price Volatility and 
Price Transmission: Impact 
on India’s Rice Exports

Ramesh Chand
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INDIA’S RICE MARKET

Rice production in India is about 90 million tons. Various estimates indicate 
that about 40% of this production is retained by producers for their own use 
and 60% is disposed of through various formal or informal channels. The 
total marketed surplus of rice in the country is estimated at 54 million t. Out 
of this, around 40% is produced by public agencies and the remaining 60% 
is handled by private trade. Distribution of total production for domestic use 
and export shows that 96% of domestic production is retained within the 
country and 4% is exported.

RICE TRADE

India is traditionally known to export long-grain aromatic basmati rice. 
Because of a shortage of food in the country, India also used to import 
common rice almost on a regular basis till 1972 to meet domestic demand. 
However, after 1972, rice was imported only in a few years when there was 
a sharp decline in domestic production. 
 The trend in rice imports and exports during the last 25 years covering 
1980-81 to 2004-05 is presented in Figure 1. During the early 1980s, India 
exported close to half a million tons of rice and it imported 170,000 t. During 
the second half of the 1980s, exports declined and imports increased. After 
this, that is, since 1991, imports have gradually vanished and exports during 
the last 10 years have remained at more than 3.3 million t.
 The composition of rice exports in basmati and nonbasmati categories 
shows that the level of exports of both types of rice remained below 600,000 
t till 1994-95 (Table 1). During 1995, India released rice for export by the 
private sector, which showed spectacular results. Rice exports during 1995-
96 increased to close to 5 million t, out of which 4.5 million t consisted of 
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Fig. 1: Changes in India's rice trade since 1981.
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nonbasmati rice. This was the highest export seen until then. This level of 
exports sent a strong signal about the potential of India’s rice exports. After 
this success, various restrictions on rice exports were gradually removed.
 A very striking aspect of rice exports in the post-WTO period turned out 
to be violent fluctuations in year-to-year exports. The extent of fluctuation in 
exports of basmati and nonbasmati rice can be seen from Figure 2. Exports of 
basmati rice also witnessed an increase in the post-WTO period. In contrast 
to exports of nonbasmati rice, exports of basmati rice showed relatively much 
smaller year-to-year fluctuations. The extent of instability in exports of 
nonbasmati rice can be seen from the fact that, in 3 years out of 10, exports 
exceeded 4.2 million t and in 5 years they were below 2 million t. 
 This large variability in rice exports has implications for the domestic 
supply and prices. The instability in prices affects not only production 
planning but also food security and nutrition by affecting the level of demand 
for rice. It is therefore important to investigate the reasons for instability in 
exports.

INSTABILITY IN EXPORTS: CAUSES AND CONSEQUENCES

During the discussion on agreement on agriculture in the Uruguay Round, no 
country or analyst drew attention to the volatility in international prices and 
its implications for domestic production and prices due to trade liberalization. 

Table 1: Trend in India’s rice exports (000 t).

Year Basmati Nonbasmati Total 

1988-89 314 36 350
1989-90 384 38 422
1990-91 232 273 505
1991-92 267 411 678
1992-93 325 255 580
1993-94 527 240 767
1994-95 442 449 891
1995-96 373 4,541 4,914
1996-97 523 1,989 2,512
1997-98 593 1,796 2,389
1998-99 598 4,366 4,964
1999-2000 638 1,258 1,896
2000-01 849 682 1,531
2001-02 667 1,541 2,209
2002-03 709 4,259 4,968
2003-04 771 2,641 3,412
2004-05 1,126 3,646 4,772
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It was thought that the major issues in trade liberalization are input subsidies, 
price support and intervention, export subsidy, quantitative restriction and 
tariff, etc. However, post-WTO, price volatility turned out to be the major 
factor in implementation of the WTO agreement.
 As already mentioned, exports of rice (nonbasmati) from India faced 
sharp year-to-year fluctuations. Instability in exports can arise for several 
reasons. These could be related to
 1. Fluctuation in domestic production
 2. Changes in export policies
 3. Stock position of rice with public agencies
 4. Volume of international trade
 5. Volatility in international price 
 In the following section, we examine the impact of each of these factors 
on India’s nonbasmati rice exports.

Domestic Production and Exports

Trends in annual production and exports of rice are presented in Figure 3 
by constructing an index of production and exports with a base of 1995-96 
= 100. The figure shows that, except for 2001-02 and 2002-03, production 

�����
�����
�����
�����
�����
�����
�����
�����
���

�

���������������

�

�����

�����

���

���

���

���

�

�

�������
�������

�������
�������

�������
�������

�������
�������

�������

�����

Fig. 2: Exports of nonbasmati (A) and basmati (B) rice.
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showed more or less a smooth trend. There was no correlation whatsoever 
between the two series representing exports and production of the previous 
year. Fluctuation in output, taken as a change in output in the previous year, 
also did not show any significant correlation with fluctuations in exports. 
The correlation was 0.29 only.
 Sometimes, the level of exports is affected by the stock with the 
government. When the stock exceeds the norm, the government sometimes 
liquidates the stock and increases market supply, which can result in an 
increase in exports. 

Changes in Export Policies

After 1995-96, exports of rice from India were liberalized progressively and 
there was no restriction on exports of rice in this period. The only factor 
that remains to be explored is the impact of volatility on the price of rice in 
the international market. 

The International Price and Rice Exports

Exports of rice by the private sector depend on the difference between 
the domestic price and international price. This difference, calculated 
as the percent of domestic price, is termed the “price wedge.” The price 
wedge in different years in the post-WTO period varied from (–)13.30% to 
(+)58.81%. 
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Fig. 3: Index of rice exports and production: base 
1995-96 = 100.
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 Further, most of the variation in the price wedge was caused by 
fluctuations in the international price as domestic prices showed very small 
fluctuations (Fig. 4). The correlation coefficient between India’s rice exports 
and the price wedge turned out to be 0.674, which was significant at the 5% 
level.
 To further confirm the impact of various factors on India’s rice exports, 
multiple regression analysis was carried out to look at the influence of 
various factors on rice exports. The equation was run by using the level of 
nonbasmati rice exports as the dependent variable and the price wedge, 
stock, and fluctuations in domestic production as independent variables. 
The results of the estimated equation are presented in Table 2.
 The results show that exports of rice during the post-WTO period were 
significantly affected by the difference in international and domestic prices 
and the position of the rice stock with public agencies at the beginning of the 
year. The impact of the price wedge was significant at the 5% level while the 
impact of the stock was significant at the 10% level. For these two variables, 
the effect of price was much stronger. As the volatility in international prices 
caused a lot of variation in the profitability of rice exports, it is found to be 
the major cause of instability in India’s rice exports.

PRICE TRANSMISSION

Because of trade liberalization, domestic prices of rice are not left untouched 
although public intervention tries to maintain some stability in rice prices in 
the country through a system of procurement from producers and distribution 
through the public distribution system. Further, open market operations are 
also carried out to achieve the goals of price policy. These interventions 
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Fig. 4: International and domestic prices of rice.
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have helped to maintain some stability in domestic prices and to guard 
against complete transmission of international price volatility into the 
domestic market. As can be seen from Table 3, price instability, measured 
as the standard deviation of deviation from the trend, is much higher in 
international prices than instability in domestic prices. However, there 
is a significant change in the integration of the domestic market with the 
international market after 1995. This is revealed by the correlation coefficient 
between international and domestic prices, which increased from 0.10 before 
WTO to 0.67 after WTO. 
 Thus, despite strong government intervention to maintain stability in the 
domestic price of rice, two sets of prices have shown strong correlation after 
WTO. Estimation of the price transmission equation shows that, since 1995 
(1995 to 2004), there is a significant though not full transmission of variation 
in international prices on domestic prices. The elasticity of transmission is 
0.284.

Table 2: Impact of different variables on India’s rice exports.

 Coefficients   
Independent   T/F Significance
variable B Standard  level
  error
 
Constant –1,275.95 1,615.79 –0.789 0.459
Price wedge 51.31 17.85 2.873 0.028
Stock of rice 183.21 86.63 2.114 0.079
Change in  16.27 36.61 0.4446 0.672
   production %
R square 0.624  3.21 0.098

Table 3: Correlation and instability in domestic and 
international prices. 

Period International price Domestic price
  $ t–1  (Delhi)  $ t–1

Price instability: 
1982-94 0.146 0.097
1994-2004 0.164 0.077

Correlation: domestic and international prices 
1981-94  0.101
1995-2004  0.674
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IMPACT ON EXPORT COMPETITIVENESS

Estimates of trade competitiveness and domestic resource cost along with 
domestic and international prices are reported in Table 4 for West Bengal, 
Andhra Pradesh, and Punjab. Andhra Pradesh and West Bengal are coastal 
states, and exporting rice from them would require only internal movement 
and marketing cost. For Punjab, the additional cost of transport from Punjab 
to the port in Gujarat or Mumbai has to be calculated to arrive at a relevant 
world reference price. This is the reason that, in some cases, despite the 
domestic price in Punjab being lower than the domestic price in Andhra 
Pradesh and West Bengal, NPC in the former state turns out to be higher 
than in the latter two.
 NPC, which indicates export competitiveness at existing prices and is a 
guiding indicator for private trade, shows that exports from Andhra Pradesh 
and Punjab were competitive during 1997-98 and 1998-99. Subsequently, as 
international prices declined, exports did not remain attractive from these 
two states. However, for West Bengal, as domestic prices behaved in the same 
way as international prices, exports remained competitive.
 The domestic resource cost (DRC) indicates the cost to society in terms 
of opportunity cost of nontradable inputs such as land, labor, capital, etc., to 
earn one rupee from exports in terms of value added. For instance, a DRC 
of 0.40 for rice indicates that, to earn 1 rupee of foreign exchange through 

Table 4: Domestic and international prices and estimates of competitiveness and domestic 
resource cost for paddy/rice under the exportable hypothesis.

State Particular 1997-98 1998-99 1999-2000 2000-01 2001-02

West Bengal      
 Domestic price (Rs. qtl–1) 785 986 853 791 741
 World price (Rs. qtl–1) 1,174 1,325 1,096 946 844
 NPC 0.707 0.789 0.832 0.903 0.957
 DRC 0.404 0.551 0.606 0.743 0.879

Andhra Pradesh      

 Domestic price (Rs. qtl–1) 910 1,085 1,032 913 1,054
 World price (Rs. qtl–1) 1,174 1,325 1,096 946 844
 NPC 0.824 0.872 1.015 1.024 1.390
 DRC 0.640 0.559 0.760 0.950 1.183

Punjab      
 Domestic price (Rs. qtl–1) 733 783 858 812 813
 World price (Rs. qtl–1) 1,174 1,325 1,096 946 844
 NPC 0.737 0.694 0.975 1.137 1.370
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exports of rice, a country would be using domestic resources worth only Rs. 
0.40. Thus, a DRC below 1 indicates that allocating more resources to a 
commodity to promote its export is socially desirable. Out of the five years 
since 1997-98, only in 2005 did the DRC in Andhra Pradesh and Punjab 
turn out to be above one. In West Bengal, it remained below one throughout. 
These results indicate that it is highly profitable for the country to promote 
exports of rice though in some years private trade may not find it profitable 
to go for exports due to the high level of domestic prices or low level of 
international prices. 

CONCLUSIONS

International trade and price scenarios have witnessed profound changes 
with the implementation of the Uruguay round of the General Agreement 
on Tariffs and Trade (GATT) and due to economic reforms followed by 
India during the 1990s. Although global markets have become somewhat 
more open, almost all countries have attempted to take advantage of this 
situation by promoting exports. This has led to increased global competition 
for exports. The policy of reducing controls over exports and exchange rate 
adjustments greatly boosted India’s rice exports. However, export volume 
and export earnings witnessed sharp fluctuations, mainly due to the sharp 
decline and year-to-year fluctuations in international prices. 
 India has an advantage and potential for promoting exports of rice, but 
export level and competitiveness are significantly affected by the volatility 
in international prices. Volatility in international prices has also seeped into 
the domestic market. Besides dealing with issues of subsidies and market 
access in WTO negotiations, suitable mechanisms need to be put in place 
to reduce the level of volatility in international prices. There is also a need 
to develop domestic strategies to maintain the export share during adverse 
situations of global prices.

NOTES

Author’s address: National Centre for Agricultural Economics and Policy Research, 
New Delhi 110012, India.
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China is a major rice trader in the international market, accounting for 7.6% of 
the world’s total imports between 1960 and the early 21st century. However, 
the share of Chinese exports in the international market fluctuated from 27.7% 
(1973) to less than 0.1% (1994).
 This paper demonstrates that China’s rice exports are determined by excess 
supply, with some time lag. As China’s rice sown areas continue to decline due 
to rapid income growth associated with fast industrialization and urbanization, 
rice production is gradually moving to less favorable regions. Therefore, an 
increase in rice output will rely even more on yield gains. As such, China’s 
long-run ability to export rice may decrease if the yield gains cannot offset the 
loss in sown area and the negative effect of some relocation (to other areas). 
In addition to a potential reduction in average quantity in the long run, the 
annual fluctuation of rice exports is likely to increase as production moves 
to new and less favorable regions. Finally, the composition of the rice supply, 
japonica vs. indica varieties, may also influence China’s rice exports in terms 
of both destination and quantity.

China is a major rice trader in the international market. According to 
FAO trade statistics, the total volume of Chinese rice exports was 52.8 

million metric tons from 1961 to 2002, accounting for 7.6% of the world’s 
total imports of 691.7 million metric tons in the same period. However, annual 
rice exports from China fluctuated significantly during those 40 years. Rice 
exports reached a peak of 3.7 million tons in the peak year of 1998, compared 
with only 32,000 tons in 1995. The share of Chinese exports in world rice 
trade was also volatile: from 27.7% in 1973 to 0.1% (or less) in 1994.
 Because of the large share and volatile fluctuations in Chinese rice 
exports in the world market, it is important to understand the behavior of 
Chinese rice trade. This paper tries to describe the relationship between 
China’s rice trade and the balance in the domestic market, and the impact 
of the changing structure in Chinese grain production on the domestic rice 

Changing Rice Production in China 
and Its Potential Impact on the 
International Market
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market, followed by a discussion of the implications for world rice trade in 
the future.

DETERMINANTS OF CHINESE RICE EXPORTS

China is both the largest rice producer and consumer in the world. With a 
huge population and associated domestic market, rice exports from China are 
not so significant a component in total production as they are in the world 
market. From 1952 to 2004, rice exports totaled 62.4 million tons, accounting 
for 1.3% of total domestic production of 7,080.3 million tons, and fluctuated 
from 3.7% to almost zero. Having struggled with a shortage in food supply 
for many years, China does not have the luxury to use rice production as an 
export-oriented commercial business pursuing profit. The primary objective 
of rice production in China is to feed its domestic population, with the 
differences between annual production and domestic consumption, probably 
with some lags, to be exported.
 As these rice exports could be used as a source of foreign exchange 
earnings, relatively large volumes of rice were exported from 1952 to 1977 
in order to finance industrialization under a central planning scheme at the 
cost of depressed domestic consumption. However, since the reform started, 
it has been more and more difficult to export basic food by controlling 
domestic supply, so the volumes of rice exports have decreased since 1978 
even as production increased continuously. That is why annual rice exports 
averaged 1.8% of domestic production between 1952 and 1977 vis-à-vis 91.2 
million tons of average annual production, while the exports’ percentage 
dropped to just 1% of annual domestic production during 1978-2004, with 
average production reaching 174.4 million tons.
 Starting in the mid-1980s, the volumes of China’s rice exports could 
be roughly explained by oversupply in the domestic market. If annual rice 
production increased significantly above the trend for a few years, exports 
could increase as well, with some time lags. Taking the 1978-2004 production 
trend as a baseline, when annual rice production increased by 3 to 14 million 
tons during 1983-87, exports were 0.7 to 1.2 million tons for 1984-88, 
much higher than in the periods both before and after. Again, when annual 
production was 12 to 17 million tons above the trend in the 1996-99 period, 
rice exports ranged between 0.9 and 3.7 million tons between 1997 and 2000. 
Rice exports continued to be at high levels, between 1.9 and 2.6 million tons, 
during 2001-03 although annual production was below the trend for these 3 
years. This could be explained by the accumulated stocks in previous years. 
One evidence was that the market price was kept at a constant low level 
while production continued to decrease significantly from 2000 to 2003, 
implying that market demand was likely to be met by a gradual release of 
stocks, especially on-farm stocks.



Changing Rice Production in China and Its Potential Impact on the International Market     593

TRENDS IN RICE AND MAJOR GRAIN CROP 
PRODUCTION

As demonstrated above, to a large extent, rice exports are residuals from 
the domestic market. It is reasonable to assume that consumption of rice 
as a basic food is relatively stable or increases smoothly with population 
and income growth, so the behavior of rice exports is more likely to be 
explained by production. In addition to year-to-year fluctuations in rice 
production, which are unpredictable, the general trends of rice production 
are characterized as follows: (1) growth depends on yield gains, (2) the 
relative share in major grain crops tends to decline in terms of sown area, 
and (3) production gradually shifts to northern regions under less favorable 
natural conditions.
 From 1978 to 2003, rice sown area declined from 34.4 million hectares 
to 26.5 million ha, roughly 1% each year in the 25 years. It bounced back 
to 28.4 million ha in 2004, but this was still 17.4% below the 1978 level. In 
contrast, average yield per hectare continued to increase, from 3,978 kg in 
1978 to 6,366 kg in 1998, and remained at a high level of 6,310 kg in 2004. 
As a result, the total production of rice showed an upward trend during the 
26-year period, from 136.9 million tons in 1978 to 200.7 million tons in 
1997, and it was at 179.1 million tons in 2004. 
 The actual growth in rice yield is greater than indicated by these figures. 
First, a substitution of high-quality varieties for the low-quality but higher-
yielding varieties was witnessed following the changing demand corresponding 
to income growth. Second, rice production is gradually moving to the north, 
where natural conditions are not as favorable as those in the south, which 
will be discussed in more detail later, resulting in a decline in overall average 
yield without growth brought by new varieties and technology, as well as 
increased inputs. It is believed that modern biotechnology has contributed to 
a great deal of the growth of yield and production of almost all crops. As the 
most important crop in China, rice certainly benefits more than most other 
crops, for example, the famous hybrid rice since the late 1970s. This trend 
is likely to continue in the future, with research on the so-called super-rice 
and GM rice leading the way.
 The losses in rice area are attributable to three factors: (1) the decline in 
cultivated land due to urbanization, (2) the decline in grain sown area due 
to the restructuring of agriculture toward high-value products, and (3) the 
decline in rice’s share in total grain sown area due to the relocation of rice 
production that revealed a different comparative advantage in rice production 
among regions.
     Cultivated land declined from 99.4 million ha in 1978 to 95.0 million ha 
in 1995, or 4.4% in 17 years. The statistics on cultivated land were revised 
upward to 130.0 million ha in 1996 in order to correct for long-time under-
reporting. However, the area again declined to 122.4 million ha by 2004, 



594     Funing Zhong and Shunfei Liu

exhibiting another 5.8% decrease in 8 years, much faster than that during 
the previous 17 years. Apparently, most of this cultivated land was lost to 
industrialization and urbanization during the rapid economic growth.
 Structural change inside the agricultural sector probably claimed more 
farm land from grain production. From 1978 to 2004, the total area sown to 
grain crops declined from 120.6 million ha to 101.6 million ha, with its share 
in total crop area declining from 80.3% to 66.2% in 26 years. This decline 
is not only stimulated by changing demand toward high-value farm products 
following economic and income growth, but is also facilitated by achievement 
in agricultural R&D, which supported such a decline with countervailing 
increases in yield. At the same time, the share of rice in total grain sown 
area declined as well. 
 The restructuring of grain production reduced rice sown area too. As 
mentioned before, rice sown area was 34.4 million ha in 1978, accounting 
for 28.5% of the total grain area. However, it declined to 26.5 million ha, 
accounting for 26.6% of the total grain sown area in 2003. Even when it 
bounced back to 28.4 million ha in 2004, it was still below the 1978 level, 
at just under 28%. Among other major grain crops, only maize benefited 
from the losses in rice sown area. Its sown area increased from roughly 20 
million ha in 1978 to 25.4 million ha in 2004 (the peak year was 1999, with 
25.9 million ha), with its share in total grain sown area increased more, from 
16.5% to 25.5%. At the same time, the relative decline in wheat sown area 
was a little bit greater than that in rice areas. Wheat sown area was 29.2 
million ha in 1978, but declined to 21.6 million ha in 2004, with its share 
in total grain sown area declining from 24.2% to 21.3%.
 Such a change in the shares of major grain crops partly resulted from 
a relocation of grain production among regions. As economic growth has 
been faster in the south in the coastal regions, farm land has been lost and 
grain has been shifted to high-value products faster there than in other 
regions. Coincidentally, the economically fast growing region is also a major 
rice-producing area. As grain production moves toward northern inland 
regions, the share of rice production tends to decline, except in the northeast 
provinces where rice production finds suitable and water-sufficient areas.
 As a result, the importance of southern regions in rice production declined 
during the 26 years, which implied changes in rice varieties also. For example, 
rice sown area of the southern double-rice region, where rice production is 
dominated by indica varieties, accounted for 56% of the national total in 
1978, but this figure declined to 48% in 2004. At the same time, the region 
along the low reaches of the Yangtze River, where both indica and japonica 
varieties grow, also showed a loss in rice production, from 24% of the national 
total to 22% during the same period. In contrast, the northeast region, where 
rice production is dominated by japonica varieties, gained significantly in 
rice production, from 3% of the national total in 1978 to 10% in 2004. It 
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is reasonable to assume that the share of japonica varieties has increased in 
rice production at the cost of indica varieties.

SUMMARY AND IMPLICATIONS FOR TRADE

It could be concluded from the above analysis that China’s rice exports 
are residuals from the domestic market, that is, the quantity is basically 
determined by excess supply, with some time lag. It is reasonable to expect 
a continuous decline in China’s rice sown area resulting from rapid income 
growth associated with fast industrialization and urbanization. Future 
increases in rice output will rely more on yield gains. As rice production is 
moving to less favorable regions, the pressure on yield gains will increase 
further.
 This situation may have an important impact on China’s rice exports in 
the future. The significant increase in market price is a signal that the stocks 
accumulated since the mid-1990s may have run out, and China’s rice exports 
may decline from the relatively high level reached between 1998 and 2003. 
Indeed, the export quantity already declined to 0.9 million tons in 2004, 
compared with 2.6 million tons in the previous year. China’s long-run ability 
to export rice may decrease if yield gains cannot offset the loss in sown area 
and the negative effect of relocation. In addition to a potential reduction in 
average quantity in the long run, annual fluctuation in rice exports is likely to 
increase as production moves to new and less favorable regions. Finally, the 
composition of rice supply, japonica vs. indica varieties, may also influence 
China’s rice exports in terms of both destination and quantity.

NOTES 
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Flows of technologies are driving the demand for capturing information and 
sharing information vertically within global rice supply chains. The dynamics 
of the global rice economy, increasingly influenced by product differentiation 
and food safety concerns, are expanding and changing the demand for 
information and market intelligence. Genetic engineering and technologies 
such as the emergence of organic production necessitate enhanced vertical 
information flow, specifically the increasing need for identity preservation 
within the entire food supply chain system. Identity preservation (IP) and the 
coexistence of genetically modified (GM)–non-GM and organic-nonorganic 
imply differentiation, a situation distinct from co-mingled mass-marketed rice 
that is handled and stored in bulk for efficiency reasons. Because of distinct 
taste, cooking, and appearance, the trade of rice has long recognized the 
value of identity preservation, and certainly much more so relative to all other 
grains and oilseeds. Nevertheless, market intelligence, information, and data 
on rice trade have been treated largely as a homogeneous product by national 
and multinational public agencies. This has created significant challenges 
to economic analysts in developing models of the global rice economy and 
furthermore has limited the value of the research results generated by such 
models. This paper provides examples of the problems, challenges, and 
prospects for improving market information and intelligence in an increasingly 
product-differentiated global rice economy.

Flows of technologies are driving the demand for capturing information 
and sharing information vertically within global rice supply chains. The 

dynamics of the global rice economy, increasingly influenced by product 
differentiation and food safety concerns, are expanding and changing the 
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and technologies such as the emergence of organic production necessitate 
enhanced vertical information flow, specifically the increasing need for 
identity preservation within the entire food supply chain system. Identity 

Challenges for Market Intelligence in 
an Increasingly Differentiated Global 
Rice Economy

Eric Wailes



598     Wailes

preservation and the coexistence of genetically modified (GM)–non-GM 
and organic-nonorganic imply differentiation, a situation distinct from co-
mingled mass-marketed rice that is handled and stored in bulk for efficiency 
reasons. Because of distinct taste, cooking, and appearance, the trade of rice 
has long recognized the value of identity preservation, and certainly much 
more so relative to all other grains and oilseeds. Nevertheless, for market 
intelligence, information, and trade data, rice has been treated largely as a 
homogeneous product by national and multinational public agencies. This 
has created significant challenges to economic analysts in developing models 
of the global rice economy and to a large extent has limited the value of the 
research results generated by such models. This paper provides examples of 
the problems, challenges, and prospects for improving market information and 
intelligence in an increasingly product-differentiated global rice economy.

CHARACTERISTICS OF INTERNATIONAL RICE TRADE

Rice is one of the most important food grains in the world, accounting for 
more than 20% of global calories consumed. The share of calories is even 
higher for developing countries (26.2%), for low-income countries (29.2%), 
and for low-income food-deficit countries (27.9%) (Wailes 2004a). Thus, 
market organization, market intelligence, and trade policies that affect rice 
prices, production, and trade have a large impact on the poor. 
 Despite the importance of rice as a basic staple, global rice trade accounts 
for only 6.5% of consumption, which means that most countries are self-
sufficient but must, in times of production shortfalls, turn to the international 
market (Calpe 2005). Global rice trade relative to world rice consumption 
during the past 5 years is small compared to other commodities such as 
wheat, of which 18.3% is traded, with maize at 11.9% and soybeans at 34.5% 
(USDA, PS&D 2006). The thinness of trade for rice is primarily a result of 
the major rice-consuming nations being self-sufficient on the basis of either 
comparative advantage or as a result of protectionist policies that stimulate 
domestic production at the expense of domestic consumers and/or taxpayers, 
and more efficient rice producers in other countries (Wailes 2004a). 
 In addition to the thinness of the rice trade, another important structural 
characteristic for the global rice market is the geographic concentration of 
production and consumption in Asia. Over 90% of world rice production and 
consumption occurs in Asia and nearly two-thirds in just three countries––
China, India, and Indonesia. With as much as 40% of Asian rice cultivated 
under rainfed systems, the effects of monsoon weather are magnified on 
traded rice.
 Finally, there is substantial market segmentation in world rice trade 
based on differentiation by rice type and quality. The global rice market is 
characterized by flows of highly differentiated rice types originating from a 
relatively small number of exporting countries. One of the key structural 
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dimensions in rice is the degree of end-use differentiation in rice. Substitution 
among rice types and qualities is limited by differences in cooking and taste 
preferences (Wailes 2004b). For example, an important end-use characteristic 
is stickiness. This is a particularly important characteristic for the medium- 
and short-grain rice varieties. Long-grain rice is typically nonsticky, and cooks 
to greater grain separation. Further differentiation in long-grain rice is seen 
in aromatic types such as basmati and jasmine types. Low substitutability for 
rice exists on both the demand (mill and end-use) and supply sides. On the 
demand side, the closest substitute grain is wheat, particularly important in 
South Asia (Pakistan and India). But maize and cassava are also important 
substitutes in West African nations. In many Asian nations experiencing 
income growth, rice as a staple food has become an inferior good with 
respect to income and is being substituted out of the diet by meats, fruits, 
and vegetables.
 Different rice varieties require different climatic conditions and 
production and milling technologies. This limits the ability of farmers to 
respond to price incentives when selecting which type of rice to grow. 
Production of rice generally benefits greatly from access to plentiful supplies of 
surface water or groundwater and soils with poor drainage that can maintain 
flood conditions. These biotic and abiotic characteristics limit rice production 
area but these conditions also limit the production of other crops that cannot 
withstand flood conditions. 

IMPLICATIONS OF NEW TECHNOLOGIES FOR RICE

As the first major food crop to have its genome fully sequenced, rice genomics, 
marker-aided selection, and genetic engineering approaches are progressing 
rapidly (Khush and Brar 2002). A drought-tolerant gene, for example, has 
been identified and varieties with this expression are in development. The 
development of rice varieties that will be much less dependent on water 
will have the potential to greatly expand production into areas that are 
currently less suitable for cultivation, thus changing costs of production and 
geographic areas of comparative advantage and disadvantage. While work 
on enhancing input traits is proceeding, so is research on output traits, with 
consumer benefits that target specific processing and nutritional needs. Such 
traits include more efficient milling characteristics, micronutrient-fortified 
rice, and traits that can alleviate life-style-related diseases such as allergies, 
diabetes, hypertension, and high cholesterol. 
 The outcome of genetic techniques in rice breeding could result in a need 
for enhanced vertical market information flows, specifically an increasing 
need for identity preservation. As the international rice market further 
differentiates, an identity preservation system must have at least five kinds of 
market information elements. First, there must be knowledge of the need for 
institutions that accommodate market segregation. In an era of coexistence 
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of, for example, conventional and genetically modified varieties, countries 
with policies that restrict imports of genetically modified varieties create 
the need for strict market segregation that includes testing, inspection, and 
separate storage and transportation channels. This requires additional types 
of market intelligence, including knowledge about the supplier’s identity, 
knowledge about the geographic origin, knowledge of quality characteristics 
and metrics, and knowledge of production and handling protocols (Sporleder 
and Goldsmith 2003).
 Identity preservation in production and marketing has as its objective the 
capture of economic rent or extraction of price premiums from the marketplace 
that has expressed a willingness to pay for an identifiable and marketable rice 
trait or feature. Segregation is critical to the product differentiation system 
in order to ensure purity and avoid contamination. Finally, traceability, that 
is, knowledge of origin and maintenance of segregated product flows, enables 
the system to identify a source of contamination and thereby remedy the 
points in the supply chain where contamination enters (Smyth and Phillips 
2002).

ECONOMIES OF MARKET INTELLIGENCE 
AND KNOWLEDGE

As the global rice supply chain moves from a somewhat differentiated to an 
increasingly differentiated one, the cost of market intelligence increases. In 
this sense, market intelligence can be defined as the formulation of timely, 
actionable information through data acquisition and analysis. Several factors 
heavily influence the availability of market data. First, how competitive is the 
market in terms of numbers of sellers and buyers? A competitive environment 
requires a network of sources and regular procedures by which market 
decision-makers obtain information on a regular basis about nonrecurrent 
developments in the external marketing environment. This requires, at the 
commercial  level, a continuing and interacting system of people, equipment, 
and procedures to gather, sort, analyze, and distribute pertinent, timely, and 
accurate information for use by market decision-makers to maintain and 
improve market planning, implementation, and control. In comparison with 
market research, market intelligence deals with the continuous and systematic 
collection and analysis of data and information, tapping into a wide variety of 
networks such as market customers, competitors, suppliers, similar and related 
markets, and certainly electronic databases and the mass media (Wee 2001). 
Market intelligence has the goals of avoiding surprises, identifying threats 
and opportunities, understanding vulnerabilities, limiting reaction time, 
becoming more competitive, and protecting intellectual capital. In addition 
to the commercial requirements, national and international organizations 
must recognize the need to improve their data and information systems. 
Enforcement of national and international standards and grades depends upon 



Challenges for Market Intelligence in an Increasingly Differentiated Global Rice Economy     601

the provision of timely and objective reporting of prices and grain flows that 
reflect the increasing differentiation of the supply chain that is taking place 
in the global rice economy. Unfortunately, most organizations with market 
intelligence information systems have not evolved in line with the realities 
of the increasingly differentiated supply chains.

SOME EXAMPLES FOR THE NEED 
FOR IMPROVED MARKET INTELLIGENCE

Experience with policy modeling to understand the potential impacts 
of multilateral policy reforms in the global rice economy provides useful 
examples of the benefits and challenges of more disaggregated information. 
Much of the work that attempts to recognize differentiation in the global 
rice economy is, unfortunately, based on incomplete information and must 
rely upon gross assumptions (Wailes 2005a). 
 Early research on policies of trade liberalization, based on a spatial 
equilibrium static model, found that, when comparing results from 
homogeneous and differentiated rice-trade specification, the homogeneous 
model tended to overstate the potential expansion in aggregate rice trade 
and tended to understate price impacts (Cramer et al 1991, 1993). These 
studies also argued that the homogeneous model better portrayed a longer 
run, where implicitly the substitution among rice types in trade was perfect. 
Further, the studies argued that the disaggregated model, which allowed 
no substitution among rice types, reflected the short-run potential impacts 
more accurately. More recent analysis has compared results of an even more 
highly disaggregated spatial equilibrium model with a less disaggregated but 
dynamic econometric simulation model (Wailes 2005b). Results for aggregate 
trade expansion were remarkably similar for both types of models, but price 
impacts are larger in the static spatial equilibrium model. This is, as would 
be expected in comparing the static model to the dynamic model, where 
market responses to policy reforms over time are explicit. 
 The use of highly disaggregated models to predict the impact of 
policies on the global rice economy provides more precise information 
about the effects of policy reform on specific countries. Unfortunately, data 
and information to disaggregate international rice trade are not readily 
available and extensive extra-modeling efforts and assumptions are made 
to develop stylized representations of disaggregated trade flows and prices. 
Data constraints, costs of developing and maintaining models, and access 
to extra-model information ultimately lead to trade-offs in the scope and 
design of quantitative models. Thus, to better understand the results of the 
model, it is critical to know not only what the model includes but also what 
the model excludes in its analytical framework. 
 Fortunately, given the limitations described above, through the 
development of information technology, modelers and users have access 
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to alternative quantitative model results. This means that decisions based 
on model output can be evaluated and incorporated into decision-making 
without unrealistic reliance upon any single model. Internal and external 
model validation must be an important dimension of quantitative models. 
Models are rarely correct in projections, but achieving success in determining 
the direction and magnitude of market and policy effects is the standard 
against which all models must be judged.
 Another example that relates back to the coexistence of GM and non-GM 
rice is the recent case of the adventitious presence (AP) of GM rice in the 
U.S. supply chain. While the market is still adjusting to the announcement, 
this has raised several important issues related to the need for improved 
market intelligence and organization. Although the market repercussions 
appear to have been limited, many questions on how the supply chain became 
contaminated have been raised and are being investigated. On 18 August 
2006, the secretary of the U.S. Department of Agriculture (USDA) announced 
that trace amounts of a regulated GM rice were detected in samples taken 
from commercial long-grain rice. Both the USDA and the Food and Drug 
Administration have reviewed the available scientific data and concluded 
that no human health, food safety, or environmental concerns are associated 
with this GM rice. Nevertheless, the market response was swift––the Chicago 
Board of Trade long-grain rice futures market dropped by nearly 10% within a 
week of the announcement. Further, Japan imposed a ban on imports of U.S. 
long-grain rice and the European Union imposed certification requirements 
to ensure no AP in any future shipments. In September 2006, the Louisiana 
State University Agricultural Center announced that the 2003 foundation 
seed for a variety developed there tested positive for the GM trait. Could 
the contamination have been avoided with improved market intelligence? 
 An important key to the effective co-existence of GM and non-GM 
rice in the global supply chain is a sensible, agreed-upon definition of good 
practices to define the boundaries of negligence and due diligence for GM and 
non-GM crop production, handling, storage, processing, and trade. This was a 
lesson learned in the earlier U.S. maize case known as Starlink. Adventitious 
presence can occur throughout the supply chain. However, its level and 
probability of occurrence are not uniform across the chain (Kalaitzandonakes 
2005). Costs of control and containment are also not uniform. Control costs 
at early stages of the supply chain, such as seed production, as in the U.S. rice 
case, are typically exponentially higher than further along the supply chain. 
This implies the need for greater security, investment, and monitoring at the 
early stages in the supply chain. Costs are also a function of the thresholds of 
acceptability, rising as thresholds are lowered. The empirical evidence based 
on over 10 years of coexistence of GM and non-GM production in the U.S. 
suggests that low AP levels can be achieved. 
 For rice, where there has been no commercialization of GM production 
to date, the supply chain is only now sensitized to the possibility of AP. As 
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GM rice technology becomes commercialized, it is clear that improved market 
intelligence in the rice supply chain will have to develop. It will be critical 
that sellers receive sufficient price premiums to cover the added costs of 
efficient channeling. Wilson and Dahl (2005) have shown that, for wheat, 
optimal testing and segregation strategies can vary depending on adoption/
acceptance, test specifications, contract terms, penalties, and tolerance 
levels. Segregation reduces the efficiencies from economies of scale enjoyed 
by co-mingled commodity markets. An increased focus on product liability 
will also reduce the ability of sellers to capture full value from the market. 
From the consumer’s perspective, market intelligence about the identity of 
the supplier and the origin of the rice will add value, but this may add costs 
by reducing flexibility and substitutability, and increase the complexities of 
procurement.

IMPLICATIONS AND CONCLUSIONS

With the increasing trend of greater product differentiation and value 
enhancements in rice, the role of national and international public 
institutions in developing market intelligence has and will continue to 
increase. Greater oversight, not only on product content but also on 
verification programs based on process, will be needed. Examples include 
the USDA’s Grain Inspection, Packers, and Stockyards Administration 
(GIPSA) Process Verification Program and the international ISO 9001-2000 
certification and implementation of process control. 
 There are also implications for further research. Differentiation and the 
need for identity preservation and segregation and traceability are becoming 
increasingly important. There is a need to better understand the underlying 
forces in the global rice economy, including health, safety, bio-security, 
and trade. There is a need to develop uniformity of technology and market 
intelligence systems with clear terminology and a better understanding of 
the drivers for vertical coordination in the supply chain.
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Temporary outmigration by one or two family members is increasingly 
becoming a routine livelihood strategy among a majority of rice-farming 
households in eastern India. Despite numerous studies on migration, there has 
been no research on the impact of short-term (seasonal) and long-term labor 
outmigration on livelihood, rice productivity, and changing gender roles in 
eastern India. Thus, in 2001, a study was conducted in sample rice-producing 
villages in selected districts representing different rice production ecosystems in 
eastern Uttar Pradesh, north Bihar, West Bengal, and Jharkhand, eastern India. 
This study had two phases. In Phase 1, the research teams conducted rural rapid 
appraisals (RRAs) in sample villages to establish the incidence, patterns, and 
farmer perceptions on the consequences of labor outmigration. Based on the 
gathered information, the teams conducted in-depth interviews of 200 migrants 
and 200 nonmigrants in the sample villages among farming households. The 
results confirmed that the majority of the migrants were all males (husbands 
and sons) with low levels of education from small and marginal rainfed farms; 
the educated members from better-off families also migrated for varied reasons. 
Rural-urban migration is more prevalent than rural-rural migration. Farmer 
cultivators or agricultural laborers who migrated were employed in varied 
nonfarm jobs in the places of destination. Income from remittances made up 
a high share of the total household income and in most cases higher than rice 
income. Family members left behind spent the highest proportion of remittances 
on food, followed by household construction or repairs and social obligations. 
Despite the low proportion of remittances spent on farm inputs, migration 
served as a safety net against a further decline in rice productivity due to the 
unpredictability of rainfall and lack of assured irrigation. In eastern India, 
almost all rice operations, except for preparing land, irrigating fields, applying 
chemical fertilizers, hauling seedlings, and supervising hired labor, are done 
by women from the lower castes. Principal males dominate in decision-making 
on farm-related matters. This study revealed that decision-making authority of 
women on farm-related matters was higher among lower caste farming families 
with younger husbands who migrate. Wives took over supervision responsibility 
and hiring of labor. Due to the difficulty in hiring labor for land preparation 
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during the peak season, wives with migrant husbands resorted to exchanging 
their labor for other rice operations. This translated into a marked increase in 
agricultural work (own farm and others’ farm), aside from their traditional roles 
in crop, livestock, and postharvest responsibilities, a heavier workload, and 
less time for domestic tasks such as preparing food. The women left behind 
had to combine their productive and reproductive roles, thus increasing their 
burden and passing on child-care responsibilities to their daughters. A majority 
of these women are illiterate and do not have access to improved technologies 
suited to their fields, which suffer from abiotic stresses. Most often, training 
and extension programs exclude women although men are no longer working 
full time on their farms and become absentee farmers due to outmigration. To 
increase and sustain rice productivity and household food security in rainfed 
rice environments, policies, research, extension, and development efforts as 
well as training programs should address constraints and needs as well as 
provide remunerative livelihood opportunities for the de facto female heads 
of farm households who are left behind to manage farms. 

Temporary outmigration by one or two family members is increasingly 
becoming a routine livelihood strategy of the rural population in eastern 

India. Deshingkar and Anderson (2004) documented accumulative migration 
streams in both farm and nonfarm work that have allowed numerous lower 
caste people in Madhya Pradesh and Andhra Pradesh to break out of caste 
constraints, find new opportunities, and escape poverty. Migration is a safety 
net against income shortfall due to crop failure or low productivity created 
by drought or floods. Aside from deteriorating employment opportunities 
at home and better prospects in urban areas, the increased mobility of the 
population from rural areas is due to improved communication and road 
networks. Rural to urban and rural to rural migration have been particularly 
male selective. Elderly and female family members are left behind in the 
places of origin (Khan 1986, de Haan 1997, Sharma 1997). In eastern India, 
millions of farmers are engaged in labor-intensive rice-based cropping systems. 
Paris et al (2005) in their migration study in eastern Uttar Pradesh revealed 
that female family members contribute 60–80% in households with migrants 
and 50–70% in households without migrants. As poverty increases, farming 
households rely heavily on female members to supply timely labor for rice 
production. However, in performing their roles, they face constraints such as 
lower educational attainment and lesser access to training and extension than 
men. Thus, they cannot make sound decisions due to a lack of information 
and skills on new farming methods. Male household heads dominate in 
making decisions on farm-related matters. 
 Despite the crucial roles of poor rural women in sustaining family food 
(rice) security, not much attention has been paid to the consequences of male 
outmigration on their labor participation and decision-making authority. 
Chakavarty (1975, cited in Karlekar 1995) revealed that women’s agricultural 
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workload increased when men moved to the city. Nonetheless, men were 
particular in returning at harvest time to sell the crops, thereby exercising 
control over income whose generation they had been only remotely involved 
in. Jetley (1987), in her study on lower caste migrants from three villages of 
eastern Uttar Pradesh, found that the “effect of male migration disturbs the 
traditional balance of intrafamilial dependence, increases the responsibilities 
of women for the subsistence of the family, and confronts them with frequent 
economic crisis and emotional insecurity.” Most of these studies indicated 
that women acquired more authority. Hence, it is important to understand 
the consequences of male outmigration on livelihood and on women left 
behind, their needs and constraints to managing farms, and barriers that 
prevent them from meeting their full potential as rice farmers and key agents 
of technology transfer. 
 Keeping this view in mind, this study attempts to shed light on several 
questions: What is the incidence of labor outmigration from major rice-
producing villages? What is the impact of outmigration on livelihood and 
women’s empowerment? What are the problems of the women left behind in 
managing their farms? The findings of this study can help guide agricultural 
scientists, development workers, extension workers, and policymakers in 
ensuring that technologies, training programs, and policies will include 
female de facto heads of households as direct beneficiaries of their plans and 
programs. 
 This paper synthesizes important findings from studies initiated by the 
Social Sciences Division of the International Rice Research Institute (IRRI) 
in collaboration with social scientists from the Narendra Deva University of 
Agriculture and Technology (NDUAT) in Kumarganj, Uttar Pradesh; Birsa 
Agricultural University (BAU), Kanke, Birsa; Department of Agriculture in 
West Bengal, Kolkatta, West Bengal; and Rajendra Agricultural University 
(RAU), Patna, Bihar. 

METHODOLOGY 

This study was conducted in 2001 in 40–50 sample villages located in 
selected districts representing rainfed, partially irrigated, and irrigated rice 
production environments in eastern Uttar Pradesh, north Bihar, West Bengal, 
and Jharkhand plateau in eastern India. Data were collected in two phases. 
In Phase 1, the research teams conducted rural rapid appraisals (RRAs) 
and focus group discussions with key informants to establish the incidence, 
patterns, and farmers’ perceptions of the consequences of labor outmigration. 
Based on the gathered information, the team selected villages in rainfed and 
partially irrigated areas with high occurrence of outmigration. In 2002, 400 
farm households (200 with and 200 without migrants) were interviewed in 
each of the states included in this study. The analysis used pooled data from 
studies conducted in eastern Uttar Pradesh, West Bengal, and north Bihar. 
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Migrants were identified from the household surveys as any family member 
who left the household to work in another geographical area; such a move 
can last for a short time (more than 3 months during the year) and long time 
(1 year or more but not permanent). Daily or weekly commuting, though of 
increasing importance, was not included in the household surveys. 

HIGHLIGHTS OF FINDINGS 

Rice followed by wheat is the major cropping pattern in the vast rainfed 
areas in eastern India. Eastern India is the home of disadvantaged groups 
who depend on rice farming as their main source of livelihood. Every year, 
farmers suffer from erratic rainfall patterns, drought, submergence, and 
soil problems such as sodicity or salinity. These stresses cause low yields 
or crop failure. As a consequence, rice production is used only for home 
consumption and households sell rice only in times when cash is needed. 
Households are food (rice) insecure and are compelled to seek other nonfarm 
income sources. To increase rice productivity, improve livelihoods, sustain 
household food security, and mitigate abiotic stresses, scientists from IRRI 
in collaboration with the Indian Council of Agricultural Research (ICAR) 
and other agricultural research universities selected eastern India as the 
focus of problem-oriented research and extension programs. Research and 
extension activities in eastern India focus on location-specific stress-tolerant 
and socially acceptable rice varieties with associated crop and resource 
management technologies. 

The Incidence of Labor Outmigration

Several “push” and “pull” factors lead to male outmigration. One push factor 
is the unfavorable rice environment that affects rice yields, household food 
security, and also the economic returns from rice and nonrice crop production. 
As shown in Table 1, more than half of the farming households have at least 
one member who migrated on a short- or long-term basis. Outmigration 
occurs in all rice ecosystems. However, outmigration is highest in rainfed 
areas prone to drought, followed by partially irrigated and favorable irrigated 
areas. Among the rainfed rice villages in the sample districts, outmigration is 
highest in Bihar (62%), followed by eastern Uttar Pradesh (60%), Jkarhand 
plateau (44% in Ranchi and 51% in Gumla), and West Bengal (46%). These 
findings are consistent with recent village studies in eastern India that showed 
that on average nearly 47% of the households in Madhya Pradesh had at 
least one member migrating, with over 64% in the remote villages, against an 
average of 25% overall in Andhra Pradesh, with one drought-prone village 
recording 78% (Deshingkar and Anderson 2004). Similarly, Karan (2006) 
in Bihar and Rogaly et al (2001) in West Bengal showed a sharp increase in 
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population mobility, including long-term and temporary migration as well 
as commuting, particularly from drought-prone locations. 

Patterns of Migration

From the village surveys, several patterns of labor mobility emerged: daily 
commuting, weekly/monthly, short term (ST), and long term (LT). ST and 
LT migration are more prevalent than the rest of the migration patterns by 
duration. ST migrants are those who are away for 3 consecutive months 
but less than a year. They include seasonal migrants who leave after land 
preparation and return during harvest season. They work as casual agricultural 
laborers or nonagricultural workers. LT migrants are away for more than a year 
and return to their village during social occasions and times of emergency. 
In both patterns, migrants continue to maintain close links with their places 
of origin. They send a portion of their income to their families. Thus, while 
working outside for additional or assured income, they still maintain their 
farms as safety nets. In Bihar, the proportion of households with LT and 
ST migrants was almost equal. During the early 1980s, migrants generally 
preferred ST migration due to the seasonal nature of employment availability. 
However, during the next two decades, middle peasants, large peasants, and 
landlords also migrated, but for a longer duration. In contrast, ST migration 
is more prevalent than LT migration in eastern Uttar Pradesh and West 
Bengal. In Jharkhand, LT migration is higher than ST migration due to 
job availability in industrial areas. The same pattern was found in partially 
irrigated villages. 

Table 1: Proportion (%) of households with migrants in sample villages in 
eastern Uttar Pradesh, north Bihar, West Bengal, and Jharkhand plateau, 

2000. 

State Sample Unfavorable Partially Favorable/
 villages rainfed irrigated irrigated

Eastern Uttar Pradesh 50 60 53 33
Bihar 40 62 56 29
Jharkhand plateau 40 44 (Ranchi) – –
  51 (Gumla)
West Bengal 40 46 43 34

Source: Village surveys conducted by the authors. The samples in Jharkhand plateau 
do not have partially and favorable irrigated areas.
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Who Are the Migrants?

An overwhelming proportion of migrants are males (principal males/heads 
of households and sons). Females (principal females and daughters) and 
other male family members are left behind. The females, particularly those 
of lower socioeconomic status, have higher illiteracy rates and lower access 
to resources, and suffer from social exclusion. Taboos imposed by purdah 
(seclusion) result in restrictions on female mobility and make women invisible 
even when they are productive. Male migrants aged 26–40 indicate that the 
most active and productive labor force is prone to migrate from rural villages. 
This could be explained by their higher capacity to adjust during initial 
periods of uncertainty after migration (Sharma 1997). Moreover, younger 
educated males are no longer interested in working on the farm. 
 Rural to urban migration is more prevalent than rural to rural migration. 
Migrants go to distant places where economic opportunities exist. A 
majority of the migrants are engaged in agricultural work as farmers and 
laborers. However, a low proportion of these migrants, except from Bihar, 
work as agricultural laborers in high-productivity rural areas (Punjab) and 
industrial places (Haryana and Delhi). The occupations at the destination 
vary depending upon educational attainment, skills, and social networks 
that assure the availability of jobs at the destination. Those with higher 
educational attainment migrate for white-collar or regular jobs with better 
salaries such as government service and private services. Most migrant 
laborers are absorbed into occupations such as rickshaw pulling, construction, 
carpentry or masonry, and other types of casual work in the informal sector. 
Relatives or friends help prospective migrants get suitable employment and 
also provide temporary accommodation, meals, and a subsistence allowance. 
In large households, the chance that at least one member will choose to 
migrate is higher once other family members have migrated earlier. 

Importance of Migration to Household Income

Every year, rice farmers in eastern India face uncertainty. Rainfall distribution 
is highly variable and unpredictable. Drought occurs during the vegetative 
phase of rice growth, which causes losses or low yields. This situation is 
exacerbated by the predominance of marginal and small-size landholdings and 
abject poverty. Thus, farming households derive their livelihood from diverse 
sources of farm income (rice, nonrice, livestock, rental fees), off-farm (income 
from wage labor) and nonfarm (employment activities within and outside 
their villages without a change in residence). Aside from rice, farmers grow 
wheat, potatoes, oilseeds, and pulses during the rabi season, for consumption 
or for sale during the year. Migration is also an important livelihood strategy 
of farming households. Income and earnings of migrants at the destination 
depend largely on the type of occupation they are involved in and the duration 
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of the job available. Besides, this also depends on personal endowment such 
as level of education, skill, years of experience, etc., of migrant workers. 
Since most of these workers possess a low personal endowment, they become 
absorbed generally in the informal sector or irregular or casual employment 
in construction companies, in the brick industry, as a rickshaw puller, in 
casual jobs, as a domestic servant, in earth digging, etc., and their average 
earnings are quite low. Remittances constitute nearly one-half of the average 
annual income of households with migrants (Table 2). In the study of Karan 
(2006) in Bihar, remittances constituted nearly one-third of the average 
annual income of the households under study. By any standard, this is a large 
amount even if the overall average income of the households is low. Based 
on the data from this study, farm income is the main source of livelihood 
among households without migrants. Off-farm income is more important 
in West Bengal than in the other districts. Family survival heavily depends 
on remittances by migrant family members. Migrants stay in their place of 
destination on a short-term or long-term basis without necessarily abandoning 
their farmland in the place of origin. 

Relationship Between Migration and Household Income

An ordinary least square multivariate analysis was used to determine the 
factors that influence household income. The independent variables are 
production system (1 = partially irrigated, 0 = rainfed), migration (1 = 
with migrant, 0 = without migrant), size of landholdings, education of 
husband, education of wife, household size, caste, and percent area planted 
to modern varieties (MVs), and the dependent variable is household income 
less remittances. Table 3 presents the empirical results of this model using 
pooled data of 1,183 samples. Coefficients of size of landholdings, education 
of husband, education of wife, household size, caste, and percent area planted 

Table 2: Sources of livelihood (proportion of total household income). 

Source of  Uttar Pradesh Bihar West Bengal
cash income  
 With  Without With Without With Without
 migrant migrant migrant migrant migrant migrant

Farm  39 52 23 46 16 40
Off-farm  2 3 16 7 20 28
Nonfarm 12 44 13 47 15 32
Remittances 47 – 48 – 49 –
Total  (Rs year–1) 47,724 36,217 48,331 59,279 34,170 20,740

Source: Surveys of farming households by the authors.
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to MVs are positive and statistically significant, which is consistent with 
our hypothesis. The coefficient of migration is negative, which indicates 
that household incomes are lower if there are no remittances from migrant 
workers. These findings confirm the hypothesis that migration is a strategy 
to prevent further income erosion and thus serves as an escape from poverty. 
Household income is also higher among joint families, in which it is easier 
to release some family members for migration. Income increases with higher 
education of wives and husbands. This indicates that principal males and 
principal females with better education have more employment and income 
opportunities. However, educated husbands have a better chance of seeking 
other nonfarm or migrant work that could possibly increase household 
income through remittances. Moreover, the availability of irrigation for 
crops, although partial, increases productivity and consequently household 
income. The F-value = 144.91 shows that the model used is quite appropriate 
for the analysis undertaken. The value of R2 = 0.50 implies that 50% of the 
variation in household income can be explained by the variables included 
in the model.

Table 3. Impact of migration and other socioeconomic factors on household income 
(Rs year–1), multivariate analysis  (n = 1,183).

  Unstandardized Standardized t-
  coefficients coefficients test Significance
Item
  B Standard  Beta
   error
  
Intercept –4,305.31 2,606.28 – –1.65 0.099*
Ecosystem (1 = partially  –3,542.07 1,771.18 –0.044 –2.00 0.046**
 irrigated, 0 = rainfed) 
Migration (1 = with migrant,  –10,818.49 1,738.26 –0.134 –6.22 0.000***
 0 = without migrant) 
Size of landholdings (ha) 17,783.86 653.45 0.603 27.22 0.000***
Education of husband 444.97 239.73 0.044 1.86 0.064*
Education of wife 1,354.28 402.84 0.081 3.36 0.001***
Household size 2,412.12 272.49 0.189 8.85 0.000***
Caste (1 = upper, 0 =  6,223.38 2,034.77 0.065 3.06 0.002***
 otherwise) 
Percent area of modern- 38.01 13.48 0.061 2.82 0.005***
 variety rice 

Dependent variable: household income less remittances; R2 = 50.0%; F = 144.91 ***; *** = significant 
at 1%, ** = significant at 5%, * = significant at 10%.
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Impact of Migration on Rice Productivity

In rainfed and partially irrigated villages, rice is the major crop grown during 
the wet season. As expected, the adoption of MVs is higher in partially 
irrigated areas than in rainfed areas. Except in partially irrigated areas in 
eastern Uttar Pradesh, farmers still grow traditional varieties (TVs) in Bihar 
and West Bengal. Traditional varieties have longer duration and lower yield 
but can withstand drought and floods. A comparison of average yields of 
MVs in rainfed villages revealed no significant difference among households 
with and without migrants. In eastern Uttar Pradesh, average yields of MVs 
are 2.93 and 2.88 t ha–1, respectively, among households with and without 
migrants. Similar patterns can be found in rainfed villages in West Bengal, 
with 2.72 and 2.84 t ha–1, respectively, among households with and without 
migrants. In rainfed villages in Bihar, rice yields are higher at 3.2 t ha–1 for 
households with and without migrants. 
 If migration through remittance income contributes significantly to 
household income, do migrants have an impact on rice production? To 
assess the impact of migration and other factors of production (land, labor, 
capital) on rice productivity, the Cobb-Douglas production function was 
used. Capital includes all farm inputs (seeds, fertilizer, and chemicals), draft 
power, and other machinery. Labor includes both female and male labor days 
per hectare. As expected, capital and labor have positive and significant 
effects on rice production (t ha–1). However, migration (dummy variable 
1 = with migration and 0 = no migration) is positive but not significantly 
related to production. R2 is 28.3% with a significant F value of 92.961. These 
findings are similar to those of a study on migrant labor and farm efficiency 
in Lesotho, Africa, by Mochebelele (2000) that yields of maize and sorghum 
did not differ significantly by migration status. 

Use of Remittances

Family members send a portion of their income to other family members 
left behind in villages. Remittances are only one form in which resource 
flows occur as a result of migration, the other being savings brought home 
by migrants in cash or kind, such as saris for women, new kitchen utensils, 
etc. Based on the surveys, farming households spent the highest proportion 
of remittances on food, followed by household construction or repairs and 
social obligations. Farming households spent a low proportion (less than 20%) 
on farm inputs. Focus group discussions revealed that farming households 
gave higher priority to purchasing other food aside from rice and wheat. 
Remittance income serves as a cushion against a further decline in rice 
productivity, unemployment, and lack of access to regular income. These 
findings are consistent with the findings of Sharma (1997) and Karan (2006) 
that remittances are mostly spent on food consumption. 
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Migration and Women’s Empowerment

In India, a patriarch-dominated society, the male household head is 
considered as the only decision maker in the family. Decisions on agricultural 
and nonagricultural matters are made by the male heads because they are the 
main income earners and are more educated and more mobile than women. 
They have greater access to information, which contributes greatly in making 
sound decisions for the well-being of the family. We hypothesize that, with the 
absence of men, women will be compelled to make farm-related decisions. 
 A women’s empowerment index in agriculture (WEIag) was developed to 
measure women’s empowerment or decision-making authority in agriculture. 
The women’s empowerment index is coded by identifying the decision-maker, 
activities for which a decision is made, and the presence of a migrant worker 
in the household. The responses are received on each question on choice 
of crop (what crop to grow and what rice variety to use), crop management 
(quantity of fertilizer and pesticide to use and time of application, when to 
irrigate crops, when to weed fields, when to hire labor, when to harvest and 
thresh rice, etc.), postharvest operations (which seed/variety to grow next 
season, quantity of rice to store, when to sell rice and other crops, etc.), 
purchase of inputs, and livestock/poultry rearing (number of large animals to 
raise, when to sell animals). The scores are 1 = other members in the absence 
of husband; 2 = husband, when present; 3 = wife, in the absence of husband; 
4 = joint decisions by husband and wife; 5 = wife, when husband is present. 
Women’s empowerment or decision-making authority is considered more 
when the average score of the index is higher. Our findings revealed that 
the WEIag of wives remains low, between 2 and 3. However, WEIags for crop 
choice, postharvest operations, and livestock care are higher among migrants 
than among households without migrants due to their active participation 
in these activities. Women are compelled to make decisions on when and 
whom to hire for labor, to make on-the-spot decisions, and to supervise hired 
laborers. Thus, women need more access to new seeds and new knowledge 
and skills to make sound and timely decisions in crop management, which 
is crucial to increasing crop production. 
 What factors influence women’s empowerment? To answer this question, 
a multivariate regression model was estimated with household-level data. As 
the observed value of the dependent variable has limited range, the function 
was estimated by the TOBIT method using LIMDEP software (www.limdep.
com). The dependent variable is the WEIag and the explanatory variables are 
type of production system (1 = partially irrigated, 0 = irrigated), migration (1 
= migrant, 0 = without migrant), age of husband, age of wife, household size, 
caste (1 = upper, 0 = otherwise), and male and female labor days. Analysis 
showed that the explanatory variables, except female labor days, significantly 
influence women’s decision-making authority. Male outmigration is positive 
and significant, indicating that wives left behind are compelled to make 
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decisions on farm-related matters. The coefficients of age of husband, 
family size, caste, and male labor days are negative and significant. Young 
males are more prone to migrate since there is a market for them. Women’s 
empowerment is also higher among nuclear and lower caste families and in 
situations where the male labor supply for rice production is low. 

Problems of Women Left Behind to Manage Farms

Women face several problems in managing their households and families. 
Due to the difficulty in hiring labor for land preparation during the peak 
season, they resort to exchanging their labor for other rice operations. This 
translates into a marked increase in agricultural work (own farm and others’ 
farm) and less time for domestic tasks such as preparing food. The women 
left behind had to combine their productive and reproductive roles, thus 
increasing their work burden and passing on child-care responsibilities to 
their daughters. Wives identified several strategies when remittances were 
delayed for farm operations: borrow cash from their friends and relatives 
(without collateral and interest), use their own savings, resort to “late sowing” 
of rice, employ sharing/exchange of labor, and sell animals. Most of these 
women are illiterate and do not have access to improved technologies for 
their rice areas, which suffer from abiotic stresses. Most often, training and 
extension programs include only male farmers although male farmers are no 
longer full-time farmers like daily/commuter migrants to cities but instead 
are absentee farmers. 

CONCLUSIONS AND IMPLICATIONS 

These findings established that male labor outmigration in eastern India 
is high. Outmigration of men, particularly young able-bodied men, will 
continue to increase as long as there are economic incentives to move and as 
farm income is insufficient for the family. The share of remittance income is 
substantial at about half of the total household income. To get out of poverty, 
male family members have to leave their village after land preparation to 
seek nonfarm employment on a short-term or long-term basis. Despite male 
absence among households with migrants, family members left behind, 
particularly the women, continue to maintain rice yields on a par with those of 
households with migrants despite the several stresses and constraints they face 
as they perform their household and farm-related responsibilities, including 
supervision of hired laborers. When remittances are delayed, they borrow 
cash from their friends and relatives (without collateral and interest), use 
their own savings, resort to “late sowing” of rice, employ sharing/exchange 
of labor, and sell animals.
 Due to male absence, women from nuclear households have to take 
over tasks traditionally done by men, particularly during land preparation, 
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and other tasks during the peak cropping season. They need to have more 
power to negotiate with neighbors, such as for hiring labor and machinery 
for land preparation. De facto female households heads should be the target 
beneficiaries of training and extension programs that will enable them to make 
sound decisions on farm-related matters, particularly on crop management 
methods and choice of varieties that can withstand abiotic stresses. Ongoing 
efforts to involve women farmers in rice participatory varietal selection, 
seed management and storage, and crop and resource management as well 
as labor-saving technologies should be expanded in eastern India. 
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There is a general observation that women’s role in agriculture, in general, and 
rice farming, in particular, has been declining as household income structure 
has shifted away from rice production to nonfarm sources. This paper explores 
how the Green Revolution, the increasing profitability of high-value crops, and 
development of the nonfarm sector have induced changes in household labor 
allocation in rice-growing households. A major finding is that the reallocation 
of women’s labor away from farm activities to nonfarm activities has resulted in 
a higher household income, a reduction in poverty, and a rise in investments 
in human capital of the next generation. Yet, in all likelihood, it was the 
Green Revolution that stimulated the development of nonfarm sectors and the 
investment in children’s schooling in the earlier periods.

Keywords: women in agriculture, Green Revolution, nonfarm employment, 
rice farming, Asia

Poverty reduction has been a major international development goal since 
the United Nations’ declaration of the Millennium Development Goals 

(MDGs) in September 2000. Goal 1 of the MDGs is to eradicate extreme 
poverty and hunger and Target 1 is to halve the proportion of people living 
on less than a dollar a day (UN 2000). Because poverty is found to be higher 
in rural areas, there is a common belief that an effective strategy to decrease 
poverty is to enable rural households to use more productively the resources 
available to them, that is, farmland and labor (World Bank 2001a). The 
Green Revolution in rice production, as exemplified by the development of 
irrigation infrastructure and introduction of modern varieties (MVs) of rice, 
and diversification of farming systems into high-value crops are important 
strategies to increase farmland productivity in the presence of decreasing farm 
size because of enhanced population pressure on a closed land frontier. 
 Irrigation-cum-MV technology can increase farmland productivity 
through its positive effects on yield, cropping intensity, and grain quality, 

Women’s Role in Poverty 
Reduction in Asia
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thereby significantly increasing farm income (Estudillo and Otsuka 1999). 
The production of high-value crops has increasingly replaced rice production 
in the midst of declining world rice prices in many places in Asia. Yet more 
studies have to be undertaken to assess the impact of crop diversification on 
farm income and to determine the extent of women’s participation in such 
activity. 
 The increase in yield and cropping intensity and the increased importance 
of timely activities associated with MV adoption have increased demand for 
labor, including women’s labor. Women are observed to be involved in such 
activities as seed selection, seedbed preparation, transplanting, weeding, 
harvesting, threshing, and winnowing (Unnevehr and Stanford 1985). It is 
thus reasonable to argue that the spread of MVs has led to higher women’s 
income from rice farming.
 Although farm income increased significantly with the spread of 
irrigation-cum-MV technology and the production of high-value crops, the 
benefits may not accrue to the poorest segment of rural communities because 
the poorest do not have farmland to till. It is also important to note that access 
to farmland and its associated resources such as trees and water is also gender-
specific (Mienzen-Dick et al 1997). According to Quisumbing et al (2004), 
farmland is traditionally bequeathed to sons in the northern Philippines and 
among the Akan tribe in Ghana, while women of the Minangkabau tribe 
of Sumatra in Indonesia are the traditional recipients of farmland to ensure 
household food security. In Sumatra, however, the share of inherited land for 
sons has been increasing (Otsuka and Place 2001). We argue that the use of 
the rural labor force in nonfarm activities may be the preferred strategy for 
poverty reduction, partly because the ultra-poor possess no resources other 
than their labor and partly because land reform distorts the land market and 
often leads to unexpected negative equity consequences (Hayami and Otsuka 
1993).
 According to Psacharapolous (1994), the rate of returns to women’s 
schooling in nonfarm sectors is one percentage point higher than that of 
men’s and there is an overall rise in the rate of returns to schooling over time 
for both men and women. This implies that the development of a nonfarm 
labor market will lead to a reallocation of women’s labor away from home 
production and farm activities to nonfarm activities in response to the rising 
returns to schooling of women in nonfarm sectors. We hypothesize that 
such a reallocation will lead to significant poverty reduction and a rise in 
investments in human capital of the next generation. Yet, in all likelihood, 
it was the Green Revolution that stimulated the development of nonfarm 
sectors and the investment in children’s schooling in the earlier periods.
 This paper aims to explore the interrelationship among four phenomena—
the Green Revolution, propagation of high-value crops, development of the 
nonfarm sector, and poverty reduction—with a focus on the role of women. 
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Our approach will be mainly a review of the literature supported by household-
level data collected by ourselves and our colleagues.

CONCEPTUAL FRAMEWORK

Figure 1 portrays the interrelationship among the Green Revolution, the 
propagation of high-value crops, development of the nonfarm sector, and 
poverty reduction. The Green Revolution, which leads to higher yield 
and rice-cropping intensity, strengthens food security at home, thereby 
allowing members of rural households and rural women in particular, who 
are responsible for food security at home, to diversify agricultural production 
into high-value crops in tropical Asia. This tendency for diversification is 
strengthened further by the decline in world rice prices. Indeed, world rice 
prices have shown a downward trend because of the increased world supply 
of rice brought about by the widespread diffusion of MVs, the entry of new 
players in the rice market such as Vietnam, Laos, Cambodia, and China, 
and a decline in per capita consumption of rice because of rising household 
incomes (Barker and Dawe 2002).
 The development of the nonfarm sector increases overall demand for 
labor, including women’s labor, leading to a general rise in wage rates and 
a rise in the rate of returns to schooling. The rate of returns to schooling is 
bound to be higher in the nonfarm sector because tasks in lucrative nonfarm 
jobs require specific skills and aptitude, which can be acquired in schools. 
The overall rise in the demand for labor and rising wages induce women, 
more specifically the more educated women, to work in the nonfarm sector. 
This occupational choice can lead to higher women’s individual income, 
higher total household income, and a reduction in poverty. It is well known 
in the literature that increased income in the hands of women is associated 
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Fig. 1: Interrelationship among Green Revolution, nonfarm sector, and poverty reduction.
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with stronger bargaining power of women at home, stronger household food 
security, and a rise in schooling investments in children because women, 
more than men, have a greater concern with their children’s overall welfare 
(World Bank 2001b).
 Note that, through its positive effects on farm household income, 
the Green Revolution brought about increased investments in children’s 
schooling, which, in turn, stimulated the choice of nonfarm jobs by children. 
In other words, productivity growth in agriculture contributes to overall 
growth of the entire economy by increasing investments in schooling of 
children, and henceforth the supply of high-quality labor to the nonfarm 
sector. 

THE GREEN REVOLUTION, NONFARM SECTOR, 
AND LABOR ALLOCATION

The Green Revolution in Asia started in the mid-1960s, when the 
International Rice Research Institute (IRRI) released the first MV, IR8. The 
Green Revolution continued as an evolutionary process with the release of 
newer MVs with better characteristics such as stronger resistance against 
pests and diseases and improved grain quality (Estudillo and Otsuka 2006). 
 Variations have been considerable in MV adoption rates over time and 
across Asian countries. Indonesia, the Philippines, Sri Lanka, and the Indian 
Punjab were the early beneficiaries of Green Revolution technology (Barker 
and Dawe 2002, p 6-8). According to Otsuka (2000, p 449), MV adoption 
rates in the Philippines and Indonesia reached a ceiling of 70–90% as early 
as the mid-1980s. Achieving high adoption rates of MVs was much more 
recent in Bangladesh, Vietnam, and the Indian West Bengal, while MV 
adoption rates have remained low in Thailand even in more recent years. 
Variations in the timing of MV adoption are associated with developments 
in irrigation and water management as a large number of MVs that were 
released in the early years of the Green Revolution thrived well, particularly 
under an irrigated environment (David and Otsuka 1994).
 By now, it is well known that the yield increase associated with Green 
Revolution technology has been the major factor behind a significant increase 
in rice production and a decline in rice prices. Household food security, 
which is a major responsibility of women, has been strengthened by this 
development, which allowed women to allocate more time to work outside 
their own farms. An interesting question is how much women’s labor in rice 
farming has been reduced.
 Table 1 shows the percentage of family labor input contributed by females 
and males in rice farming in selected countries in Asia in the 1990s. The 
female labor contribution in family labor varies from more than 50% in East 
Java in Indonesia and Nepal to slightly more than 30% in China, Korea, and 
Japan. The Philippines is an exception, where women contribute less than 
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20%. Women’s labor contribution in rice farming also comes in the form 
of hired labor in such activities as transplanting, weeding, harvesting, and 
threshing.
 In the aggregate, the proportion of the female labor force engaged in 
agriculture is much less than that of males. The proportion of female labor 
engaged in agriculture was only 25% in 2002 in the Philippines, 48% in 
Thailand, and 12% in Korea; the exception is Bangladesh, where 77% of 
female labor is in agriculture (Asian Development Bank 2005, Table 8). 
Overall, it is clear that rice farming in Asia, and agriculture as a whole, is 
dominated by male labor, partly because Asian rice farming is extensive in 
plow cultivation, which is more appropriate for male labor. Thus, women’s 
social status is likely to remain low as long as they are engaged in rice 
farming.
 Given the declining farm size and increasing wages rates in Asia, we 
expect that women’s labor contribution in rice farming and in agriculture in 
general will decline in the future. Such a decline may be a consequence of the 
direct withdrawal of women from rice farming to participate in the nonfarm 
labor market and of accelerated adoption of labor-saving technologies (for 
example, direct seeding) that replace women’s labor. 

Table 1: Percentage of family labor input 
contributed by females and males in rice 

farming in selected countries in Asia.

  Females Males
Country
 (% of family labor)

East Java, Indonesia  
 Traditional rice 65 35
 Improved rice varieties 53 47
Central Java, Indonesia  
 Improved rice varieties 37 63
Nepal 54 46
Andhra Pradesh, India 48 52
Tamil Nadu, India 45 55
Malaysia 37 63
Philippines 19 81
China 33 67
Korea  36 64
Japan 40 60

Source: Quisumbing et al (2004, Table 1.1, p 11).
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 Boserup (1970) reported that in sub-Saharan Africa male labor migrated 
to the cities to participate in more lucrative nonfarm employment in the 
early history of the development of major African cities. Such a phenomenon 
has resulted in a rise in the female labor contribution to crop production 
in Africa, thereby giving African women more responsibility for crop 
choice and control over output. Whether this case applies to contemporary 
rice-farming communities in Asia needs further research. Women’s labor 
may not be perfectly substitutable for men’s labor as the activities in rice 
farming in Asia appear to be highly gender-specific. In all likelihood, the 
less educated labor force, regardless of gender, will remain in rice farming, 
whereas the more educated will join the nonfarm labor market. Schooling 
has been found to have exerted no significant impact on farm income, 
while it significantly increases nonfarm income (Quisumbing et al 2004,  
p 27-32, Cherduchai 2006, Kajisa 2006).

CHANGES IN HOUSEHOLD INCOME STRUCTURE 
AND WOMEN’S EDUCATION

It has been widely observed that household labor resources in rural areas in 
the Philippines, Thailand, and Tamil Nadu in India have been increasingly 
allocated to nonfarm activities. Table 2 shows the shift of household income 
structure away from farm income in favor of nonfarm income in these three 
countries. Data in the Philippines were collected from a rice-growing village 
in Central Luzon and two villages on Panay Island (Estudillo et al 2006a). 
Data in Thailand were collected from three rice-growing villages in Suphan 
Buri in the Central Plains and three villages in Khon Kaen in the northeast 
(Cherduchai 2006), while the data in Tamil Nadu, India, were collected in 60 
farming villages in the state of Tamil Nadu (Kajisa 2006). The sample villages 
in the Philippines and Thailand are relatively more progressive than those 
in Tamil Nadu, mainly because of their proximity to the major cities. 
 In the Philippines, farm income was by far the most important source 
of income in 1985, comprising 62% of total household income. But such 
importance declined considerably in 2004, when the share of farm income 
declined to a mere 17%. In addition, rice income, which was a major 
component of farm income in 1985, has become a less important income 
source, reflecting the declining profitability of rice farming compared with 
nonfarm activities. Interestingly, the rise in nonfarm income is accompanied 
by an increase in real household income and a reduction in poverty. Poverty 
in the study villages declined by about one-half between 1985 and 2004 and 
this decline was more pronounced among the landless households whose time 
was spent more in nonfarm work (Estudillo et al 2006a).
 Real household income in Tamil Nadu did not increase because the 
nonfarm labor market is less vibrant. Yet, the share of nonfarm income 
increased and there was no increase in poverty even with a decline in farm 
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size. The head-count index declined from 61% in 1984-86 to 56% in 2001-
03 because of the improvement in the distribution of household income. It 
is important to mention that the crop year 2001-02 was a drought year; yet, 
despite this negative income shock, the decline in real household income was 
marginal and poverty incidence even declined. All of this can be attributed 
to the development of the nonfarm labor market, which absorbed the surplus 
labor in rural areas, thereby preventing a rise in poverty. An important 
question is to what extent women have contributed to the increase in nonfarm 
income, which is the major driving force behind household income growth 
and poverty reduction in the three countries. 
 Based on a household income regression analysis conducted in the 
whole of the Central Luzon region in 1966-94 (Estudillo and Otsuka 1999) 
and three rice-growing study villages in Table 2 (Estudillo et al 2006a), 

Table 2: Sources of household income in selected Asian 
countries.

Source Country and survey year

  Philippinesa

 1985  2003-04
Farm income (%) 62 (37)b  17 (8)b

Nonfarm income (%)   38    83
Total (%) 100  100
Total household income 
   (in real pesos per annum)c 285  559

  Thailandd

 1987  2004
Farm income (%) 86 (62)  44 (19)
Nonfarm income (%)   14    56
Total (%) 100  100
Total household income
   (in real baht per annum)   82  167

  Tamil Nadu, Indiae

 1984-86  2001-03
Farm income (%)   93    82
Nonfarm income (%)     7    18
Total (%) 100  100
Total household income 
   (in real rupees per crop year)   19    18

aData were taken from Estudillo et al (2006a). bNumbers in parentheses refer 
to rice income. cDeflated by the consumer price index. dData were taken 
from Cherduchai (2006). eData were taken from Kajisa (2006).
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the gender composition of the number of adult working members does not 
significantly affect nonfarm income, implying that the contributions of 
women and men to nonfarm income are about the same. Similarly, in a 
separate regression estimate of a nonfarm wage earnings function using the 
data of unmarried working children in study villages in Central Luzon and 
Panay Island, Quisumbing et al (2004, p 81) found that the gender dummy 
is not statistically significant, indicating that the nonfarm wage earnings of 
females do not differ significantly from those of males. It is clear that there 
is no significant discrimination against women in the nonfarm labor market 
in the Philippines.
 In study villages in Thailand, the rise in nonfarm income is primarily 
because of the development and spread of rural industry, in which women 
and men have been equally involved (Cherduchai 2006). As a result, the 
head-count ratio of poverty in the study villages declined from 61% in 1987 
to 17% in 2004. Remittance income also plays a crucially important role 
in increasing nonfarm income in Thailand. But, we found that remittances 
are larger relative to total farm income in the Philippine villages because a 
relatively larger number of children are employed in overseas work and are 
regularly sending remittances to this country.
 The case of Tamil Nadu is interesting because the women have been 
increasingly allocating their time to crop diversification toward high-value 
crops and livestock propagation, while the men have been increasingly more 
involved in nonfarm work (Kajisa 2006). South Asian women may not be 
able to participate more actively in the nonfarm labor market presumably 
because of their shorter labor market experience and lower level of schooling 
than men. It seems that the relative ease of substitution of female for male 
labor in crop diversification and livestock propagation enables households 
to increase their farm income.
 What is the impact of the rise in women’s income on the welfare of the 
next generation? In Brazil, Thomas et al (1997) found that additional income 
in the hands of women has a greater positive impact on child survival and 
nutrition than does income in the hands of men. In Côte d’Ivoire, Hoddinott 
and Haddad (1995) found that increasing women’s share of cash income in 
the household significantly increases the budget share of food and reduces 
that of alcohol and cigarettes. Quisumbing and Maluccio (2003) found that 
more assets in the hands of women increases the budget share of food in 
Ethiopia, the budget share of education in Bangladesh and South Africa, 
and the budget share of health care in Indonesia. Higher total household 
income has resulted in higher incremental years in school of children in the 
Philippines and Vietnam because current household income is a major source 
of schooling funds (Behrman and Knowles 1999, Estudillo et al 2006b). 
Finally, in Bangladesh, Pitt and Khandker (1998) found that borrowing by 
women from the Grameen Bank has a positive impact on girls’ and boys’ 
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school enrollment rates and a significant effect on children’s nutritional 
status. 
 Table 3 shows school enrollment rates of both boys and girls in selected 
Asian countries at the primary, secondary, and tertiary levels. School 
enrollments have increased significantly over time. While we do not discount 
the positive impact of the supply-side factors such as the expansion of free 
public school systems and complementary infrastructure such as roads, water, 
and electricity, we believe that the demand factors have exerted a greater 
impact on school enrollment rates. It is remarkable to find that women are 
more educated than men in the Philippines and Thailand in more recent 

Table 3: Gross school enrollment rates (%) in selected Asian 
countries.

 Country and survey year

Sector 1990 2000-02

 Females Males Females Males

Philippines
Primary 109 113 112 113
Secondary 73 74 88 80
Tertiary 33 24 34 26

Thailand
Primary 98 100 95 99
Secondary 30 31 77 77
Tertiary 18 18 42 36

India
Primary 84 110 104 111
Secondary 33 55 47 58
Tertiary 4 8 10 14

Indonesia
Primary 114 117 111 113
Secondary 40 48 60 61
Tertiary 7 12 15 18

Korea
Primary 105 105 105 106
Secondary 88 91 91 90
Tertiary 25 51 64 105

China
Primary 120 130 115 115
Secondary 42 55 69      71
Tertiary 2 4 14 17

Source: ADB (2005, Table 2).
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years. It is also interesting to find that Indonesia and China have shown a 
spectacular increase in secondary and tertiary school enrollment rates and that 
the gender gap in school enrolling rates in favor of males at the secondary and 
tertiary levels has declined. These two countries have experienced relatively 
rapid economic growth rates because of the development of rural nonfarm 
sectors. These findings indicate that parents in these four countries have been 
increasingly investing in higher schooling of their female children perhaps in 
response to the rise in the rate of returns to female schooling associated with 
the development of nonfarm sectors. Although women are less educated than 
men in India, the gender gap in schooling has also declined substantially. As 
discussed in the review above, it is likely that the rise in income of women 
because of their involvement in nonfarm work is a critical contributory factor 
to the rise in investments in schooling of children.

CONCLUDING REMARKS

In this paper, we explored the role of Asian women in poverty reduction 
with a focus on how the Green Revolution and the development of the 
nonfarm labor market have induced changes in household labor resource 
allocation. We found, among other things, that households are increasingly 
allocating labor, including female labor, away from farm activities to 
nonfarm activities because of the rise in nonfarm wages, the expansion in 
employment opportunities in nonfarm sectors, and the declining profitability 
of rice production. The rise in nonfarm income is the major propelling force 
behind household income growth and a reduction in poverty. On the other 
hand, declining rice prices are precisely the result of the Green Revolution: 
if there had been no Green Revolution, such a shift of resources away from 
agriculture to nonagriculture would have hardly taken place. 
 With the continued development of the nonfarm labor market and 
increasing integration of the international labor market, we expect a further 
increase in investments in schooling of the next generation because the 
rate of returns to schooling is higher and increasing in the nonfarm sector. 
Such increased investments will benefit both girls and boys alike such that 
the discrepancy in schooling investments in favor of boys may be lessened 
or may even be completely eliminated over time. It is clear that an overall 
increase in the demand for labor through the development of the nonfarm 
labor market is an effective mechanism to reduce poverty and the key to 
eliminating discrimination against women. Although not many analytical 
studies have been conducted, there seems to be clear evidence that the 
development of agriculture and rural areas, triggered by the Green Revolution, 
is the prerequisite for the development of entire economies in many Asian 
countries.
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There has been an increasing recognition of the critical role that the agricultural 
sector in India plays in reducing poverty besides boosting overall economic 
growth. The recognition has come at a time when the agricultural sector faces 
yet another crisis, which poses important challenges such as low and fluctuating 
growth rates over time and space, the continued depletion of natural resources, 
and persistent technological stagnation that complicates overcoming problems 
in both drought-prone and flood-prone areas, which occupy a large proportion 
of India’s agrarian communities. It is imperative that women’s participation and 
empowerment become part of the processes that evolve for addressing these 
challenges. This calls for clear recognition that Indian farmers are women. This 
obviously goes beyond the rhetoric; the reality is that women are increasingly 
replacing men on the farm as more and more men are leaving farming, by 
compulsion or by preference. This recognition should therefore essentially 
bring women’s concerns onto the center stage of agricultural growth, especially 
in the lagging regions. 
 Fortunately, women already have greater space in some activities with 
special significance for the next phase of agricultural growth in dryland and 
high-potential rainfed areas with subhumid conditions in the northeastern 
parts of the country. For instance, women are in the forefront of various allied 
activities such as livestock, fishery, and cultivation of vegetables/horticulture in 
dryland regions such as Gujarat and Maharashtra. This kind of diversification 
is likely to be an important feature of future growth in these regions. Similarly, 
women have already occupied major roles in managing farming and other 
related activities in large parts of the subhumid regions and hilly areas having 
a high incidence of male migration. These regions, unlike dryland areas, are 
characterized by fairly substantial untapped potential in crop yields. 
 The strategy for attaining higher growth in both dryland and rainfed 
agriculture in subhumid areas may call for adopting a three-pronged approach 
consisting of (1) increased diversification within the context of a farming systems 
approach; (2) sustainable management of natural resources, especially water, 
thorough appropriate institutions; and (3) setting up of adequate information and 
market linkages. It is imperative that the road map for the strategy lay foundations 
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for women’s empowerment. This would imply that operationalization of the new 
strategy would enhance women’s role in making informed decisions, increase 
returns to their labor, and eventually ensure improved well-being among women 
farmers, rather than merely increasing their work burden. Bridging or at least 
narrowing the gender gap in terms of access to factors of production such as 
land, credit, and knowledge should be considered as a necessary precondition 
for turning women farmers into champions of agricultural growth with higher 
productivity, environmental sustainability, and gender equity.   
 Given this backdrop, this paper depicts present scenarios, identifies 
challenges, and proposes a road map for achieving higher agricultural growth 
in dryland and rainfed regions in the manner narrated above.    

The analysis in this paper is divided into five sections, including this 
introduction. The next section highlights the recent policy thrust 

and examines the performance of and future scope for agricultural growth 
across the major states in India. This is followed by a brief recapitulation of 
women’s role in the present and future scenarios of agricultural growth in the 
country. The next section discusses present policies and other initiatives for 
mainstreaming gender issues in Indian agriculture. The last section presents 
the way forward. 

REVITALIZING INDIAN AGRICULTURE: 
PROSPECTS AND CHALLENGES   

The recent policy discourse in India is marked by unequivocal emphasis on 
reviving the agricultural sector, especially in the light of the multiple roles 
that the sector plays not only in terms of employment, poverty reduction, 
and food security for the large masses in rural areas, but also for sustaining 
a higher level of overall economic growth in the country (Majumdar 2006). 
While a large part of the poverty-reduction impact emanated in the areas 
covered by the early phase of the Green Revolution, a similar phenomenon 
was experienced during the 1980s in some of the agriculturally lagging states 
such as West Bengal, Madhya Pradesh, and Rajasthan. The period starting 
from the early 1980s marks a turning point in India’s agriculture, with an 
unprecedented growth of 3.5% per annum, and a relatively better regional 
spread of such growth. The growth momentum could not be sustained during 
the 1990s, which has, once again, brought Indian agriculture to another 
major crossroad. Deciding on a new path will have an overarching impact 
on the future of the Indian economy and fortunes of millions of Indians in 
the next two to three decades.  
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Resemblance of a Crisis?

The Xth plan had started with a target of 4% annual growth in agriculture 
and allied activities in order to sustain 7–8% growth in the economy. The 
mid-term appraisal of the Tenth-Five Year Plan, however, came with a 
disappointing picture, with an actual achievement of only 1% growth during 
the first three years of the plan period (Planning Commission 2005). Clearly, 
this rang an alarm bell among the planners, experts, and, more importantly, 
the farmers—men and women. A resemblance, if not actual onset of a crisis, 
was seen as looming large over the sector (Gupta 2005). 
 The crisis scenario seems to have started being reflective in several 
ways:
  Reduced area and production of food grains (the growth rate in 

production during the 1990s was 1.08%, far below the rate of 
population growth)

  Increased area under fallow land
  A decline in crop productivity during the 1990s (from 2.99% to 

1.21%)
  A large proportion of farmers wanting to get out of agriculture  (due 

to nonviability of holdings and input-output prices)
  Overexploitation of land (forest and pastures) and (ground) water 

resources   
 To a large extent, the above scenario is an outcome of the fact that farming 
systems with assured irrigation have reached a plateau and the locus of future 
growth is gradually shifting toward high-potential rainfed areas as well as large 
tracts of dryland regions in the country. Though it has been clearly recognized 
that frequent droughts had jeopardized growth momentum during the Xth 
plan, policies have yet to be fine-tuned toward reviving and developing 
farming systems that are suitable to different agroecological systems in the 
country. The policy emphasis, at least till the Xth Plan, remained mainly 
geared toward irrigation-induced increases in crop productivity and cropping 
intensity, notwithstanding laudable objectives to promote sustainable and 
regionally diversified agriculture.   

Potential for Agricultural Growth 
Among States/Regions in India 

The recent move toward setting up a National Authority for Rainfed 
Agriculture is a major breakthrough in this context. This initiative reinforces 
insights from earlier studies, recommending increased focus on the high-
potential rainfed areas concentrated mainly in the central-northeastern 
regions in the country (Fan and Hazell 2000).
 We tried to work out growth rates for the agricultural sector using 
estimates for state domestic product (SDP) for the period 1993 to 2003; 
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beyond this, estimates for SDP are not available. According to the estimates, 
the average annual growth of agriculture and allied sectors was 2.4% at the 
All-India level. The growth rate, however, varied from 6.16% in Rajasthan to 
–12.4% in Jharkhand. Strangely, a relatively higher average growth rate was 
observed in states such as Rajasthan, Karnataka, Andhra Pradesh, and parts of 
Bihar (excluding Jharkhand) that have a large area under dryland agriculture 
(see Table 1). The better growth performance in dryland-dominated states is 
therefore marked by relatively larger year-to-year fluctuations as suggested 
by the higher-value CV in Table 1.
 On the other hand, if we look at the states in the lower ranks, having 
less than a 1% growth rate, we find that most of them, except Maharashtra, 
represent predominantly forest-based economies. In fact, if we take the 
combined estimate for Bihar and Jharkhand, the scenario will resemble that 
in the forest-based economies. This brings us back to the dual scenario of 
agriculturally lagging regions where the areas are dominated by either dryland 
conditions with a high level of variability or forest-based economies having 
relatively limited cultivable land (Shah and Guru, 2003). 
 Whereas some parts of the dryland and forest-based regions (e.g., in 
Bihar, Madhya Pradesh, and eastern Uttar Pradesh) constitute high-potential 

Table 1: Average annual growth rate 
(1993-2000) and variation in agricultural 

state domestic product.

State AAGR CV

Rajasthan 6.16 14.02
Karnataka 5.01 14.51
Andhra Pradesh 3.76 9.35
West Bengal 3.02 8.13
Bihar 2.76 9.33
Uttar Pradesh 2.26 6.00
Punjab 2.25 5.61
Haryana 2.14 5.12
Kerala 1.99 4.33
Gujarat 1.70 21.85
Himachal Pradesh 1.26 3.13
Tamil Nadu 1.10 6.30
Assam 0.88 3.84
Maharashtra 0.12 8.64
Orissa –1.08 6.53
Madhya Pradesh –2.45 10.64
Chattisgarh –2.47 10.27
Jharkhand –12.39 4.02
India 2.44 7.12
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rainfall areas, the rest face problems of frequent droughts and larger coverage 
of forest. The next round of agricultural growth should therefore focus on 
three areas:
  High-potential rainfed regions (Madhya Pradesh, Bihar, eastern Uttar 

Pradesh, West Bengal, parts of Orissa)
  Low-potential dryland regions (Rajasthan, Gujarat, Maharashtra, 

Karnataka, Andhra Pradesh, Tamil Nadu)
  Forest-based regions (Assam, Jharkhand, Chattisgarh, Assam, parts 

of Karnataka, Kerala)
 The employment scenario across major states also reveals a fairly grim 
picture. Table 2 presents estimates of growth rates in rural person-days in 
agriculture and labor days in cultivation per hectare of gross cropped area 
(GCA) from 1993-94 to 1999-2000.  Unfortunately, employment estimates 
are available for only two points of time during this period. Employment in 
agriculture increased by only 0.1% per annum. Strangely, the growth rate in 
person-days is higher among lagging states such as Gujarat, Bihar, Karnataka, 
and Orissa, besides agriculturally developed states such as Punjab and 
Haryana. With the major exception of Punjab and Haryana, the number of 
days is lowest mainly due to a higher level of mechanization. The estimated 
labor days in cultivation in predominantly dryland states such as Gujarat, 
Karnataka, Rajasthan, and Maharashtra are lower than the All India average. 

Table 2:  Employment in agriculture among major states in 
India, 1993-94 to 1999-2000.

State Growth rate (%) Labor days per ha
  of gross cropped area

Andhra Pradesh 0.0 414
Bihar 0.7 630
Gujarat 1.7 240
Haryana 1.0 103
Karnataka 0.8 266
Kerala –4.1 106
Madhya Pradesh 0.5 240
Maharashtra 0.4 221
Orissa 0.7 293
Punjab 0.5   94
Rajasthan 0.0 158
Tamil Nadu –1.9 366
Uttar Pradesh –0.4 300
West Bengal –0.6 255
India 0.1 266

Source: Tables 9 and 14 in Srivatsava (2006).
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More importantly, actual employment in cultivation in dryland states may also 
fluctuate significantly along with the high level of variability in agricultural 
production, as shown in Table 1.                       

Expanding Opportunities in Lagging Regions

The seemingly grim picture of the agricultural sector among the lagging 
regions offers special opportunities for growth based on diversified farming 
systems in agriculture and allied sectors. The following features need special 
attention in this context:  
  Livestock should be an integral part of the dryland farming systems. 

Large tracts of waste land could be regenerated by reviving integrated 
dryland farming systems. This needs to be strengthened by promoting 
pastures and low-water-intensive crops, including fodder crops.

  Dryland farming systems have a natural advantage in terms of some 
high-valued crops, such as oilseeds, pulses, dryland horticulture, and 
herb/bio-fuel plants.

  Forest-based economies have substantial scope for promoting 
plantation and collection/processing of nontimber forest produce 
(NTFPs), including medicinal plants.

  Some high-potential areas in subhumid regions have significant scope 
for inland fisheries.

  High-potential rainfed areas in humid and subhumid regions have 
substantial untapped potential for using groundwater. These areas 
could become centers of food-grain cultivation, especially by adopting 
measures that help improve input-use efficiency.   

 Opportunities in lagging regions could be exploited given that 
agroecological diversity could be expanded and tapped provided a farming 
systems–based approach for diversified agricultural growth is adopted. The 
Xth plan had already taken an initiative in this regards. Nevertheless, the 
results, as we saw earlier, are not at all encouraging. 
 Prima facie, this indicates the gap between policy intentions and actual 
implementation. In fact, tapping the potential noted above necessitates 
a paradigm shift in the composition of growth, which should reflect the 
agroecological conditions of the three sets of regions.  
 The National Agriculture Innovation Project (NAIP), under its 
component on research and rural livelihood security, has adopted a 
comprehensive approach focusing on the 150 most disadvantaged districts 
in the country. These initiaves could signify a major shift toward a farming 
systems–based approach to sustainable agriculture in different parts of the 
country. 
 Needless to say, revitalizing and sustaining the momentum of growth 
will require a paradigmatic shift in the nature of technology, institutional 
support systems, and price structure. According to Vaidyanathan (2006), 
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this grim situation is not so much due to factors such as inadequate price 
support, low public investment, and declining size of landholdings, besides 
subnormal rainfall in large parts of the country. Rather, the critical issue is 
the composition of investment that would help “improve product potential 
of land and water resources already under use.”
 It is heartening, however, that women will have an increasing role to 
play in this shift (Shah 2003) of the composition as well as locus of growth 
in agriculture and allied sectors because
  Women already have a larger presence in the diversified sectors noted 

above.
  Men are already forced to look for employment opportunities outside 

agriculture and rural economies.
  Sustainable agriculture is likely to be more “knowledge” intensive 

rather than “input” intensive, where traditional knowledge of farmers, 
both men and women, may assume special significance.

  Revival of farming systems may also bring into their fold some food 
crops (such as pulses, oilseeds, and coarse grains) and other products 
(such as milk, fish, and fruits/NTFPs) that may have special nutritional 
value.

  Many of the new activities may involve collective action not only 
for management of common property resources (CPRs), but also for 
processing, marketing, and accessing credit. Several schemes have 
already been put in place such as participatory institutions and group-
based activities jointly with men and also exclusively for women.     

 These aspects will be discussed in the next section.

WOMEN IN THE FOREFRONT: 
MAINSTREAMING GENDER ISSUES  

A plethora of literature exists explaining the large, multiple, and yet invisible 
role that women play in agriculture and allied sectors. While the evidence 
has proved beyond doubt the underestimation of female workers in the Indian 
economy in general and agricultural sector in particular, the important issues 
that often remain underemphasized are women’s empowerment, besides 
their increased work burden (Krishnaraj and Shah 2004). This section tries 
to highlight the contribution of women farmers in different activities and 
identify specific issues that need special attention in the context of gender 
mainstreaming. 
 According to the NSSO results for 1999-2000, female workers constituted 
39% of the total workers in the agricultural sector (Table 3). The proportion 
is lower among cultivators (32.5%) and agricultural laborers (47%).
 In 11 out of the 18 major states, the share of female workers was higher 
than the All India average of 39%. These include a majority of the states 
belonging to dryland and forest-based regions.   
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 If one looks at the wage differentials, female workers receive as low as 
65% of the wages received by male workers. In addition, a large number of 
unpaid workers (a majority of them) are women. 
 If we look at diversification within agriculture and allied activities, 
women have a larger share in some activities such as livestock, fishery, 
collection of NTFPs, etc. The estimates in Table 4 indicate that, whereas 
female workers constitute 36% of the total workers in agriculture and allied 
activities, their share in cultivation is lower (31.5%). Women account for 
more than 40% of the work in weeding, transplanting, and forestry, whereas 
their share in animal husbandry is 50%. 
 The actual contribution of female workers, however, is likely to be 
significantly larger than what is being captured in official estimates. Since 
a large proportion of them are part-time or marginal workers, it is difficult 
to capture their contributions because of conceptual, methodological, 
and cultural reasons. Another problem regarding estimation is that the 
information on intensity of employment (or underemployment) is seldom 

Table 3: Relative share of female workers  in total agricultural workers and 
wage-differentials, 2001.

State Farm workers to Index of wage
 total (M + F) farm workers equality (female/ male)

Andhra Pradesh 46.2 0.65
Assam 30.3 0.75
Bihar 29.6 0.86
Jharkhand 42.2 –
Gujarat 41.7 0.78
Haryana 40.5 0.81
Himachal Pradesh 56.7 0.75
Jammu & Kashmir 34.5 0.86
Karnataka 43.2 0.84
Kerala 27.8 0.56
Madhya Pradesh 43.8 0.83
Maharashtra 50.2 0.61
Orissa 35.7 0.75
Punjab 18.5 0.75
Rajasthan 48.4 0.67
Tamil Nadu 45.5 0.51
Uttar Pradesh 27.3 0.69
Uttaranchal 52.2 –
West Bengal 24.9 0.80
All India 39.1 0.65

Source: Vepa (2005).
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reflected in official statistics, especially when it comes to estimating unpaid 
work in activities outside the system of national accounts (SNA). The 
problem is particularly acute in activities such as livestock rearing, for which 
women’s contribution is supposed to be 90%. 
 Besides production, women are in the forefront of processing and 
marketing of products such as milk, fish, fruits and vegetables, NTFPs, etc. 
Women’s contribution thus needs to be seen in the context of the overall 
gender division of labor in which the spheres of production and reproduction 
are viewed in a holistic manner. Putting it differently, women’s contribution 
to the productive sphere, given the patriarchal system, should have greater 
weight than the equivalent amount of productive work done by men. 
 Given this perspective, a comparison of the relative share of men and 
women in the productive sphere has only limited relevance. In this context, 
the discourse on women’s role in agriculture needs to shift away from counting 
and comparing the number of workers or work days to looking at the criticality 
of their contribution in terms of releasing male workers to seek alternative 
economic activities (including migration) to ensure livelihood security for 
the households, particularly for the elderly and children.
 This leads us to women’s empowerment rather than merely emphasizing 
their contribution through “productive work,” which in isolation from their 

Table 4: Females as a percentage of total employment 
operations and  by subsector.

Operation/sub sector 1983 1993-94 1999-2000

Plowing   5.4   5.1   8.4
Sowing 25.5 27.9 35.2
Transplanting 43.2 42.6 43.2
Weeding 45.7 46.8 47.9
Harvesting 38.1 36.8 35.2
Other cultivation activities 28.0 27.7 29.2
Cultivation 29.8 30.5 31.5
Forestry 30.7 36.2 41.0
Plantation 32.7 29.2 30.7
Animal husbandry 37.3 52.2 50.0
Fisheries 23.3 10.3 11.1
Other agricultural activities 27.6 29.1 28.1
Agricuture other  32.1 35.9 36.1
   than cultivation

Total agriculture 30.2 31.9 32.6

Source: Table 14 in Srivatsava (2006). 
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other contribution toward household welfare may imply more work and 
drudgery. The need, therefore, is to identify
  The criticality of women’s work (opportunity cost thereof)
  The special knowledge base they have (and the gap that needs to be 

bridged)
  Extent of drudgery (and ways to reduce that)
  Discrimination faced (and means to mitigate that)
  Ability to make informed decisions 
  Empowerment (which to a large extent comes from their effective 

control over sources of production such as land) 
  Self-esteem (emanating from recognition and expanded space in the 

social sphere)
 The next round of agricultural growth should therefore lead to women’s 
increasing their contribution in the workforce and receive training for 
skill formation, and eventually creating conditions that are more gender 
equitable in the sense noted above. This could be achieved only when the 
entire approach for agricultural growth (or development) is geared toward 
valuing women’s work in a holistic context. This, in fact, is the true meaning 
of gender mainstreaming.

DIVERSIFICATION AND SUSTAINABLE AGRICULTURE: 
SOME ISSUES

Despite low growth in agricultural production during the 1990s, the sector 
has undergone some dynamic changes in terms of increased diversification 
as well as export orientation. In fact, both are closely interlinked. A recent 
study by Rao et al (2006) revealed that high-value food products such as 
fruits, vegetables, animal products, spices, tea, and coffee contribute nearly 
40% of the gross value of agricultural output; of this, livestock account for 
25%. These products, however, are concentrated in selected areas. Among 
the major states, 18% of the districts have more than 50% of the gross 
value of agricultural output coming from these products. Nevertheless, 
these products cover 11% of the cropped area in these districts, with a high 
concentration. 
 Recent policies also provide special impetus for the growth of high-
value crops such as fruits and vegetables, floriculture, dairying, and bio-fuel 
plantations besides organic farming. This is certainly a welcome step insofar 
as it brings a forward-looking approach to agriculture, which otherwise has 
started losing its steam as a viable and preferred occupation. 
 There are, however, two concerns pertaining to this initial spur in interest 
in a diversified agricultural scenario. First, the shift toward high-value crops 
is by and large oriented toward high-income consumers in domestic and 
export markets. Given the increased income elasticity, this may lead to 
overexploitation of natural resources such as land and water (Shah 2005). 
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The present policies, despite their overall concerns about sustainable growth, 
do not pay any special attention to efficacy and sustainability of natural 
resource use insofar as they help selected farmers to diversify and cater to 
newly emerging markets. 
 The second concern has emanated from the viewpoint of employment 
generation, which is directly linked to consumption of cereals and pulses 
and hence poverty among the large majority of households engaged in 
agriculture. A recent study by Srivatsava (2006) reveals that, unlike 
expectations, noncrop agriculture, after experiencing a very high rate of 
employment growth till 1993, then registered a steep decline. While these 
reasons are not clearly discernible, diversification toward noncrop activities 
has likely increasingly shifted toward capital-resource-intensive rather than 
labor-intensive farm practices. To an extent, the nature of market demand 
(i.e., emanating from high-income consumers) is likely to be responsible for 
adopting such practices.
 The need is therefore to work toward strengthening the alliance between 
diversification of women’s critical role within labor-intensive practices and 
sustainability of resource use, leading to increased access to income for purchasing 
needed food grains for households.
 It is toward this end that the next round of agricultural growth may 
have to move. Gender mainstreaming would therefore imply moving toward a 
more sustainable, equitable, and gender-sensitive development rather than merely 
emphasizing women’s larger presence in farm production, with a business-as-usual 
approach toward crop mix, technology, control of and access to resources and 
the efficient use thereof, and deprivation in terms of basic food consumption and 
thereby continued low capabilities among farm women and their households.    

SUMMING UP 

This analysis emphasized the increasing role of women in Indian agriculture. 
Since a majority of women are involved in agriculture and allied activities, 
they should be brought to the center stage of the next phase of agricultural 
growth in the country. 
 The seeming crisis in the recent past requires a paradigm shift in crop 
composition, and resource-use efficiency of agricultural production. It is 
imperative that the emphasis shift from finer grains to oilseeds and pulses, 
from areas with intensive irrigation to rainfed (dryland) regions, and from 
input capital-intensive to labor-intensive farming practices; and from crops 
to diversified agriculture.
 Fortunately, women are in forefront of the diversified agricultural 
activities. The need is to strengthen their presence by enhancing their 
labor contribution and essentially moving toward sustainable and equitable 
agricultural growth. Such processes should ideally incorporate specific 
concerns in the context of an emerging perspective on empowerment, which 
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goes beyond accounting for their contribution to work and access to skill 
and training. 
 Gender mainstreaming thus calls for changing the nature, process, and 
outcomes of agricultural growth. This would be gender equitable, welfare 
enhancing, and empowering.            
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The objective of this study is to assess the impact of microfinance on women’s 
empowerment in Sri Lanka, which has a relatively better position among 
developing countries in human development achievements. In contrast, around 
one-third of the population is estimated to be poor. As many as 90% of the 
poor live in rural areas. Microfinance has emerged as a major tool to alleviate 
poverty and empower women in the last two decades. Women’s empowerment 
can be defined as a process by which powerless women gain power to control 
their livelihoods. The study is based on a sample survey in five districts covering 
1,080 clients of selected microfinance institutions (MFIs) and 157 nonclients. 
Both quantitative and qualitative techniques were used to gather information. 
About 60% of the sampled MFI clients are women. A marginal improvement 
in female decision making after joining an MFI is reflected in the women’s 
empowerment index (WEI) computed for agriculture, domestic affairs, and 
business activities. This is mainly an outcome of multifaceted services offered by 
MFIs to poor women through self-help groups (SHGs). The SHGs have enabled 
them to obtain greater social status at individual, family, and community levels, 
as revealed by the qualitative information of the survey. Given these positive 
effects, the study recognizes several shortcomings of microfinance as a tool 
for women’s empowerment. Microfinance has not helped a majority of MFI 
clients to graduate out of poverty, according to the study, largely due to the 
lack of economies of scale of small enterprises run by MFI clients with their 
tiny loans. Limited product diversification is another factor inhibiting growth. 
MFI clients are inclined to continue their traditional family businesses rather 
than launch innovative activities. Unless MFIs prioritize gender-specific issues 
in their agendas, microfinance will not necessarily empower women. The 
extreme poor have minimal access to microfinance. Adoption of best practices 
by MFIs, backed by an appropriate legal and regulatory framework, is needed 
to integrate them with the mainstream financial sector and to sustain their 
commercial viability. Microfinance is not a substitute for macroeconomic 
policies geared to promote pro-poor economic growth. It acts rather as a 
safety net for the poor.

Empowering Rural Women through 
Microfinance: Lessons from Sri Lanka

Sirimevan S. Colombage and Alia Ahmad 
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Sri Lanka has been ranked very high among developing countries in terms 
of its impressive human development achievements in health, education, 

and gender equity owing to the uninterrupted social welfare policies adopted 
by successive governments since independence. Paradoxically, as much as 
one-third of the population lives below the poverty line. Around 90% of 
the poor live in rural areas. The high incidence of poverty, particularly in 
the rural sector, contrasts with the country’s impressive human development 
indicators as well as the three-decades-old economic liberalization process. 
Sri Lanka’s scorecard for gender equity is somewhat satisfactory compared 
with that of many other developing countries. The life expectancy at birth 
for females is 76 years compared with 71 years for males. The ratio of literate 
females to males is 0.96. The ratio of girls to boys in primary education is 
around 0.94. Although progress achieved thus far is commendable, critical 
areas remain in which gender disparities inhibit the socioeconomic progress 
of women. Male supremacy is generally accepted in the society and, as a 
result, females are marginalized, particularly in rural areas. Traditionally, 
women’s role in the household has been restricted to child care, domestic 
work, and other family responsibilities. Therefore, the freedom available to 
them to engage in employment activities is rather limited. This is reflected 
in the much lower labor force participation rate of females (31%) vis-à-vis 
that of males (67%). Meanwhile, the unemployment rate for females (11.9%) 
is over twice that for males (5.5%), reflecting the limited job opportunities 
available to women. Self-employed women are handicapped because of 
their limited accessibility to land, credit, training, technology, and other 
facilities. Therefore, their full potential has remained unrealized. The lack of 
empowerment of women is one of the major constraints to poverty alleviation 
in rural areas.
 The high level of poverty and vulnerability of women in rural areas 
are partly due to the slow growth of the economy, around 4–5% annually, 
vis-à-vis a desirable growth rate of 8–10%, which is imperative to uplift the 
living conditions of the people. Leeway available to deal with poverty and 
gender imbalances through macroeconomic policies is rather limited. Hence, 
specific social networks are needed to safeguard the poor, and also to address 
gender imbalances. In this context, microfinance has been increasingly 
recognized as an effective instrument to reduce poverty and to empower 
women. The island-wide poverty alleviation program, Janasaviya, launched 
by the then government in 1989, revolutionized welfare policy by giving the 
poor access to credit to start income-generating activities. Until then, the 
welfare program of the government had been limited to food subsidies and 
other household transfers. The current poverty reduction program of the 
government, Samurdhi, continues to promote income-generating activities 
through its bank societies. In parallel with the government’s initiatives, many 
community-based organizations are also in place to provide microfinance 
facilities to the poor. Self-help groups established by women are a major 
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component of these organizations. The formal banking sector has also taken 
keen interest in providing such services. 

OBJECTIVE AND SCOPE OF THE STUDY

The objective of this study is to assess the impact of microfinance on women’s 
empowerment in Sri Lanka. 
 Women’s empowerment can be defined as a process by which powerless 
women gain power to control their livelihoods. Empowerment of women 
is considered as a major outcome of microfinance. Broadly, empowerment 
refers to an enhancement of “power” of an individual or a group. MkNelly 
and McCord (2001) articulate how microfinance can foster women’s 
empowerment. By offering poor households access to formal or semiformal 
financial services, microfinance has the potential to empower its clients 
in a variety of ways: (1) income-generating opportunities created through 
microfinance could provide greater economic security and power to clients, 
and (2) group formation and management could link clients with networks 
beyond their neighborhood or community. It is widely accepted that 
the microfinance programs that target women have greater empowering 
potential, because women are usually marginalized in society. Microfinance 
services enable women to develop their own income-generating activities, 
and thereby foster internal attitudes (self-reliance, self-confidence, and self-
worth). The women participating in microfinance are also able to develop 
their external relations (greater bargaining power within the household and 
leadership in the community). Small groups, which form the foundation of 
most microfinance schemes, empower women through mutual support, the 
exchange of new ideas, group responsibility, and leadership. 
 The specific goals of this paper are to analyze the impact of microfinance 
(1) on the economic empowerment of women through participation 
in income-generating activities, and the constraints faced; and (2) on 
noneconomic aspects of empowerment (external and internal). 
 Our study is based on a sample survey in five districts (Hambantota, 
Moneragala, Nuwara Eliya, Badulla, and Batticaloa) covering 1,080 
microfinance institution (MFI) clients and 157 nonclients. Selected areas in 
the conflict-affected Northeast Province were also covered in the survey. Both 
quantitative and qualitative techniques were used to gather information in 
the survey. Quantitative information from MFI clients was collected by using 
a structured questionnaire. Qualitative information on the extent of women’s 
empowerment and capacity building facilitated by MFIs was collected by 
means of meetings with MFI providers and focus group discussions with 
clients.
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WOMEN’S PARTICIPATION IN MICROFINANCE 

Profiles of Clients

Women account for nearly 60% of the total number of MFI clients covered 
in the sample (Table 1). Women’s participation is high, as much as 70% 
in community-based organizations (CBOs). Among them, the Janashakthi 
Bank Societies managed by the Women’s Development Federation (WDF) 
in Hambantota are a unique model. The WDF is a self-managed organization 
formed by rural poor women in Hambantota District in 1989 in conjunction 
with the government’s pioneering poverty alleviation program, Janasaviya. 
Female participation is around 54% in the case of Samurdhi bank societies, 
which are sponsored by the poverty reduction program of the government. 
Female participation in the banking sector, consisting of commercial banks 
and development banks, is only 30%. This reflects limited access to the 
banking sector. 
 Let us now examine whether the rural poor have access to microfinance 
facilities. Using the official poverty line (per capita income of about US$17 
per month for the survey period), as defined by the Department of Census and 
Statistics, we grouped clients into different income groups (Table 2). Around 
23% of the population lives below the official poverty line. In comparison 
with this ratio, the outreach of MFIs is highly satisfactory. Persons who live 
below the poverty line (less than $17) account for about 62% of the total 
number of clients. Also, persons who are just above the poverty line ($17–35) 
account for 15% of the total number of clients. Female participation is higher 
in all three bottom-income groups. 

Employment Effects 

Microfinance is largely meant for self-employment. But the freedom available 
to rural women to engage in such activities is severely constrained as they 

Table 1: Gender profile of sample MFI clients.

 Percentage of clients
Type of MFI
 Male Female Total

Community-based organization 29.9 70.1 100.0
Bank  70.2 29.8 100.0
Samurdhi bank society 45.9 54.1 100.0
Total 40.9 59.1 100.0

Source: Survey data.
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are overburdened with domestic work. Moreover, they are also expected 
to work as unpaid workers in family-owned paddy fields and enterprises. 
Around 38% of the female clients serve as unpaid family workers, whereas 
only 15% of male clients have such work (Table 3). Thus, rural women have 
less opportunity to start their own self-employment projects. This is reflected 
in the lower participation of women in self-employed activities: 42% of 
female clients vis-à-vis 50% of male clients. This is paradoxical to the high 
participation of women in microfinance activities. This may be partly because 
some female clients provide their microfinance funds to their husbands or 
to other male family members. If female clients do not have the freedom 
to use the microfinance facilities available to them, it would be difficult to 
anticipate any improvement in their empowerment. 
 Given these positive effects, the study recognizes several shortcomings 
of microfinance as a tool for women’s empowerment. A major impediment 
is that microfinance does not help a majority of MFI clients, who remain 
below the poverty line, to graduate out of poverty, according to the study. 

Table 2: Per capita income profile of MFI clients.

 Percentage of clients
Income group (US$)
 Male Female Total

<10 33.3 36.9 35.2
10–17 25.6 28.3 27.1
17–35 12.9 15.9 14.8
>35 28.1 19.0 22.9
Total 100.0 100.0 100.0

Table 3: Employment status of MFI clients by 
gender.

  Percentage of clients
Employment status
 Male Female Total

Permanent    15.5   7.2 10.6
Temporary   17.4 10.7 13.4
Contract     1.9   2.4   
2.2
Self-employed    50.3 42.0 45.4
Unpaid family workers   14.8 37.7 28.4
Total  100.0 100.0 100.0
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This is largely due to the lack of economies of scale of small enterprises run 
by MFI clients with their small loans (Fig. 1). Limited product diversification 
is another factor inhibiting growth. Small enterprises largely concentrate on 
a few low-return activities such as small trading, brick making, basic food 
processing, dress making, and carpentry. Generally, MFI clients are inclined to 
continue their traditional family businesses rather than to launch innovative 
activities. Factors such as inadequate technological and business guidance on 
new products, nonavailability of resources, poor infrastructure, and lack of 
R&D initiatives have retarded the growth of rural small enterprises. Unless 
MFIs prioritize gender-specific issues in their agendas, microfinance does not 
necessarily lead to women’s empowerment. The extreme poor have limited 
access to microfinance, according to the survey findings. 
 According to the information collected from clients, MFIs have several 
unfavorable features (Table 4). Around 20% of the female clients reported 
that high interest cost is the most undesirable feature of MFIs. The lending 
rates of MFIs are maintained above 20% per annum. The high cost of lending 
is due to various factors, including risk factor in micro-lending, upward bias 
of the overall interest rate structure of the country, and high inflation. The 
high cost of capital is detrimental to the growth of small enterprises. The small 
size of loans is another major setback as discussed above. Other shortcomings 
are group problems, poor attitudes of loan officers, unfavorable loan cycles, 
and forced savings/insurance that seem undesirable to some clients.

IMPACT ON NONECONOMIC ASPECTS 
OF EMPOWERMENT

It is widely believed that microfinance provides immense opportunities to 
deprived rural women to develop their internal attitudes (self-reliance, self-
confidence, and self-worth) as well as external attitudes (greater bargaining 
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Fig. 1: Size of loans obtained by MFI clients.
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power and decision making within the household, and leadership in the 
community). This has been possible through self-help groups (SHGs), which 
form the foundation for most microfinance schemes. The SHGs provide a 
conducive environment to female members for mutual support, the exchange 
of new ideas, group responsibility, and leadership. 
 Information on the extent of women’s empowerment and capacity building 
facilitated by the microfinance providers covered under our survey was 
collected mainly by means of discussions with the managers of microfinance 
institutions, and focus group discussions with microfinance clients. It was 
observed that the group mechanism adopted by the Janshathi Bank Societies, 
Social Mobilization Foundation, SEEDS, Ruhuna Development Bank, 
Uva Development Bank, and Seylan Bank has substantially contributed to 
women’s empowerment and capacity building. The qualitative findings are 
supplemented by quantification of the impact of microfinance on women’s 
empowerment.

Qualitative Findings

Several qualitative case studies conducted in the survey reveal how SHGs 
have helped female clients to improve their attitudes and to enhance their 
status within the family and community as follows:

Table 4: The most undesirable features of MFIs as reported by 
clients.

 Percentage of clients
Feature
 Males Females Total

High interest cost  23.1 19.9 21.2
Small loan size  8.8 6.4 7.4
Unfavorable loan cycle  2.9 1.9 2.3
Collateral conditions  1.8 1.4 1.6
Too many/too-long group meetings  2.5 2.2 2.3
Uncomfortable meeting places/offices  1.8 2.2 2.0
Repayment conditions  0.2 2.2 1.4
Problems of groups  3.2 7.1 5.5
High transaction costs of loans  1.4 0.8 1.0
Unfriendly behavior of loan officers  5.4 2.5 3.7
Grace period too short  1.6 1.6 1.6
Forced savings/insurance 3.6 3.4 3.5
Others 4.1 3.4 3.7
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  At the individual level: Before joining the MFI programs, female clients 
were mostly restricted to traditional housewife functions such as 
cooking, looking after children, and housekeeping. They had poor 
self-confidence. They mainly depended on their husband’s income 
and did not possess any savings. Male dominance was prevalent. But, 
since joining the programs, female clients have been able to improve 
their self-confidence and self-worth. Now they are more social and they 
have gained ability to express their ideas and views in public. They 
are engaged in income-generating activities and, as a result, they have 
more decision-making power. Most of the female clients interviewed 
have access to borrowing, savings, and insurance facilities. Nutrition 
and health awareness programs provided by MFIs, mainly CBOs, have 
helped women to improve the health condition of their families. 

  At the family level: Before joining the programs, rural women were 
largely confined to a traditional wife/mother role in the family while 
the husband used to be the sole breadwinner. Thus, there was a gender-
based division of labor in the family. Apart from housework, the wife 
often supported her husband’s income-generating activities, providing 
unpaid labor. Decision making was largely done by the husband or 
another male family member. A gradual transformation of these family 
relationships in favor of females can be observed after they joined the 
programs. The SHGs have given women the opportunity to widen 
their horizon beyond the traditional wife/mother role. Now they have 
interaction with others, and engage in income-generating activities. 
As a result, they have gained more bargaining and decision-making 
power within the family. 

  Business: As poor rural women do not have access to commercial 
banks and other formal financial institutions, they did not have any 
opportunity to start business enterprises before joining the programs. 
As most rural women are not well educated, they lack entrepreneurship 
skills. MFIs have provided opportunities to rural women to overcome 
most of these barriers. Borrowing, savings, and insurance facilities 
provided through SHGs have enabled them to start their own 
businesses and to improve their financial position. 

  At the community level: Before joining the programs, the female 
clients did not have much relationship with the community. There 
was hardly any responsibility or awareness of the community. No 
collective efforts were made for community development. But, active 
relations with SHG members have led to immense changes in this 
scenario. Active participation in village-level CBO activities and 
other community work has empowered women to build up their self-
confidence, attitudes, and income-generating capabilities. Various 
awareness programs conducted at the village level have enhanced 
collective consciousness and societal harmony. Regular attendance 
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is observed in societal meetings and social events such as weddings 
and funerals. The general opinion among SHG members is that “we 
feel like one big family, now with a greater unity among us.” 

Measuring the Impact of Microfinance 
on Rural Women’s Empowerment

We have attempted to verify these findings based on the qualitative survey 
by developing certain quantitative indicators. For this purpose, we follow 
the method used by Hossain et al (2004). Accordingly, we consider female 
participation in decision making as a proxy for agricultural and nonagricultural 
activities. Women’s power in decision making is assessed in three domains: 
agricultural activities, domestic affairs, and business activities. In each of 
the three domains, we measured five indicators as follows:
  Agriculture: selection of crops for cultivation, management of farm/

crops, purchase of inputs such as fertilizer, and livestock/poultry 
management.

  Domestic affairs: cash management, tours and recreation, children’s 
education, purchase of durable goods, and housing improvements.

  Business activities: to obtain loans, start a business, purchase machinery 
and equipment, sell output, and save money. 

 We have used rating values from the lowest (=1) to the highest (=5). 
At the lowest rating, women are least empowered, and at the highest rating 
they are most empowered. Thus, higher values reflect higher empowerment 
of women as follows:
 1 = Decision is made by other members in the absence of the 

husband.
 2 = Decision is made by the husband, when he is present, without 

consulting the wife.
 3 = Decision is made by the wife in the absence of the husband.
 4 = Decision is made jointly by the husband and wife, or jointly with 

others in the absence of the husband.
 5 = Decision is made by the wife, even when the husband is present.
 Accordingly, the women’s empowerment index (WEI) for each domain is as  
follows:

where WEIag = WEI for agriculture

WEIag =          , WEIdo =          , WEIbu =         
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 WEIdo  = WEI for domestic affairs
 WEIbu = WEI for business activities

Now, the overall WEI can be expressed as follows:

   

The results of the above computations are presented in Table 5.
 A marginal improvement in female decision making after joining an 
MFI is reflected in the WEI computed in this study for agriculture, domestic 
affairs, and business activities. This is mainly an outcome of multifaceted 
services, including borrowing, savings, and insurance facilities offered by 
MFIs to poor women through a self-help group mechanism. These facilities 
have provided greater income-generating opportunities for rural women to 
enhance their economic security and power to a certain extent. 

SUMMARY AND CONCLUSIONS

Microfinance has the potential to empower its clients, particularly female 
clients, by strengthening them with self-reliance, self-confidence, self-worth, 
and decision-making powers through interactions with group members 
and the rest of the community. According to the survey findings, larger 
proportions of rural women have gained access to microfinance in different 

WEIag + WEIdo + WEIbu

3
WEI = 

Table 5: Mean women’s empowerment index by 
poverty group and activity.

Lowest

2.45
2.41

3.34
3.25

2.78
2.79

2.86
2.82

Activity 

Agriculture
   Before
   After
Domestic affairs
   Before
   After
Business activities
   Before
   After 
Overall
   Before
   After 

Middle

1.81
1.83

3.27
3.22

2.65
2.62

2.58
2.56

Highest

1.74
1.81

3.23
3.28

2.58
2.67

2.52
2.59

Total

1.89
1.92

3.26
3.27

2.63
2.68

2.59
2.63

Poverty group
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parts of the country. The qualitative case studies assert that microfinance 
has enabled rural female clients to improve their status at individual, family, 
and community levels through self-help groups. A marginal improvement 
in female decision making after joining an MFI is reflected in the women’s 
empowerment index computed in this study. 
 Given these positive effects, the study recognizes several shortcomings 
of microfinance as a tool for women’s empowerment in the economic sphere. 
A major impediment is that microfinance has not helped a majority of MFI 
clients to graduate out of poverty, according to the study. This is largely due 
to the lack of economies of scale of small enterprises run by MFI clients 
with their tiny loans. Limited product diversification is another factor 
inhibiting growth. Small enterprises largely concentrate on a few low-return 
activities such as small trading, brick making, basic food processing, dress 
making, and carpentry. Generally, MFI clients are inclined to continue their 
traditional family businesses rather than launch innovative activities. Factors 
such as inadequate technological and business guidance on new products, 
nonavailability of resources, poor infrastructure, and lack of R&D initiatives 
have retarded the growth of rural small enterprises. Unless MFIs prioritize 
gender-specific issues in their agendas, microfinance does not necessarily 
lead to women’s empowerment. 
 The extreme poor have limited access to microfinance, according to 
the survey findings. Microfinance outreach is extremely limited in the 
conflict-affected Northeast Province. Limited accessibility to MFIs was also 
observed in remote villages in the rest of the island. Although microfinance 
has potential to improve women’s empowerment as discussed earlier, its 
effectiveness has been constrained by various factors. 
 The adoption of best practices by MFIs, backed by an appropriate legal 
and regulatory framework, is needed to integrate them with the mainstream 
financial sector and to sustain their commercial viability. Microfinance 
should not be considered as a substitute for macroeconomic policies geared 
to promote pro-poor economic growth. It acts rather as a safety net for the 
poor. It would be futile to expect poverty reduction and gender equity solely 
by means of microfinance without adopting a coherent macroeconomic 
strategy that ensures growth and stability (Guerin 2006, Kabeer 2005, Mayoux 
2006).
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The rice harvesting system in Asia is mostly traditional and still dominated by 
manual reaping and custom machine threshing despite decades of attempts to 
introduce mechanical harvesters. Presently, however, the need for mechanical 
systems within the region is peaking as harvesting costs and unreliability of 
labor reach high levels while recent technical advances toward mechanized 
systems are increasingly felt. Although the IRRI axial-flow thresher continues 
to be important to Asian rice fields and has been intensively adapted differently 
throughout Asia, various other harvester designs are being improved and 
introduced to meet the requirements of Asian farmers and the extreme field 
conditions under which harvesting machines operate during the wet season. 
In Vietnam, locally adapted reapers, which are wider and faster than the 
introduced IRRI reapers, are complementing big, mobile threshers. A wider 
IRRI stripper is also useful in some rice fields in the Philippines and Indonesia. 
Smaller, simpler, and cheaper combine designs based on the reaper’s cutter 
bar with an axial-flow thresher are being introduced in southern China, the 
Philippines, Vietnam, and India even as Western combines are being introduced 
in some Asian countries. As researchers and manufacturers continue to address 
technical and socioeconomic constraints to the adoption of appropriate 
mechanized harvesters, these developments lead to reduced harvesting cost 
and lower grain losses while also improving the economic conditions of Asian 
rice farmers.

Over the past few decades, the level of mechanization of agricultural 
operations in rice production and postharvest processing has been 

higher as the intensification of rice production created bottlenecks in land 
preparation and harvesting systems. The region’s economic growth and the 
commercialization of rice production are leading to further rice mechanization, 
with Thailand and Vietnam leading the way in Southeast Asia.
 The rice harvesting system in Asia remains generally traditional, 
costly, and labor-intensive. Hand cutting a hectare of rice field normally 
requires 10–15 person-days, another 5–7 person-days are required to 
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operate the large axial-flow thresher, while gathering and stacking prior 
to threshing require more labor. Total harvesting and threshing costs 
could represent 15–20% of paddy yield, whereas grain losses could be 
5–20% for most fields, depending on manual practices and cropping season. 
A harvesting season that coincides with monsoon rains normally leads to 
grain losses and poor grain quality.
 In combination with the axial-flow thresher introduced four decades ago 
in Asia by the International Rice Research Institute (IRRI), hand harvesting 
appears to be still suitable in most countries, with an abundance of laborers 
who depend on this system for their livelihood. However, farmers are reluctant 
to completely rely on manual labor. Labor is often short in supply during 
peak periods, more costly near urban or industrial areas, and biased against 
fields with lower yield returns, and laborers prefer off-farm jobs in cities or 
abroad. Thus, many Asian farmers are now looking for alternative methods 
such as mechanical harvesters.
 This paper reviews the recent adaptations and technical developments 
made by both the public and private sector on harvesting equipment in the 
developing countries of Asia. The future prospects of mechanical harvesters 
in the region, particularly in Southeast Asia, are further discussed.

TECHNICAL DEVELOPMENTS IN RICE HARVESTING

Axial-flow Threshers

A majority of irrigated and even rainfed rice in Asia is now threshed using the 
axial-flow thresher, which has become particularly common and will remain 
important for most countries in the next decade in the absence of a more 
advanced technology. Pingali et al (1997) noted that the primary reason for 
the rapid thresher adoption in countries such as the Philippines, Thailand, 
and parts of India was its labor-saving effects. Alternative means such as 
the use of human labor, animal treading, and tractor treading were quickly 
replaced by the axial-flow thresher because of its mobility and amenability 
to contract operations.
 Many versions of this design from IRRI have evolved, from portable 
manually pulled units in Indonesia to the buffalo- or hand tractor–drawn 
units in Central Luzon, Philippines, to the self-propelled, four-wheel-drive 
units of the Mekong Delta in southern Vietnam, to the big, truck-mounted 
threshers in Thailand (Fig. 1). Even within localities, many variations of this 
thresher design are being fabricated by the majority of small, village-based 
roadside manufacturers who also provide repair and servicing in and out of 
the field.
 Initial adaptations made by Philippine manufacturers on the original IRRI 
thresher included the use of an oscillating screen and radial fan below the 
threshing concave to replace the rotary screen of the original design, putting 
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car wheels on a spring-loaded chassis, and adapting the oscillating screen 
coupled with radial fan underneath (Khan 1985). Aside from the sizes and 
length of the threshing cylinder being varied in capacity, design adaptations 
include the addition of poles for pulling by carabao or the mounting on the 
chassis of small vehicles, such as jeepneys, to allow self-propelled mobility 
in and out of fields. Recently, the addition of a bagging conveyor and 
recycling conveyor or suction fan on some local Philippine models was made 
by innovative village shops. In the Philippines, the design of the thresher 
has withstood several decades with no major changes to basic components. 
In Indonesia, the same basic portable thresher, mounted on two wheels for 
pulling and equipped with a simple fan for some winnowing, still dominates 
Indonesian rice fields.
 In Thailand, the original axial-flow thresher that became popular in the 1980s 
has a 4-ft threshing cylinder, powered by a 10-hp diesel engine with a capacity of  
1.0–1.5 t h–1. In the 1990s, manufacturers started producing self-propelled 
threshers with 8-ft cylinder length and fitted into a truck, with power from 
90 to 130 hp and capacity from 8 to 9 t h–1 and modified to handle soybean, 
sorghum, mungbean, and sunflower (Krishnasreni and Kiatiwat 1998). 
The major adaptation made on the Thai thresher was when innovative 
manufacturers mounted it on a combine.
 In Vietnam, Hien (1991) reported major changes in the axial-flow 
thresher made by local manufacturers in the Mekong provinces of southern 
Vietnam. Instead of the conventional peg type, an open-threshing rotor 
partnered with louvers to achieve axial flow, with as few as 10 blades fashioned 
from car leaf springs, sits at three angles and is bolted on a closed rotor, 
and drives the crop toward the discharge end. The axial-flow principle was 
further exploited with a few flat spring blades oriented axially in angles along 
a long cylinder to attain axial flow while cleaning through one or two long 
screens assisted by a truck fan at one end; bagging and recycling of tail-ends 
are attained by inclined auger screw conveyors.

Fig. 1: The IRRI axial-flow thresher adaptations in Indonesia, the Philippines, 
and Vietnam.
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Rice Reapers

In Asia, walking-type reapers were developed and introduced as attachments 
to two-wheel tractors (Ezaki 1970a). The design of the reaper-windrower 
is based on the cutter-bar assembly, composed of a reciprocating triangular 
serrated blade placed above a stationary ledger. This type of mechanism 
is highly suitable for windrow operation since plants have practically 
no horizontal movement after cutting and are kept standing before they 
are conveyed to one side (Tiangco et al 1982). A cutter-bar mechanism 
reciprocates at low speed and requires low power. However, its assembly is 
critical and tolerances must be strictly followed in order to maintain high 
performance and durability. The serrated high-carbon steel blades have to 
be sharpened for every 25–50 ha.
 In 1980, IRRI and the Chinese Academy of Agricultural Mechanization 
Sciences (CAAMS) jointly developed the first reaper-windrower designed 
for operation and manufacture in developing countries (Fig. 2). The IRRI-
CAAMS reaper features a cutter-bar assembly with two matching vertical 
conveyors (see below). These belt conveyors are equipped with lugs that 
are in contact with star wheels in front of the machine. The star wheel 
is housed beneath a protruding triangular guide plate to assist in holding 
standing plants during cutting and subsequent conveying. Plants are cut and 
conveyed in an orderly manner and are released in neat windrows at one side 
of the machine. The design eliminated the lugged V-belts, which are features 
of earlier reapers developed in China and Japan, and simplified the power 
take-off, conveyor drive, and cutter-bar mechanism (Tiangco et al 1982). 
The IRRI-Chinese windrower-reaper was introduced in Southeast Asia in 
the 1980s and readily adopted by many manufacturers in the region. In the 
Philippines, reaper adoption peaked during 1980 to 1985, with around 200 
manufacturers that readily adopted the IRRI design (Stickney et al 1985). 
 Shortly after the IRRI reaper-windrower was introduced, a Japanese 
company introduced to Asia a similar reaper with a higher level of technology 
than the IRRI design. The Kubota AR120 Rice Reaper is more durable, lighter 

Fig. 2: IRRI-CAAMS reaper-windrower and its adaptations in Vietnam and the 
Philippines.
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weight, and designed for small, muddy fields characteristic of the Philippines 
and Thailand rice paddies during wet-season harvesting. Although this 
Kubota reaper cannot harvest lodged crops and requires manual reaping 
of field corners and edges (optional depending on operator skill and plant 
conditions), it was the only alternative to the IRRI reaper in areas where 
hired labor is lacking. Despite the high investment cost, it slowly replaced 
the locally manufactured reapers, which experienced durability problems as 
a result of poor quality in manufacturing (Douthwaite 2002). However, the 
Kubota reaper’s demand seems to have peaked mostly in Bataan Province and 
the machine has not been widely accepted as well. PhilRice recently changed 
the cutter-bar into a set of rotary blades for easier fabrication (Bautista et al 
2004); this model uses open chain and sprocket transmission from motorcycles 
and a reverse system using a belt for ease of maintenance and repair (Fig. 
2). Presently, the demand for reapers is not growing even as Chinese-made 
reapers, patterned after the Kubota model, are starting to become available 
in the market.
 In Vietnam, reaper commercialization peaked in 1988 with some 15 
manufacturers, but in 2000 only three manufacturers remained producing 
100–200 units per year each (Khanh et al 2004). Adoption of reapers is also 
not expanding within and outside of the Mekong Delta because manual 
gathering of the cut windrows still costs about two-thirds of the traditional 
hand cutting-cum-gathering. Moreover, the long-length cut of the plants is 
less preferred for mechanical threshing, unlike manually harvested crops. 
However, the reaper design was extensively adapted by one Vietnamese 
manufacturer after widening from 1.2 to 1.6 meters and operating it at 
high speed (from 4 to 6 kph) with a riding operator to attain high capacity 
(Fig. 2). Blades are cut from circular saw blades and serrations are manually 
fashioned with a disc grinder before tempering. This riding reaper uses a 7–8-
hp diesel engine while the walk-behind models produced by a state-owned 
manufacturing company use small gasoline engines of 5–7 hp. The diesel-
operated riding models use old reconditioned Japanese tillers on which the 
reaper is attached in front while a wheel-supported seat for the operator that 
also facilitates steering is hitched behind the tiller transmission. However, 
because of heavy bias toward capacity and speed, most of these reapers running 
at high speed incur high shattering losses, as much as 5–8%.
 In other countries, the reaper has progressed from hand tractor–mounted 
units to four-wheel-tractor–mounted reapers. India and Pakistan use small 
(1.2 m width, self-propelled) and large (2.2 m cutting width) reapers mounted 
on walk-behind tractors or in front of four-wheel tractors with their use 
expanded to other cereal crops such as wheat, soybean, and gram (Kulkarni 
2005).
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Walking-type Rice Stripper

IRRI first started to develop a stripper-combine in the 1970s in order to 
do away with expensive and heavy straw-handling mechanisms. Although 
strippers are known for their excessive grain-shattering effects, IRRI was able 
to design a prototype that bends the standing plants and directs them gently 
into a stripping belt (Khan 1970). Past attempts to develop and introduce 
stripping machines in Asia, however, failed mainly because of high shattering 
losses and poor performance in severely lodged crops (Price 1989).
 In the 1990s, IRRI introduced a similar concept of stripping-harvesting 
from the Silsoe Research Institute, UK. The Silsoe stripper is based on using 
a transverse rotor principle in which stripping takes place along the whole 
length of the rotor arranged transversely to the direction of travel. Harvesting 
of grains takes place at the uppermost portion of the plant by “combing” 
upward through the panicles with rubber or polyurethane teeth while the 
plant is left intact on the ground. The upward rotation of the rotor enables it 
to pick up lodged crops. Such a method minimizes in-field handling of grains, 
thus reducing total losses and labor cost while improving grain quality.
 The IRRI stripper has undergone several field trials in more than 20 
rice-producing countries since 1994 and the reactions to the machine are 
mostly favorable, except when it is used in wet or soft fields where traction is 
a problem (Lantin 1999). IRRI with GTZ formally introduced a walk-behind 
stripper model SG800 with 80-cm cutting width (Fig. 3) powered by an 11-
hp gasoline engine in Vietnam, Thailand, Indonesia, and the Philippines 
in 1994-97. This model places the stripped grains and other materials into 
a replaceable box for re-threshing and cleaning and is coupled with a small 
axial-flow thresher-cleaner specifically designed for a lighter, reduced quantity 
of threshing and a high degree of free grains in stripped crops (Douthwaite 
et al 1993, Tado et al 1995).
 In the Philippines, adoption of the stripper was initially vigorous; 
roughly 200 units were sold to farmers and local government units and 

Fig. 3: Stripper adaptations in the Philippines and Indonesia.
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some five manufacturers cooperated with the project in commercializing the 
technology from 1994 to 1997 (Aldas et al 1996). Although still being used 
by most farmer adoptors in the Philippines, the commercial success of the 
stripper-gatherer was not sustained due to its shattering losses under poor 
field and crop conditions when operators failed to observe proper operating 
speed and height adjustments. In addition, the weight of some commercial 
units (240–300 kg) also disabled the machines in soft, muddy conditions. 
A smaller, lighter model was also adapted by PhilRice for wetter and softer 
fields but was not commercially successful due to reduced field capacity.
 In Indonesia, Gummert (2004) reported that at least two “bengkels” or 
roadside manufacturers in Sulawesi have commercially produced modified 
strippers with 120-cm width (Fig. 3) powered by 13-hp gasoline engines. 
One of these larger bengkels reportedly produced an estimated 70 units for 
local use. Because of the smaller field sizes, the use of these strippers for 
custom service is also common. Their adaptation and commercialization are 
a result of severe harvesting labor shortages in some rice production districts 
in South Sulawesi and the absence of alternative harvesters that can be 
locally manufactured in these bengkels. Pingali et al (1997) concluded that 
small harvesters, such as the strippers, would remain as a better alternative 
in rainfed environments as plot sizes will continue to remain small even as 
economies grow.

Rice Combines

The combined harvester-thresher, commonly known as a combine, presents 
a highly efficient alternative to harvesting and threshing systems. Combines 
allow quick turnaround time between the first and second crop, more efficient 
field handling of paddy output (fewer losses, less time, and less labor), cheaper 
harvesting cost, and better paddy quality (no exposure to field elements 
over time). A combine-harvester simultaneously reaps, threshes, and cleans 
grain. Conventional models feature a harvesting header in front, a conveyor 
to feed the harvested crop into a thresher-cleaner, and a paddy conveyor at 
the back of the machine. Located atop the header is a skeletal pick-up reel 
with wires that hold and push the standing crop into a reciprocating cutter-
bar for cutting. A big auger-feeder gathers the crop toward a crop conveyor, 
which in turn brings the crop upward into a threshing cylinder. The thresher 
separates the grain from the straw while the discharged grain is cleaned by a 
fan in combination with a sifting screen. In most Western models, the cleaned 
grain is discharged and deposited in a bin before unloading into a hauling 
truck, but Japanese combines directly unload grain into grain bags while 
harvesting. Most are equipped with straw walkers to improve the separation 
of grain from straw and to minimize losses.
 Many foreign combines from the U.S., Europe, and Japan have been 
introduced in Asia. Although rice combines have been used for decades 
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in Japan, Taiwan, Korea, and Malaysia, it is thought that the availability 
of labor will continue to make Western-style combines inappropriate for 
the developing countries of Asia. In addition, while most of these are big, 
heavy, and unsuitable for small and soft, wet fields, their costs (investment, 
operational) and lack of availability of parts also pose constraints to their 
adoption. In 1970, Ezaki (1970a) already noted that Western-type combines 
would be unsuitable to small paddy fields because they caused grain losses 
and damage to small rice plots.
 However, in Malaysia, Western-type big combines were accepted from 
the start because of larger field sizes and low labor supply (Mohamed 1991). 
The FAO (1994) also reported that in the Senegal River delta region, some 
50 units of these big combines, mainly of a Western type (Massey Ferguson, 
Laverda, etc.), are operated by private contractors or farmers’ organizations to 
harvest nearly 40% of the delta surface area (between 200 and 300 hectares 
of winter rice). In this region, the popularity of combine-harvesters is high 
despite their poor suitability for some small-sized fields. 
 Thailand may be the only country in Southeast Asia with some success 
in innovating and manufacturing rice combines with cutting widths of 2 to 3 
m (Fig. 4). These combines were developed locally by manufacturers starting 
in 1987 by adapting the axial-flow thresher with the transmission system of a 
crawler tractor and later using surplus truck engines and chassis, and wooden 
tracks to move the combine in wet fields. Government engineers further fine-
tuned the manufacturers’ designs and added hydraulic systems to make the 
combine easier to operate. These are popular among farmers and contractors 
and are moved from northern to southern provinces on big hauling trucks 
to provide custom service to small farmers. In 1998, eight manufacturers 
were producing 400 combines per year, with some 3,000 units being used 
since 1990 (Krishnasreni and Kiatiwat 1998). The local manufacturing and 
marketing of the Thai combine within the region are considered a big step 
toward combine adoption in Asia.

Fig. 4: The Thai combine and the South China minicombine.
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 China produces different combines patterned after big Western models, 
particularly in the northern regions where the rice and wheat cropping 
system is common. However, simpler innovations especially for rice are 
being developed by small manufacturers in southern China. One of these 
smaller designs is the minicombine of Hunan Province, South China (Fang 
2000). This 1.2-m-wide, 600-kg unit (Fig. 4) performs cutting, gathering, 
and threshing simultaneously. However, the paddy output is discharged 
uncleaned into bamboo baskets placed under the thresher. Two men follow 
the minicombine to retrieve and replace baskets between stoppages. Similar 
to the Thai combine, this design features a reciprocating reaper head and 
axial-flow threshing mechanism but uses a small, lightweight gasoline engine 
(16 hp) and a small transmission with forward and reverse gears connected to 
a pair of rubber tires for dry soil or metal mud wheels for wet fields. Unlike 
Western models, it has a simpler design that could be manufactured and 
easily maintained in small countries of Asia. Lately, Chinese models with 
cutting widths from 1.3 to 2.2 m equipped with rubber tracks have also been 
introduced in some Asian markets.
 Vietnamese farmers and manufacturers have been innovating on 
combine design since the 1990s. Recently, a combine contest that featured 
local developments was held in southern Vietnam, with participation by 
seven manufacturers and research institutes. Aside from a smaller version 
of conventional Western-style combines, a few models feature a reaper-
windrower header with a side conveyor that leads to a Vietnam-style axial-
flow thresher (Fig. 5).
 One of the bright prospects for modernizing harvesting operations in 
Vietnam, the Philippines, and India is the PhilRice-B&S minicombine (Fig. 
5) that was adapted from the southern China version. Instead of discharging 
newly-threshed paddy in baskets as in the original Chinese models, this 
minicombine employs additional components to separate impurities and 
winnow the output prior to bagging. PhilRice, in partnership with Briggs 
& Stratton Corporation, is further improving this design by incorporating 

Fig. 5: Combine adaptations in Vietnam and the Philippines and the CLAAS Crop Tiger 
in India.
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recycling systems after cleaning to further minimize losses and improve purity, 
using an optional crop lifter (similar to older Western combines) to pick up 
lodged plants, and improving its field capacity with faster and wider designs 
(Bautista et al 2006).
 Elsewhere, other combine designs are being introduced and becoming 
popular in northwest India and Pakistan. Notable among these is the CLAAS 
Crop Tiger model manufactured in India. This model (Fig. 5) has a 2.1-m 
cutting width powered by a 43-kw 4-cylinder diesel engine equipped with 
rubber tracks for mobility in soft and muddy fields. Initial demonstration of 
the Crop Tiger in southern Philippines in 1998 was reported to have attracted 
considerable interest from big farmers and local government officials (CLAAS 
1998). The only constraint to its full adoption is the high cost and its high 
labor displacement as a result of its high capacity of 3–4 ha per day. Because 
it is imported technology, skills needed to operate, repair, and maintain the 
harvester were also observed to be a limiting factor in such countries as the 
Philippines.

Constraints to the Use of Combines in Asia

Technical constraints. In Southeast Asia, the introduction of large combines 
has encountered major problems. Ezaki (1970b) has already mentioned 
three technical problems in introducing small combines in Japan in the 
1970s: preparatory hand reaping of field edges, lodged crops, and wet field 
trafficability. Preparatory hand reaping is mainly due to the dikes and levees 
in Asian rice fields that may damage the machine or cause high shattering 
losses. Crop lodging is due to variety characteristics, excessive application 
of nitrogen, and climatic factors such as heavy rains and strong winds during 
the wet season. Lodged plants are prone to shattering losses, slow down 
harvesting, and could potentially disable mechanical rice reapers. Although 
Western combines could handle lodged crops, plant breeders, agronomists, and 
extensionists could more directly contribute toward mechanizing harvesting 
by breeding and introducing lodging-resistant cultivars and developing and 
promoting agronomic practices that minimize crop lodging.
 Trafficability under soft, wet soil conditions is normally overcome in 
two ways: equipping the combine with tracks (as found in Thai and Japanese 
designs) or improving lighter-weight construction. The Japanese rubber 
track system is expensive while the steel chassis for the tracks used on Thai 
combines is heavy (tracks were initially made of wooden planks but are now 
made of hollow cast aluminum). However, if the machine’s weight is kept 
to the minimum (e.g., below 1 t), it might be possible to use the combine 
on soft, wet soils using suitable steel wheels that provide both traction and 
flotation for the machine. If light enough, it could be pulled out of a soft 
spot by several people in case it bogs down.
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 Khanh et al (2004) added to these problems the reliability of locally 
manufactured machines as frequent breakdowns limit their economic life 
and farmers’ acceptance. Machine reliability is an issue of manufacturing 
and availability of after-sales services and replacement parts. This could be 
addressed if the design is simple to repair and durable enough to last for at 
least one season of harvesting, after which repairs and maintenance for the 
next season may be done. It is also important that the machine use local 
materials for ease of repair and replacement of parts within the locality.
 Moreover, farmers in Southeast Asia are concerned about losses, purity, 
and machine cost, in addition to suitability to wet fields, light weight, and 
reliability. The purity of the paddy output of the combine is always compared 
with that of the rice thresher. Shattering losses, often due to many factors, 
are often blamed on the harvester alone.
 Socioeconomic constraints. The abundance of labor in the subsistence 
rice production areas of Asia will continue to prevent farmers from fully 
mechanizing rice harvesting as it represents a major livelihood activity for 
most landless laborers despite significant progress made in the industrial 
sector. As rice farmers increasingly shift to labor-saving techniques, such 
as direct seeding, laborers are left with manual harvesting as a main source 
of income and will continue to greatly depend on harvesting despite efforts 
by some individual farmers to use more efficient and modern harvesting 
machinery.
 Pingali et al (1997) observed that although the combine-harvester has 
been in use in East Asia and in Malaysia for several decades now, and recently 
is also becoming common in Thailand, its spread in the rest of Asia is being 
limited by low harvest wages and small plot sizes. Harvest wages, however, 
are rising and the prospects of mechanization of harvest operations are being 
felt in Southeast Asia. Small harvesters such as reapers and strippers are 
therefore seen as an intermediate step toward combines until larger paddy 
plots are formed.
 Despite these constraints, however, the increasing financial capacity of 
Asian entrepreneurs for a custom harvester is receiving much attention from 
farmers in South China, Vietnam, and the Philippines as a result of increasing 
costs and risks with manual harvesting. CLAAS is now producing smaller 
combine models in India and hopes to capitalize on the recent economic 
growth in other Asian markets. Chinese manufacturers are aggressively 
shipping out their small combines to neighboring countries. Even a Thai 
manufacturer has started exporting a smaller model (2 m) for Asian markets 
such as the Philippines and Cambodia, expecting to capitalize on recent 
interest region-wide. Vietnam and the Philippines are also starting to produce 
and market small combines using Chinese components.
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FUTURE PROSPECTS

The mechanization of rice harvesting remains as a very challenging research 
area in Asia as wet crops and soft, muddy field conditions pose problems 
with most combines. The relatively low financial capability of Asian farmers 
remains a difficult issue to tackle with mechanized harvesting, although 
lessons in Thailand indicate the potential of large combines as custom service 
equipment is affordable to service contractors if the custom service cost to 
farmers is lower than that of prevailing practices. The availability of abundant 
labor in the countryside also poses a constraint for most governments to fully 
adopt and support policies toward mechanized harvesting.
 Douthwaite (2002) noted that most successfully adopted technologies 
are ones that were most modified by manufacturers and users. The degree 
of local adaptations made on mechanical technologies, such as axial-flow 
threshers, varies within countries in Asia depending on the type of rice 
cultivation that prevails. For instance, in Thailand (and southern Vietnam), 
where most rice is commercially cultivated, larger threshers with capacities 
higher than the original IRRI design and later large combines using the same 
large threshers are preferred and manufactured. In other rice environments 
dominated by small farmers such as northern Vietnam, Indonesia, and the 
Philippines, smaller thresher models patterned after IRRI models still persist. 
This observation holds true for harvesters: the more commercially driven rice 
cultivation has a tendency toward local development, adoption, or marketing 
of mechanical harvesters.
 In Vietnam, the local adaptation and local manufacturing of reapers 
and threshers are eventually leading to the local development of an 
appropriate combine. These adaptations now come in the form of increasing 
field capacity, improving workability under extreme conditions, as well 
as lightening the machines for trafficability under soft, wet conditions. 
Vietnamese manufacturers now use whatever materials are available locally, 
such as surplus Japanese tillers converted into rice reapers, four-wheel-drive 
systems for mobile self-propelled threshers, trucks, and surplus chasses, etc., 
to reduce cost and complexity in manufacturing. This was the approach of 
Thai manufacturers initially that intensively used surplus components in 
the early combine models but now shifted to brand new parts, leading to 
higher investment cost (but this has also improved reliability and minimized 
problems for the contractors and farmers).
 In the Philippines and Vietnam, the minicombine is being introduced 
following the IRRI extension model of allowing qualified local manufacturers 
to produce and market the combine locally. With the 1.2-m model from 
southern China that has been slightly widened and incorporated with 
cleaning mechanisms to allow for paddy output approximating that of 
threshers, some 100 units of this model have been produced and are being 
test-marketed in both countries. In its second year of introduction, three local 
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Vietnamese manufacturers have copied the design using old Japanese tiller 
transmissions. In the recent combine contest in the Mekong Delta, farmers, 
government technicians, and manufacturers noted the ability of its wheels 
to work under soft, muddy fields but still preferred bigger combines with 
higher capacity and lower operating costs (by using diesel engines instead of 
gasoline engines), despite awareness that these would be heavier and might 
not be practical in the Mekong Delta’s wet to very wet fields.
 The factors in the development and adaptation of harvesters in Asia, 
such as weight, field capacity, durability, and cost, have to be improved 
for an appropriate harvester in each country of Asia. Khan (1970) noted 
that past design efforts in the region have gone into increasing the surface 
contact and surface area but relatively less attention was being given by 
researchers to lightening the machine itself. Service contractors such as 
those in An Giang Province of the Mekong Delta desire high field capacity, 
speed, and reliability. Farmers decide on adoption based on lower operating 
costs and minimum shattering losses during field operations. Manufacturers 
consider this simplicity of design and parts, availability of components in the 
assembly process, competitive advantage, and market access as important. 
Somehow, a balance among these criteria and concerns has been achieved 
by each country’s axial-flow thresher model. Unless a harvester as simple 
and inexpensive as the thresher is introduced and manufactured locally, 
the thresher will continue to dominate most rice fields of Asia in the next 
decade.
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Farmers and rice millers in tropical regions are facing much loss of quality in 
their  traditional open storage systems. Poor drying techniques, high relative 
humidity, high ambient temperatures, and storage pests reduce grain and seed 
quality quickly, resulting in financial loss when selling commercial grain and 
in low crop establishment rates.
 Hermetically sealed storage involves enclosing the grains inside a 
hermetically sealed container. Respiration of the grains and the insects inside 
the storage system quickly reduces intergranular oxygen levels from 21% to less 
than 5%. Under these conditions, most insects die and the insect population is 
reduced to around 1 insect per kg of grain without the need to use pesticide. 
A hermetic storage container also protects the grains from absorbing moisture 
from the ambient air.
 The International Rice Research Institute has conducted studies in many 
Asian countries using commercially available hermetically sealed storage 
systems with 5-t capacity. These studies have shown that hermetic storage 
maintains the quality of seeds, commercial grain, and brown rice much longer 
than traditional open storage. Benefits include an extended viability of up to 12 
months for seeds, higher head rice recovery, longer storage time for commercial 
grain and brown rice, and protection from pests and moisture. The results of 
these studies have encouraged the development of a 50-kg super storage bag, 
which fits into the commonly used traditional bag and has all the characteristics 
of a hermetic storage system. This paper summarizes the results of various 
hermetic storage research trials that were conducted in Cambodia, Myanmar, 
Lao PDR, Indonesia, and the Philippines in collaboration with farmers and rice 
millers.

Farmers and rice millers in tropical countries experience an estimated 
weight loss of 3–5% and a loss in quality of 10–15% when storing their 

grains. Their seeds stored on-farm usually start losing their vigor after only 
3–4 months of storage. These losses are caused by delays in harvesting, poor 
drying techniques, unsafe storage methods, and adverse climatic conditions. 
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M. Gummert, J.F. Rickman, E. Aquino, Myo Aung Kyaw, 
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The combination of high temperature and high relative humidity favors the 
development of mold, provides good living conditions for insects, and leads 
to a high respiration of grain. Because of poor storage facilities, grain is also 
lost to rodents and birds, and during the wet season the grain absorbs water 
from the humid ambient air (Richman and Aquino 2004).

HERMETICALLY SEALED STORAGE SYSTEMS FOR FARMERS

A good storage system needs to prevent moisture from re-entering the grain 
after drying and protect the grain from insects, rodents, and birds, and it 
should be efficient in the use of space and easy to maintain and manage. 
For farmers to adopt storage systems, they need to be affordable and fit into 
farmers’ system of handling and storing grain and seed.
 The principle of hermetic storage involves sealing the stored grain 
from the outside atmosphere by placing it inside an airtight container made 
from materials with low oxygen permeability. This prevents the grain from 
absorbing moisture from the ambient air and also protects it from pests such 
as rodents and birds. Respiration by insects inside the storage container and 
from the grain itself reduces intergranular oxygen levels quickly from 21% to 
usually less than 5%. Experiments conducted by IRRI in Cambodia showed 
that insect activity inside the grain bulk ceases when oxygen levels are below 
8–9%. 
 In collaboration with national agricultural research and extension systems 
(NARES) and the private sector, IRRI started field testing commercial 
hermetic storage cubes with 5-t capacity (Fig. 1, left) in 2000 in Cambodia 
and at the IRRI research station. Positive results led to further piloting in 
Indonesia, Vietnam, and Laos at seed centers and farmers’ cooperatives 
and with the rice and paddy traders’ association in Myanmar. The results 

A B

C

Fig. 1: Hermetic storage systems: (A) cocoon for bag storage with 5-t capacity, (B) 50-kg 
super bag in the laboratory, and (C) at a farmer’s house in Lao PDR.
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have shown that hermetic storage is a good way to control insects without 
pesticides, maintain moisture content, extend the life of seeds, and maintain 
high head rice recovery. To meet the needs for small-scale storage systems 
for the farm level, the IRRI super bag was developed with a capacity of 50 
kg and hermetic properties similar to those of commercial cocoons.
 Since 2005, IRRI, in collaboration with NARES, has been evaluating 
the super bag in various farmer and commercial trials in Indonesia, Vietnam, 
Laos, Cambodia, and Myanmar, with encouraging results. Participating 
farmers were asked to dry their seeds to less than 14% moisture content, 
clean them properly, and take an initial sample for analysis in the laboratory 
before splitting the batch and storing one half in the super bag and the other 
half using their traditional storage method (control). They then stored both 
batches for their normal storage time. When opening the bags, they took the 
final sample from both the control and the super bags and then were asked 
to use the seeds in comparable fields to compare establishment rates. 
 Parameters evaluated were moisture content, live insect count, and 
germination. In the cocoons, oxygen levels were also monitored. Milling 
quality was also analyzed to draw some conclusions on the suitability of 
hermetic storage for commercial grain, even though the main objective was 
to improve seed storage 

PERFORMANCE OF THE HERMETIC STORAGE SYSTEMS

The following is a synthesis of the findings in the farmers’ trials complemented 
by some laboratory research results in which the data are helpful for 
understanding system performance.

Effect on Moisture Content

The hermetic systems effectively prevent grains from absorbing moisture 
from the ambient air. Hermetic systems have an initial increase in moisture 
content because respiration inside the container produces some water, but 
after a few days the moisture content equilibrates and stays within safe 
storage limits (Fig. 2A). In open storage, the grain absorbs more water from 
the surrounding air and often the final moisture content can reach 18%, far 
too high for safe storage (Fig. 2B).
 When a hermetic storage system is set up outside under the sun, it is 
exposed to temperature changes between day and night time. This might result 
in problems with moisture migration inside the grain bulk and condensation 
leading to the development of mold and hot spots. This can be prevented if 
the storage system is shaded and protected from direct sunlight.
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Atmosphere

The super bags are made from a special plastic material that contains a gas 
barrier with low oxygen permeability. This ensures that the respiration of 
insects and the grain itself consume most of the oxygen inside the bags faster 
than new oxygen from the atmosphere can penetrate through the plastic. 
Within a few days after sealing, oxygen levels far below 10% are reached 
inside the storage system and they remain low even after respiration rates 
slow down. This cannot be achieved with normal plastic bags in which the 
oxygen level initially also drops but then approaches 21% after a few days (Fig. 
3A). In the meantime, hermetic bags from different suppliers are available 
with different permeability so that the most suitable bag can be chosen for 
the desired purpose (Fig. 3B).

Insect Population

The insect population drops within a few days after sealing in hermetic 
storage systems, typically to around 1 insect per kg of grain (Fig. 4B). Some 
insects and larvae survive, but they help keep the oxygen level down since 
a small amount of oxygen permanently leaks through the plastic film of the 
hermetic super bag. In open storage, insects usually find good living conditions 
and multiply. Numbers of 40–75 insects per kg of grain after open storage 

Fig. 2: Effect of hermetic storage on moisture content: (A) moisture 
content over storage time for open storage in woven plastic bags (control), 

hermetic storage, and cooled storage in woven plastic bags (IRRI). (B) 
Initial and final moisture contents after 8 months of hermetic storage in the 
super bag and open storage in Bac Lieu, Vietnam, 2006 (Diep Chan Ben et 
al 2006). Within a variety, means with the same letter are not significantly 

different at the 5% level.
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Fig. 3: Effect of hermetic storage on oxygen content inside the storage container. 
(A) Hermetic bag with O2 barrier compared with normal plastic bag (IRRI). (B) 

Comparison of different hermetic bags (IRRI).
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Fig. 4: Effect of hermetic storage on the insect population. (A) Insect population over 
time in hermetic storage, fumigated storage, and storage in deltamethrin-treated storage 
sacks (IRRI). (B) Live insects in four different varieties after 8 months of hermetic and 

open storage (Diep Chan Ben et al 2006).
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in Figure 4B are typical but, in some trials, they reach 150 insects per kg of 
grain. Fumigation in open storage can control insects for around 3 months 
but then numbers increase again (Fig. 4B).

Germination

Hermetic storage can extend the germination of farmers’ seeds significantly. 
It slows down the rate of germination loss (Fig. 5A) and in the farmers’ trials 
most farmers achieve a significant benefit because even after 7 months of 
storage germination can be maintained above 90%. This enables farmers, who 
usually experience a loss in germination after 3–4 months of storage, to store 
their seeds safely even over two cropping seasons. Crop establishment rates 
were not yet systematically established but the farmers participating in the 
trials reported having much better establishment rates and crop uniformity 
if the seeds came from the super bags.

Milling Quality

Although the initial focus of the introduction of hermetic storage is on 
improving seed storage for farmers and local seed producers, the trials also 
showed that there is a significant benefit in terms of reduced deterioration 
of head rice in paddy that is stored in hermetic systems (Fig. 6A). In storage 
experiments conducted over 8 months with four different varieties hermetically 
stored, samples had an on average 36% higher whole-grain percentage than 
samples from open storage (Fig. 6B). Hermetic storage prevents grains from 

Fig. 5: Effects of hermetic storage on germination. (A) Germination over storage time 
compared to open and cooled storage (IRRI). (B) Germination of farmers’ seeds in 

Bangladesh after 7 months of storage in hermetic and open (control) storage systems 
(IRRI).
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going through repeated wetting and drying cycles from ambient air moisture 
and thus minimizes the formation of cracks in the kernels.

Benefits for Farmers and Millers

The economic benefits still need to be quantified but anecdotal evidence from 
many farmers shows a clear benefit from farmers’ seed storage in the super 
bags. In Battambang Province in Cambodia, for example, farmers typically 
store three 70-kg bags with their own seeds for direct seeding at high seed 
rates. Using the super bags gives them better germination, which means that 
they can reduce the seed required by one-third, effectively leaving them one 
70-kg bag for additional sale to the market. The approximate US$9 gained 
from additional sales easily covers the cost of three super bags of around 
$1.10 per piece.
 For commercial grain storage at the farm level or at rice mills, location-
specific economic assessments need to be undertaken considering the 
accessible markets. This is because the economic benefit will come from 
higher head rice percentage. In many local markets, however, head rice is 
not a major factor that determines the prices for locally traded rice.
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Fig. 6: Effect of hermetic storage on milling quality. (A) Head rice over storage time in 
open and hermetic storage (IRRI). (B) Whole-grain percentage after 8 months of storage 

for different varieties (Diep Chan Ben et al 2006).



684     Gummert et al

Management Problems

The super bag is a very simple technology, but farmers’ trials showed that 
the principle needs to be understood by users. Otherwise, they might not set 
the storage system up properly, with a result that the hermetic principle does 
not work. The following problems have been encountered:
 1. The most common problem is that some users don’t seal the bag 

properly, either because they overfill the bag or, because they don’t 
know how to seal it properly, they delegate the job to someone who 
did not receive training, or they cannot read the user instructions 
printed on the bag.

 2. In Lao PDR, some farmers experienced low germination with the super 
bag. An initial assessment led to the conclusion that this happened 
where the super bags were stored in very hot places (granaries with 
metal sheet walls and roofs).

 3. In Myanmar, some insect damage in the form of small holes was 
observed in some bags. The bags were probably not properly sealed or 
got damaged so that the insect population was not decimated inside 
the bags.

 4. The super bags did not work with milled rice. Since milled rice kernels 
are dead and therefore are not respiring anymore, the oxygen inside the 
bags gets consumed only by insects, which is not sufficient to reduce 
oxygen levels significantly.

 All problems except No. 4 are managerial problems and can be easily 
solved. It is obvious that even the introduction of a simple technology like 
the super bag needs to be accompanied by training measures for users to make 
sure that they understand the principles behind it.

CONCLUSIONS

Hermetic storage in super bags is an appropriate way to approximately double 
the lifetime of seeds, especially for farmers in the humid tropics who usually 
experience a rapid decrease in germination rate after 3–5 months when 
using their traditional storage systems. The super bags also maintain a high 
head rice percentage in grain that is used for consumption, and the longer 
the storage period, the higher the increase. After 12 months, head rice in 
hermetic storage was 10–12% higher than in open storage.
 The super bag fits well into the farmers’ and millers’ traditional way of 
storing grain and seeds in bags. It is affordable and easy to use. Problems 
encountered were of a managerial nature and can be solved easily by 
introducing the technology with some training measures for users.
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About 7.95 x 108 tons of crop residues are produced annually in China. The 
straw of cereals accounts for 61% of these residues. Before the mid-1970s, the 
straw of cereals was mainly used for feeding buffaloes and goats, for producing 
barnyard manure, and as fuel for cooking. In the 1980s, with the start of rural 
economy reform in China, straw was widely used by farmers for improving 
soil fertility either directly through incorporation and mulching or indirectly 
through the production of barnyard manure that was then applied to soil. In 
the 1990s, with changes in the rural economy, the use of straw and organic 
manure in building up soil fertility and crop production decreased, and the use 
of chemical fertilizers increased. Large amounts of crop straw, accounting for 
45–60% of the total annual straw resources, were burned in fields, resulting 
in serious deterioration of air quality, which adversely affected human health 
and traffic safety. For this reason, the Agriculture Ministry of China issued an 
urgent notice in 1997 forbidding straw burning in fields and encouraging 
comprehensive use of crop residues. Since then, the use, rather than burning, 
of crop straw has increased. Meanwhile, new techniques in treating straw 
with high economic value have been developing, such as producing packing 
and building materials and fuel gas by industrial gasification. Three aspects 
in crop residue management should receive more attention: (1) control of 
methane emissions associated with the return of rice straw to submerged soils; 
(2) development and evaluation of new techniques in soil preparation, crop 
cultivation, and fertilizer management for returning straw to fields; and (3) 
identification of new techniques of residue management with high economic 
value.

In recent years, about 7.95 × 108 tons of crop residue resources have been 
produced annually in China. The straw of cereals accounts for 61% of 

these residues (Table 1). The production of rice straw is mainly in central and 
eastern China (Table 2), which account for more than 70% of the total rice 
straw production in the country. Wheat straw is mainly produced in the east 
and central regions, and maize residue is mainly produced in the north.
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USES OF RESIDUE RESOURCES IN CHINA

Before the mid-1970s, the straw of cereals was mainly used for feeding 
buffaloes and goats, for producing barnyard manure, and as fuel for cooking. 
In some places, rice and wheat straw were also used as thatch materials of 
farmers’ cottages. In the 1980s, with the start of rural economy reform in 
China, straw was widely used by farmers for improving soil fertility either 
directly through incorporation and mulching or indirectly through the 
production of barnyard manure that was then applied to soil. Straw was 
seldom burned or discarded in fields.
 In the 1990s, with changes in the rural economy structure, the use of 
straw and organic manure in building up soil fertility and crop production 
decreased, and the use of chemical fertilizer increased. Large amounts of crop 
straw, accounting for 45% to 60% of the total annual straw resources, were 
burned in fields. In some suburban areas, this fraction exceeded 80% (Bao et al 

Table 1: Cereal straw resources and their nutrient contents in China. Values presented 
are  2002-04 averages.

Type of straw  Planting area Straw resources
resource (×106 ha)
  Amount (×107 t) N (×104 t) P (×104 t) K (×104 t)

Rice 27.7 17.1 156 22 271
Wheat 22.5 13.4   87 11 118
Maize 24.7 17.9 164 27 176
Total 74.9 48.5 408 59 565

Table 2: Regional distributions of cereal straw 
resources in China. Values presented are

2002-04 averages.

 Straw resources (×107t)
Region
 Rice Wheat Maize

Northeast 1.7 0.1 5.3
North 0.1 2.2 3.9
Northwest 0.2 1.8 1.6
Southwest 3.0 1.1 2.3
East 5.7 4.4 2.5
Central 6.4 3.8 2.3
Total 17.1 13.4 17.9
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2003), resulting in serious deterioration of air quality, which adversely affected 
human respiratory health and traffic safety. For this reason, the Agriculture 
Ministry of China issued an urgent notice in 1997 forbidding straw burning 
in fields and encouraging the comprehensive use of crop residues.
 Since then, the use, rather than burning, of crop straw increased year 
by year. The fraction of crop straw returned to fields rose to 38% and the 
fraction of straw burned and discarded dropped to 14%; 24% of the straw 
was used as fuel and 19% was used as forage/fodder in recent years in the 
country. Meanwhile, new techniques for high-economic-value uses of straw 
have been developing, such as producing packaging and building materials 
and fuel gas by industrial gasification. This now accounts for about 5.2% 
of the straw usage (Table 3). In this paper, we focus on the effects of straw 
management on improving soil fertility and productivity in China.

EFFECTS OF STRAW RETURN ON SOIL FERTILITY

Increasing Soil Organic Matter

Soil organic matter (SOM) is a determinant of soil fertility. Farmlands in 
northeast China generally have the highest SOM, whereas SOM appears to be 
lowest in the alluvial plain of the Yellow-Huai-Hai rivers and at intermediate 
levels in the south of the Yangtze River. In each region, SOM is higher in 
paddy rice soils than in upland soils (Fig. 1).
 Climate is an important factor affecting SOM levels globally (Franzluebbers 
2002). However, research in China showed that soil management had an even 
greater influence than climate on SOM accumulation and decomposition 
in the northeast to south of China (Lin et al 1995). Rice-based cropping 
systems showed a strong capacity to maintain an equilibrium SOM level. 
In long-term experiments in Hunan and Sichuan provinces, SOM did not 

Table 3: Status of cereal straw uses in China.

  Use of straw (% of total straw)
Type 
of straw Return Forage/ Fuel Raw Burning
 in fields fodder  materialsa and discarded

Rice 41.7 16.2 25.5 5.6 11.0
Wheat 40.2 14.3 20.3 8.3 16.9
Maize 32.2 27.1 24.7 1.8 14.2
Average 38.0 19.2 23.5 5.2 14.1

aUsed for high economic value such as production of packaging and building materials 
and production of fuel gas by industrial gasification.
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significantly decline for over eight years in paddy rice soils even when no 
fertilizer was applied (She et al 2006, Wang et al 2005). According to an 
across-year measurement by Zhou et al (2005) in the Taoyuan Station of Agro-
Ecosystem Research, the Institute of Subtropical Agriculture (ISA), more 
than 5.1 t ha–1 of organic materials were returned annually in a double-rice 
cropping system through natural ways, including the fall of withered leaves 
and root secretions during rice growth and return of weeds and stubbles in 
a field receiving only NPK fertilizers. In this case, SOM increased slightly 
but steadily and reached over 30 g kg–1, which is considered a critical SOM 
concentration for a high-yielding paddy soil in the southern area of the 
Yangtze River (Table 4).
 In China, however, only about one-third of the soils have SOM levels 
considered necessary for high soil fertility, while two-thirds of the soils—
especially upland soils—are considered low in SOM (Table 4). Hence, there 
is a need to improve soil fertility by increasing SOM through the application 
of organic manures and straw (Qiu et al 2006). In long-term experiments 
at the Taoyuan Station, after 12 years of straw incorporation, soil organic 
C (SOC) increased 0.23 g kg–1 annually and total soil N (TN) increased 
0.054 g kg–1 annually. In treatments with fertilizers but no straw return, 
SOC increased only 0.09 g kg–1 annually and TN increased only 0.018 g kg–1 
annually. At another site in Taojiang in Hunan Province, after 12 years of 
straw incorporation, SOC increased 0.43 g kg–1 annually and TN increased 
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Fig. 1: Status of soil organic carbon (SOC) concentrations 
in agricultural soils in China (adapted from Lin 1998). I. 
Black soil plain of the northeast (18,436/21).* II. Plain 
of the Yellow, Huai, and Hai rivers (422/60). III. Plain 
of the middle and lower branches of the Yangtze River 
(320/26,523). IV. Red-soil and hilly area of the south 

(786/2,239); V. Delta plain of the Pearl River (19/486). 
*Number of soil samples (upland/paddy).
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0.075 g kg–1 annually. In a treatment with only chemical fertilizers, SOC 
increased 0.27 g kg–1 annually and TN increased 0.042 g kg–1 annually (She 
et al 2006).

Improving Soil N Supply

Returning straw to fields can potentially influence soil N supply by directly 
supplying N to soil, reducing gaseous and leaching losses of fertilizer N, and 
increasing biological N2 fixation in soils. The N concentration in rice straw 
ranges from 5 to 12 g kg–1, with an average of 8 g kg–1, but the effectiveness 
of straw N as an N source in the same season is usually low because of its high 
C/N ratio. According to an evaluation by Shen et al (2000), only 10–20% 
of the straw N was used by plants in the same season, whereas 60–80% of 
straw N was fixed and deposited in the soils, and another 10–20% of the N 
was likely lost through different mechanisms.
 In considering long-term effects, the functions of straw return in reducing 
fertilizer N loss and increasing biological N2 fixation might be more important 
for improving soil N fertility. Chinese farmers often apply a large fraction of 
fertilizer N before transplanting or seeding in cereal production. According 
to a recent investigation, more than 300–450 kg ha–1 of fertilizer N were used 
annually, and 60–70% of the fertilizer N was applied as basal in the areas for 
rice-rice or rice-wheat production in China. As a result, a heavy loss of N 
commonly occurs at the early growth stage. N-use efficiency was generally 
only 30–35%, and it was even lower in the high-yielding areas, such as the 
plain areas of the middle and lower Yangtze River Valley (Zhu 2000).

Table 4: SOM in the high-yielding soils in China.

 SOM concentration
Region (g kg–1)

 Upland soils Paddy soils

Plain of the northeast 40–60 45–65
Plain of the Yellow, Huai, and Hai rivers 12–15 15–18
Loess plateau of the northwest 15–18 17–20
Oasis of Xinjiang Autonomous Region  15–25 25–35
Plain of the middle and lower branches  18–25 25-30
   of the Yangtze River Valley
Red soil and hilly area of southern China 17–20 25–30
Delta plain of the Pearl River 17–25 25–35

Source: Lin (1998).
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 When straw is returned, some excessive reactive N resulting in soil from 
basal fertilizer application may be immobilized by microbes during straw 
decomposition, and hence reduce the N losses via ammonia volatilization 
and nitrification-denitrification in the early growth stage (Shen et al 2000). 
In addition, a high concentration of labile SOC resulting from straw return 
is favorable to soil N2-fixing bacteria (Jiang et al 2001).
 Results from a long-term experiment with double-rice cropping in the 
Taoyuan Station showed that an annual N balance, based on changes at TN 
and crop removal of N, for the 0–40-cm soil layer in the absence of fertilizer 
and straw inputs was 20 kg N ha–1 y–1 for 12 years, even though TN decreased 
by 0.02 g kg–1 in the 0–20-cm layer and by 0.06 g kg–1 in the 20–40-cm layer 
during the 12 years. The positive N balance was considered to represent 
biological N2 fixation. In a treatment receiving only NPK fertilizers (234-52-
162 kg ha–1), the N balance revealed an annual loss of 56 kg N ha–1 for the 
0–40-cm soil layer, although TN increased by 0.21 g kg–1 in the 0–20-cm layer 
and by 0.13 g kg–1 in the 20–40-cm layer during the 12 years. In a treatment 
with less fertilizer NPK (156-35-54 kg ha–1) and half straw returned (3.8 t 
ha–1), an annual N gain of 32 kg N ha–1 was measured for the 0–40-cm soil 
layer. TN increased by 0.64 g kg–1 in the 0–20-cm layer and by 0.14 g kg–1 
in the 20–40-cm layer during the 12 years. The average annual yield for two 
rice crops was 5.5 t ha–1 in the control without fertilizer and rice straw, 9.0 
t ha–1 with only NPK fertilizer, and 9.2 t ha–1 with the lower dose of NPK 
fertilizer and half straw returned (Wang Kairong 2006, unpublished data).

EFFECTS OF STRAW RETURN ON YIELD

Experimental results from about 200 sites nationwide showed that the annual 
rates of growth in crop yields with return of cereal straw ranged from –18% 
to 19%, with an average of 6.6%, compared with the control with fertilizer 
but no straw. The annual rate of growth in yields with straw return across 
3 or 4 years was 658 kg ha–1 y–1 (9.3%) for the rice-rice system and 976 kg 
ha–1y–1 (8.4%) for the rice-wheat system.
 The effect of straw return on rice yield was usually affected by fertilizer 
application. In an experiment on purplish paddy soil in Sichuan Province, the 
rice yield increase associated with straw return was only 266 kg ha–1 (3.3%) 
when a balanced fertilizer NPK was applied. The yield increase with straw 
return was greater when P or K fertilizer was not applied. The yield increase 
was 424 kg ha–1 (5.8%) with fertilizer NK, 552 kg ha–1 (7.1%) with fertilizer 
NP, and 1,008 kg ha–1 (15.0%) with fertilizer N. These results indicate an 
effect of rice straw return on improving soil P and K fertility (Wang et al 
2005).
 Long-term experiments show that there is usually a delayed effect of straw 
return on yield increase. Little effect on yield increase was often measured 
in the first year of straw return, whereas the effect of straw usually became 
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more significant after 3–4 years of continuously returning straw to the field 
(Liu et al 1998, Wang et al 2005).
 There appears to be an optimal amount of straw return. Research suggests 
that the amount of straw return should not exceed 6.1 t ha–1 annually for 
maize and wheat production in calcareous chestnut soils in the northeast 
and on soil in the alluvial plain area of the Yellow-Huai-Hai rivers (Wang 
et al 2001, Chen et al 2002). In the double-rice cropping area, the optimal 
amount of rice straw returned in situ was 3.0–4.5 t ha–1, about half of the 
total straw. It was suggested that the remaining straw could be transferred 
to nearby upland soils for improving soil physical and chemical properties of 
those soils, which are poor in soil fertility and quality when compared with 
paddy soils in this region (Wang et al 2004, Zhou et al 2002).

PROBLEMS AND PROSPECTS

Three aspects in crop residue management should receive more attention:
 1. Control of methane emissions associated with returning rice straw 

to submerged soils. An experiment in Hunan Province showed that 
average CH4 emissions reached 30 mg m–2 h–1 in a rice-rice cropping 
system when all the straw was incorporated in the field, while in the 
control field with removal of straw an average rate of CH4 emissions 
was only 12 mg m–2 h–1 (Qin et al 2006). Reducing methane emissions 
resulting from straw returned in submerged paddy soil needs further 
study.

 2. Development and evaluation of new techniques in soil preparation, 
crop cultivation, and fertilizer management for returning straw to 
fields. In double-rice cropping and rice-based triple-cropping areas, 
the interval between two cropping seasons is usually quite short. For 
example, the interval is only 5 to 10 days from harvesting early rice 
to transplanting late rice in the double-rice cropping area in Hunan 
Province. A large amount of returned straw results in adverse effects 
not only on land preparation but also on seedling growth of the late rice 
and/or the winter-season crops. Techniques for improved management 
of returned straw and the corresponding land preparation in intensive 
cropping are an urgent research need.

 3. Identification of new techniques of residue management with high 
economic value. Returning straw to fields might not be the best 
option for farmers when considering the relative benefits of straw for 
soil fertility buildup, yield increase, and economic gain, especially 
in the lakeshore area where paddy fields have high water tables and 
poor irrigation systems. In addition, in areas where rice disease and 
insect pests are prevalent, returning straw in situ might have adverse 
consequences. More attention should be given to alternative straw uses 
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and management in these areas. Farmers especially welcome techniques 
with high economic value in straw use and management.
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Intensification and diversification are the two characteristics of rice-based 
cropping systems in Asia as they have evolved. Farmers practicing these systems 
produce large quantities of both food grains and crop residues. More than 900 
million tons of crop residues were produced in rice-based cropping systems in 
Asia during 2004. Managing crop residues is becoming a challenge because 
different options may not be productive and profitable under a given set of 
crop management, resource-use, and environmental considerations. On-farm 
management of crop residues differs with crop rotation, turnaround time 
between crops, and harvesting and planting practices. Incorporating residues of 
rice or upland crops into soil irrespective of the amount of residues and time of 
incorporation did not increase the yield of rice or upland crops. Unless residues 
were incorporated during normal cultivation and preparation of the field before 
planting of the crop, extra cost was always involved in incorporating residues 
and, with little or no yield increase, it was not a profitable proposition. This 
also resulted in increased emissions of methane, a greenhouse gas. On the 
other hand, mulching wheat with rice residues resulted in conservation of soil 
moisture, suppression of weeds, and increased yields with little or no adverse 
effect on the environment. With significant developments in machinery for 
cost-effective planting of zero-till wheat leaving rice stubble and loose straw 
as mulch in the field, this option can be profitable in the rice-wheat system 
in South Asia. Mulching with crop residues in flooded rice was expensive 
and less productive and in conventional-till-sown upland crops it was more 
labor-intensive, as was transportation of residues to another field for mulching. 
Adequate information is lacking for not so widely used management options 
such as in situ composting and off-farm composting. 

The wide range of physical environments is responsible for intensification 
and diversification in rice-based production systems in Asia. Modern 

cultivars of rice are therefore often grown in rotation with another one or 
two crops of rice or with upland crops such as wheat, maize, sugarcane, and 
rapeseed. Rice-based cropping systems are the most productive agroecosystems 
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in Asia and, along with economic yield, large amounts of crop residues are 
also produced in these systems. Never in the history of agriculture in Asia 
have such enormous quantities of crop residues been available to farmers as 
now. With the advent of mechanized harvesting, farmers prefer to burn large 
quantities of crop residues left in the field in situ as these interfere with tillage 
and seeding operations for the next crop (Yadvinder-Singh et al 2005). It is 
now being increasingly realized that crop residues are a tremendous natural 
resource and not a waste that needs disposal. These constitute a major organic 
material source available to most rice farmers, particularly in double- and 
triple-cropping systems. 
 Major management options for returning crops to soil are incorporation 
in the soil, use as mulch for the following crop, composting, or being spread 
in the field. In China, transfer of biomass and mulch to other locations, in 
situ composting, and heaping the straw and spreading it in the field after it 
gets decomposed slowly under aerobic conditions are also practiced. Each 
management option has a different effect on the overall nutrient balance and 
long-term soil fertility. The desired objectives of adopting a particular crop 
residue management option can thus be achieved only if it is feasible under a 
given set of soil, climate, and crop management conditions; is compatible with 
available machinery; and is socially and economically acceptable. Available 
management options need to be critically evaluated in terms of productivity, 
profitability, sustainability, and environmental concerns to identify viable 
technologies for returning large amounts of organic matter and nutrients 
contained in crop residues to farms. 

KIND AND ABUNDANCE OF CROP RESIDUES 
IN RICE-BASED CROPPING SYSTEMS 

The geographic distribution of crop residues in Asia is skewed by large crop 
production in India and China. In 2004, the area under rice-based cropping 
systems in India and China was about 53% of the total area under rice in Asia 
(FAO 2005). The area under different crops grown in rotation with rice and 
production in 2004 are listed in Table 1. In different countries, area under 
crops other than rice was always either less than or equal to that for rice 
and economic yields were reduced in proportion to area under rice wherever 
required. Using residue-to-economic yield ratios as listed in Table 1, crop 
residue production in rice-based cropping systems in Asia was computed. 
The data reveal that the contribution of rice to total residue production in 
2004 is 83.7%. Wheat and maize account for another 9.1%, with the share 
of all other crops restricted to around 7%. 
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OPTIONS AND INTERVENTION POINTS 
FOR MANAGING CROP RESIDUES 

Crop residue management options in rice systems are further determined 
by the time available before the next crop is planted (turnaround time). 
Crop residues produced in rice-rice and rice-upland crop systems can thus 
be managed at the following three intervention points: (1) rice following 
rice, (2) an upland crop following rice, and (3) rice following an upland 
crop. Depending upon whether residues of a rice crop are to be managed 
in the following rice or upland crop or residues of upland crop are to be 
managed in the following rice, on-farm crop residue management options 
in rice-based cropping systems can be classified into three broad categories: 
(1) incorporation into the soil, (2) surface mulch with reduced tillage, and 
(3) surface mulch with conventional tillage. Residue management scenarios 
can vary greatly depending on whether the rice crop has been harvested by 
(1) combine harvesters, (2) threshing at the location in the field resulting in 

Table 1: Residue production (×103 t) and area (×103 ha) by rice and different 
crops grown in rotation with rice in Asia in 2004.

Crop Harvested area Economic yield Residue-to- Residues
 (×103 ha)  (×103 t)a economic yield  (×103 t)b

   ratio

Rice 133,511 545,903 1.4    764,264
Wheat 19,119 56,812 1.3   73,856
Maize 1,413 4,500 2.0  9,000
Sugarcane 1,737 107,076 0.17 18,203
Rapeseed 7,101 10,755 3.5  37,643
Soybeans 270 2,700 2.5 6,750
Oats 310 728 1.5    1,092
Lentil/pulses 2,156 1,687 1.2 2,024
Total    912,832

aEconomic yields were computed from online databases of the Food and Agriculture 
Organization of the United Nations (FAO 2005). From countries where no rice is grown, 
data for different crops other than rice have not been included. In countries with little area 
under rice, the production of wheat that can possibly be rotated with rice has been reduced 
in proportion to the area under rice and area for that crop has been taken as equivalent to 
that of rice. Area and production of different crops other than rice in different countries were 
reduced as per area under rotation of the crops with rice. For crops such as maize grown in 
the same season as rice in South and Southeast Asian countries and in some parts of China, 
it was assumed that no area was rotated with rice. bData pertaining to the production of 
residues were computed by multiplying economic yield of different crops with residue-to-
economic yield ratios.
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straw piles, and (3) threshing outside the field. The method of harvesting also 
determines the extent to which crop residues remain anchored or loose. 

CRITERIA FOR EVALUATING CROP RESIDUE 
MANAGEMENT OPTIONS 

The challenge is to scientifically understand the short- and long-term 
effects of different crop residue management and develop technologies for 
this management that are agronomically beneficial and environmentally 
friendly and do not add extra cost. Crop residue management options 
can be evaluated in terms of effects on cropping system productivity, 
profitability, environmental impact, and sustainability criteria. Productivity 
and profitability are the criteria by which farmers make decisions among 
management options. The quantifiable indicators of short-term productivity 
include yield, fertilizer- and/or water-use efficiency, and/or savings in fertilizer 
and water use. Profitability indicators include income from yield less inputs. 
Environmental impacts refer to short-term effects of residue management 
options on the environment, although farmers who choose among management 
options do not usually worry about these impacts. Greenhouse gas emissions, 
air quality, and water quality as affected by nutrient leaching/runoff are some 
possible environmental impacts associated with crop residue management. 
Sustainability is considered to be the medium-term (10 years or more) ability 
of a residue management strategy to maintain or increase cropping system 
productivity and profitability. 

EVALUATING CROP RESIDUE MANAGEMENT OPTIONS

Crop residue management options described for the three intervention 
points in rice-rice and rice-upland cropping systems can be classified into 
two distinct and broad categories based on whether residues are managed in 
lowland rice or in an upland crop such as wheat. Within these two categories, 
management options such as incorporation of residues, mulching, and in situ 
composting have been evaluated following the criteria described above. 

Residues of Rice/Upland Crop Managed 
in the Following Crop of Lowland Rice

Productivity. Data pertaining to the effect of incorporating rice and upland 
crop residues on yield of the following rice are plotted in Figure 1. This reveals 
that rice yields do not increase due to the incorporation of residues of rice 
or of upland crops. Out of 51 data sets showing the effect of incorporating 
from 3 to 20 t ha–1 of rice residues 0 to 153 days before planting of the 
following rice crop, in 13 cases a negative effect on rice yield was observed. 
In 23 comparisons, the yield increase was less than or equal to 0.3 t ha–1. 
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Out of 14 observations showing yield increases of more than 0.3 t ha–1, only 
in 7 were these statistically significant. Although in most cases the effect of 
incorporating rice residues on the yield of rice was studied when recommended 
doses of N had been applied, significant increases were not observed even 
when no N was applied (Phongpan and Mosier 2003a,b,c). Similarly, when 
residues of an upland crop were incorporated in the following rice crop, 
only in 4 out of 17 comparisons did rice yield increase significantly due to 
incorporating 1.5 to 10 t ha–1 of residues 2 to 60 days before transplanting 
of rice. At five locations, rice yield decreased due to the incorporation of 
residues of an upland crop. Residues of a wheat crop incorporated into rice 
did not exert any residual effect even on the wheat crop that followed rice 
(Sharma and Mittra 1992, Prasad et al 1999, Aulakh et al 2001, Bhandari 
et al 2002, Yadvinder-Singh et al 2004a). 
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Fig. 1: The relationship between yield of rice with rice/
upland crop residues removed and incorporated in rice-

rice and upland crop–rice cropping systems in Asia. Data 
were obtained from Vamadevan et al (1975), Ismunadji 
(1978), Chatterjee et al (1979), Ponnamperuma (1984), 

Han et al (1991), Li (1991), Zia et al (1992), Lu et al 
(2000), Wassmann et al (2000), Setyanto et al (2000), 

Phongpan and Mosier (2003a,b,c), Surekha et al (2003), 
Li et al (2003), Sharma and Mitra (1992), Prasad et 

al (1999), Aulakh et al (2001), Bhandari et al (2002), 
Yadvinder-Singh et al (2004a), Zhao and Zhu (2000), Ma 
et al (2003), Li et al (2003), Yang et al (2003), Zhu et al 

(2004).



704     Bijay-Singh et al

 Mulching of lowland rice with crop residues of a preceding rice or upland 
crop is not a very practical and preferred proposition with farmers growing 
puddled transplanted rice in Asia. Applying mulch after transplanting of rice 
seedlings involves removing all the straw out of the field and then returning 
it as mulch. Following this setup, mulching of rice with wheat straw resulted 
in a significant increase in yield of rice over the plots receiving no mulch in 
some studies (Duxbury and Lauren 2002, Fan et al 2002). At some places, 
applying rice straw mulch before transplanting rice did not increase the 
productivity of rice (Lu et al 2000). In two studies carried out in Sichuan 
Province in China (Liu et al 2003, 2005), while mulched nonflooded rice 
yielded equal to or less than flooded rice with mulch, the wheat crop that 
followed the mulched rice yielded significantly higher than in plots receiving 
no mulch, thereby resulting in higher system productivity and water savings. 
In Sichuan Province, no-till rice is established by seedling broadcasting. 
Following this practice, when rice was mulched with residues of preceding 
crops of wheat or rapeseed, increased productivity was observed, although 
the impact was significant only in the case of rapeseed mulch (Zheng et al 
2005). 
 Profitability. In situ incorporation of crop residues during normal 
cultivation and preparation of the field before planting of the crop means that 
no extra cost is involved in managing crop residues. Under such situations, if 
normal cultivation does not proceed slowly due to the presence of residues, 
any increase in production is net profit for the farmer. However, crop residues 
are preferably and generally incorporated 7 to 30 days ahead of planting the 
crop, involving substantial extra expenditure. Yield gains should be higher 
than the extra expenditure for the operation to be profitable. With general 
yield trends shown in Figure 1 reflecting very small or no yield increases due 
to the incorporation of residues of rice and upland crops in rice, it seems that 
this management option cannot be profitable. Dawe et al (2003) studied the 
profitability of incorporating rice and wheat residues using data from 14 long-
term experiments progressing in China (rice-rice), Malaysia (rice-rice), and 
India (rice-wheat) for 10 to 17 years and reached similar conclusions. On 
the other hand, the cost of managing residues as mulch is lower than when 
crop residues are incorporated. It therefore seems that mulching can be a 
profitable proposition. As rice mulched with wheat residues can be grown 
as nonflooded rice, this leads to substantial savings in water and significant 
improvements in the yield of the following crop of wheat (Liu et al 2003, 
Fan et al 2005). This makes residue mulching of rice even more profitable. 
In nonflooded rice mulched with wheat residues in the rice-wheat cropping 
system in southwest China, Liu et al (2005) recorded a total weed biomass of 
1.29 t ha–1 in the system vis-à-vis 4.38 t ha–1 in the plots without mulch. 
 Sustainability. In 14 long-term experiments (2 on rice-rice and 12 on the 
rice-wheat cropping system), Dawe et al (2003) observed that it was difficult 
to statistically distinguish differences in time trends between NPK and NPK 
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+ crop residue treatments. For the 4 rice crops in the rice-rice cropping 
system, the average rice yield increase due to crop residue application was 
0.43 t ha–1 per crop. For the 12 rice crops in the rice-wheat cropping system, 
rice yields were lower in the crop residue treatments by 0.40 t ha–1 per crop 
on average. For wheat, straw application on average resulted in yield lower 
than that in the NPK treatment by 0.06 t ha–1 per crop. 
 Environmental impact. The most important environmental impact 
associated with crop residue management in rice is the emission of greenhouse 
gases. A field study by Yagi and Minami (1990) showed that rice straw applied 
at 6–9 t ha–1 enhanced CH4 emission rates by 1.8–3.5 times. In a study 
carried out by Zou et al (2005), wheat straw and rapeseed cake incorporation 
increased CH4 emissions by 252% in rice under a water regime of flooding–
midseason drainage–reflooding–moist intermittent irrigation, but without 
waterlogging. Methane emission rates become very sensitive to the mode of 
straw management as long as the level of C input into the soil is low. Some 
farming systems encompass a long winter fallow (such as before the early rice 
crop in China) and therefore allow alternative timings of straw incorporation. 
Spring incorporation after surface placement in the field during the winter 
off-season dramatically reduced CH4 emissions in the following cultivation 
(Miura 1995). Mulching rice straw on the field surface and incorporating 
rice straw in the winter fallow periods promoted aerobic decomposition of 
rice straw, which then resulted in a reduction in CH4 emissions. 

Residues of Rice Managed in the Following Upland Crop

Productivity. Two major options available for managing rice residues in upland 
crops following rice are incorporation into the soil and leaving the residues 
on the soil surface as mulch. The first option involves conventional tillage 
of soil, whereas the second option is feasible more with an upland crop sown 
with no or minimum tillage. Rice residues are incorporated into soil 2 to 6 
weeks before sowing of the upland crop so that residues do not interfere with 
seedbed preparation and sowing operations. In 16 comparisons available in 
the literature, 3 to 7.9 t ha–1 of rice straw was incorporated into soil 10 to 40 
days before sowing of wheat and rapeseed (Fig. 2). In general, there was no 
effect of crop residue incorporation on the productivity of the upland crop. 
In the rice-wheat cropping system, when residues of both rice and wheat 
were incorporated before planting of the following crop, negative effects on 
the yield of both rice and wheat were observed more often.
 Rice residue mulching in upland crops in conventionally tilled fields 
generally leads to higher productivity. Based on 38 data sets, when yield 
of the upland crop with no rice straw mulch was plotted against the yield 
obtained by mulching (Fig. 3), the trend line showed a slope and intercept 
significantly different from 1 and 0, respectively. By returning 4 to 8.6 t 
ha–1 of rice straw as mulch, wheat yield benefits as high as 1.9 t ha–1 were 
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recorded; in 11 comparisons, yield benefits were more than 0.8 t ha–1. This 
suggests that mulching upland crops with rice residues leads to increased 
productivity. With attractive reductions in land preparation costs, no-tillage 
for sowing upland crops such as wheat is gaining increasing acceptance with 
farmers in Asia. 
 Profitability. Rice residues are always incorporated 2 to 6 weeks before 
sowing of an upland crop and thus this involves extra cost. Considering 
the general trend that there is hardly any increase in productivity due to 
the incorporation of rice residues in upland crops, this does not seem to be 
a profitable proposition. Recently, there was a significant development in 
machinery that allowed zero-till sowing of upland crops in combine-harvested 
rice fields with rice residues left on the soil surface as mulch. On the basis 
of the cost of custom hiring for cultivation and sowing, managing rice straw 
through incorporation works out to be more than 2 times costlier than leaving 
it as mulch using the newly developed Happy Seeder (Sidhu et al 2006). 
Besides this are many direct and indirect benefits of sowing into rice residues, 
including the possibility of earlier establishment immediately after rice 
harvest. Experiments conducted by Sidhu et al (2006) suggest that mulching 
may reduce the irrigation requirement of wheat during the growing season 
because of reduced soil evaporation. In a rice-wheat system, Rahman et al 
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Fig. 2: Relationship between yield of an upland crop with 
rice residues removed and incorporated in rice-upland 

crop systems in Asia. Data were obtained from Sharma et 
al (1985, 1987), Verma and Bhagat (1992), Salim (1995), 

Bijay-Singh et al (2001), Yang et al (2003), Li et al (2003), 
Yadvinder-Singh et al (2004b), Sidhu et al (2006).
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(2005) also showed less drying of the topsoil (0–15 cm) with rice straw mulch  
(4 t ha–1) during the first 40 days after sowing wheat on a loam soil in 
Bangladesh. In their studies, N uptake and percent apparent N recovery 
of applied nitrogen were significantly higher under mulching than under 
nonmulch conditions. Mulches also control weed growth. 
 Sustainability. Only a few investigations have been carried out to study 
the sustainability of different rice residue management options in upland 
crops. Verma and Bhagat (1992) did not observe any discernible change 
with time in the effect of incorporation or mulching of rice residues on the 
yield of conventional-till wheat. Recycling of crop residues influences soil 
structure, crusting, bulk density, moisture retention, and water infiltration 
rate and may help reduce adverse effects of hard-pan formation in rice-based 
cropping systems, which may play a more important role in the upland crop 
(such as wheat or maize) after rice (Yadvinder-Singh et al 2005). 
 Environmental impact. Managing rice residues in upland crops does 
not involve important environmental implications such as emissions of 
greenhouse gases or the production of toxic aliphatic acids. Cai et al (2000) 
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Fig. 3: Relationship between yield of upland 
crops with rice residues removed and mulched 
in rice-upland cropping systems in Asia. Data 

were obtained from Tang et al (2004), Zhong et 
al (2003), Verma and Bhagat (1992), Zaman and 
Choudhari (1995), Hu et al (2004), Rahman et 

(2005), Sidhu et al (2006).
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observed that the application of rice straw in the fall when winter wheat was 
sown did not increase CH4 emissions significantly even during the following 
rice growth period. Coppens et al (2006) observed a nitrate accumulation 
of 10.7 mg N kg–1 with residues at the soil surface, 3.6 mg N kg–1 with 
incorporated oilseed rape residues, and 6.3 mg N kg–1 without the addition 
of fresh organic matter, which entailed net N mineralization in soil under 
mulch and immobilization of N with residue incorporation compared with 
the control soil.
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Rice cultivation on peat soils in California’s Delta is desirable to restore wetland 
habitat, mitigate oxidative subsidence, and potentially reduce total dissolved 
organic carbon (DOC) and N (DON) loads leaving Delta islands. DOC is a water 
quality constituent of critical concern because of its relationship to disinfectant 
by-product formation potential, particularly trihalomethane formation (THMF), 
during treatment of chlorine to produce drinking water. Rice cultivation and 
residue management are especially an attractive approach to reverse oxidative 
subsidence of peat soils, a source of DOC. In addition, managing rice residue 
in the field has a significant positive effect on soil fertility. Soil, hydrologic, 
and water quality data were collected from two newly converted rice paddies 
over two growing seasons in the California Delta. Treatments consisted of 
traditional low-water drain management and an alternative high-water drain 
management. The intent of this study was to investigate the effects of drainage 
ditch water height draining rice paddies as a means of improving water quality 
by reducing exports of DOC, DON, and inorganic nitrogen. Surface and 
subsurface water data were collected to determine the effectiveness of the 
treatments. Concentrations of DOC, THMF potential, and DON were affected 
by paddy water residence time and controlled by surface processes. Peaks in 
DOC and DON in surface water were correlated with rewetting events from 
seasonal precipitation. Ammonium concentrations in water leaving paddies 
were correlated with fertilizer use. Different drain heights led to significant 
differences in water quality constituent fluxes during all seasons primarily 
affecting subsurface flows and loading. High-water drainage ditches reduced 
subsurface hydraulic gradients and decreased loading, and when coupled 
with decreased flows helped minimize subsurface exports. Nitrate loading 
and exports were controlled by subsurface fluxes. Significantly greater nitrate 
loading and exports occurred in the low-water drain. DOC and DON were also 
controlled by subsurface flows, but are likely from a separate source than that 
found in surface water. Total loads were significantly higher for nitrate in the 
low drain during the winter, emphasizing the importance of subsurface drain 
management in controlling nitrate release. In general, this research supports 
the notion that decreasing surface and subsurface gradients by implementing 
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high-water drain management will decrease the loading of DOC, DON, 
and NO3. Additionally, reduced flows generally decrease exports of water 
quality constituents, suggesting that water management should be of the 
utmost importance at all stages of rice production and during fallow periods. 
Maintaining water on paddies combined with in-field residue management 
shows promise in reversing oxidation subsidence of Delta peat soils. In addition, 
incorporating rice residues significantly reduces fertilizer nitrogen needs up to 
40% after 2 to 3 years. Finally, rice cultivation and in-field residue management 
also achieve other positive environmental benefits, most importantly the 
creation of water bird habitat. Water bird foraging significantly reduces weed 
competition, thus reducing the need for herbicides.

The world’s delta systems are under tremendous pressure from conversion 
to arable lands and as a source of drinking water. Delta systems often 

contain organic-matter-rich soils from the erosion of upstream topsoil and peat 
formation under wetland conditions. The draining of peat soils for agricultural 
activities significantly increases the production of dissolved organic carbon 
(DOC), a potential water pollutant when found in high concentrations. The 
level of DOC is of critical concern during treatment to produce drinking 
water because of the potential to produce disinfectant by-products (DB), 
particularly trihalomethane formation (THMF). These chemical by-products 
are potential carcinogens. Rice cultivation on California’s delta peat soils has 
been proposed to restore wetland habitat, mitigate oxidative subsidence, and 
reduce DOC. For example, rice cropping with continuous flood conditions 
has the potential to reduce the decomposition of organic matter. For this 
reason, rice cultivation and residue management are an especially attractive 
approach to reverse oxidative subsidence of peat soils and DOC production. In 
addition, other studies have shown that in-field rice residue management can 
positively affect soil fertility, thus reducing the need for fertilizer N input. 

AGRICULTURE ON HIGH-ORGANIC-MATTER SOILS
OF THE CALIFORNIA DELTA

The California Delta has a unique value as a source of fresh water for 
Californians and as much as two-thirds of the state’s population (>23 million) 
relies on drinking water from the Delta (Delta Protection Commission 1995). 
The arable farming systems of the Delta, dominated by maize rotations, require 
that the water table be lowered 1 to 2 m below the land surface to create 
an aerated rooting zone. This drainage causes the oxidation of the peat-rich 
soils that have been deposited over thousands of years. The process leads 
to the production of DOC and loss of nutrients such as nitrogen (N) from 
organic matter. Some of the largest average oxidative subsidence rates in the 
world (up to 7.5 cm per year over the last 100 years) have been observed in 
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the California Delta. Globally, ditching to lower water tables is the most 
widespread means of converting Delta systems and peat lands to agriculture 
and other dry-land uses; however, the resulting changes in water-table levels 
potentially change peat lands from net sinks to sources of carbon (Chimner 
and Cooper 2003).
 Rice can tolerate extended flooded conditions, but the drainage of rice 
paddies is sometimes necessary to reduce the concentrations of CO2, Fe, 
and organic acids that accumulate under anaerobic soil conditions (Kandiah 
1985). Draining rice paddies is also necessary during planting and harvesting 
operations involving mechanized equipment. The consequences of draining 
and rewetting events affect other processes by promoting wet-dry cycles. 
In particular, N losses through denitrification and volatilization are tightly 
linked to pulsed water management (Austin et al 2004). The seasonal 
emission of methane is also related to wet-dry cycles in rice (Bossio et al 
1999). 

AGRICULTURE AS A SOURCE OF POLLUTANTS
IN DELTA SYSTEMS 

Intensive agriculture has been identified as one of the main contributors to 
nonpoint source pollutants that threaten water quality. Agricultural drainage 
water that is used as a source of drinking water can lead to the production 
of THMF, formed by the action of free chlorine and bromine upon natural 
organic substances (Stevens et al 1984). THMF comprises a variety of 
halogenated compounds and these are highly toxic and mutagenic (Johnson 
and Jensen 1983). The amount of DOC in drainage water is linearly related 
to the potential to produce DB and THMF (Fig. 1). 
 The production of DOC increases with soil moisture and is related to 
the turnover of the microbial community and the substrates it acts upon. 
Reasons for increasing DOC are (1) a decreased microbial population or 
activity and associated decreases in microbial use of DOC under wet-dry 
cycles, (2) wet-dry cycles increase the turnover of microbial biomass and 
promote condensation of microbial products to more recalcitrant forms of 
DOC (Devêvre and Horwath 2000), and (3) wet-dry cycles cause a disruption 
of soil structure, releasing previously sequestered C as DOC (Austin et 
al 2004). Due to a growing interest in restoring drained peat lands, and 
mitigating the associated risks to water quality, Fenner et al (2001) emphasize 
the importance of determining the effects of land management changes, 
in particular, a change in hydrologic regime that promotes the production 
of THMF and suggests that maintenance of a constant water table would 
significantly reduce the problem.
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WATER MANAGEMENT IN RICE

Rice is grown worldwide and is adapted to a variety of soil, climatic, and 
hydrologic conditions. Although rice appears to have high water requirements, 
only 450–700 mm of water are required for evapotranspiration (ET) demand. 
This places rice well below the ET requirements for other row crops such as 
cotton (700–1,300 mm), maize (500–850 mm), and sugarcane (1,500–2,500 
mm) (Doorenbos and Kassam 1979). To increase rice production and meet 
emerging food requirements for the global population, there must be an 
increase in either production area or yield per unit land area in existing 
paddies. Kandiah (1985) suggested that “increases in future rice supply will 
rely heavily on increases in yield per unit of land and optimization of system 
water use efficiency (SWUE).” 
 Some researchers reported that poor water management or low SWUE 
was the single largest yield constraint responsible for about 35% of the 
differences between potential and actual rice yields in the Philippines. The 
high water use in rice irrigation schemes is often associated with a complicated 
network of canals and ditches combined with flood irrigation, which tends to 
increase surface runoff as well as percolation and seepage losses. Unwanted 
constituents in surface and subsurface flow create pollution problems for 
neighboring surface and subsurface water bodies. This spread of pollution is 
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Fig. 1: The relationship between dissolved organic carbon and trihalomethane formation.
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exacerbated in continuous flow through irrigation schemes compared with 
controlled irrigation where water is applied to fields only to maintain water 
depth. The depth of water in drainage ditches can also affect the amount of 
pollutants leaving a rice field by minimizing hydraulic gradients and thus 
the magnitude of subsurface flow.
 Although DOC is biotic in origin, the influence of hydrology on the fate 
of DOC becomes especially important on longer time scales (years), when 
water fluxes are the main factor controlling its release. This is especially 
important in considering the contribution of flooded paddies to subsurface 
water. Subsurface flow can significantly contribute to drain waters, especially 
in high-organic-matter soils. Raising drain waters to near the level of the 
water level on the rice paddy can effectively reduce subsurface water escape 
from rice paddies by decreasing subsurface hydraulic gradients, as shown in 
Figure 2. In addition, the ability to recycle drain water from paddy flow can 
further reduce pollutant export. In preliminary results, high-drain-water 
management at two sites (A and B) growing rice in the California Delta 
showed a marked reduction in DOC export (Fig. 3). The high-drain-water 
management is equivalent to that of maize, showing that additional research 
is needed to optimize SWUE of high-drain-water rice (Table 1). Increasing 
SWUE would decrease the amount of runoff and seepage exiting fields, 
thereby reducing water quality impacts by decreasing the pollutant loads 
entering adjacent rivers and streams. This makes high-drain-water rice ideally 
suited for soils located in Delta areas where oxidation of organic-matter-rich 
soils can contribute to degrading water quality. Combined with in-field rice 
straw management, there exists a potential to reduce decomposition activity 
and increase organic matter. 

Low drain water High drain water

Groundwater gradient

Surface water

Peat soil

Underlying soil

Fig. 2: The effect of high-drain-water management on subsurface 
hydraulic gradients in rice. High-drain-water management minimizes 

subsurface flow. 
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Fig. 3: High-drain-water management reduces dissolved 
organic carbon compared with low-drain-water 

management at two sites in the California Delta.

Table 1: A comparison of the effect of maize 
and drain water management in rice on the 
concentration of dissolved organic carbon. 

 DOC (mg L–1)

 Rice
Season
 Maize  High drain Low drain
  water water
  
Summer 16 22 64
Winter 19 20 31
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RICE STRAW AND HIGH-WATER MANAGEMENT EFFECTS 
ON SOIL FERTILITY

Rice residue incorporation combined with continuous flooding, only 
interrupted by planting and harvesting activity, has been found to be effective 
for reducing straw left in fields. One of the critical questions to be addressed 
is how prolonged incorporation of rice straw and paddy flooding will affect 
soil N availability. 
 Incorporating rice residues will add on average 55 to 84 kg of N ha–1 
to the soil annually compared with 4.5 to 27 kg N ha–1 when residues are 
burned. In tropical rice systems, soils continuously cropped to rice and 
frequent flooding show differences in soil organic matter composition and N 
availability compared with systems with crop rotations and longer, aerated 
fallow periods (Olk et al 1996). As a result, rice yield declines have been 
observed in several long-term double- and triple-cropped rice experiments 
(Cassman et al 1995). 
 Results from California rice systems show that the previous year’s rice 
residues contribute little N to the next crop. However, the cumulative effect 
of residue incorporation has shown a substantial N benefit (Eagle et al 2000). 
Fertilizer N application using in-field residue management and continuous 
flooding can be reduced by 27 to 56 kg N ha–1 (Fig. 4). However, as fertilizer N 
additions are increased, the straw-incorporated treatment reaches maximum 
yield potential at 112 kg N ha–1, while yield of the burned straw treatment 
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Fig. 4: Long-term rice straw incorporation combined with extended 
flooding reduces the need for fertilizer nitrogen.
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continues to rise with increasing fertilizer N addition. These results suggest 
that straw incorporation is yield limited, possibly from non-N-limiting factors 
such as weed and disease pressure. Increased herbicide use may increase 
yields under straw incorporation; however, this may be detrimental to water 
quality. 

CONCLUSIONS

The key to reducing potential production of DOC and runoff of pollutants 
from rice-cropping systems is to enhance SWUE. Changes in water and 
rice residue management have been found to be effective at reducing 
pollutants and enhancing soil fertility. The following conclusions can be 
drawn on maintaining high-drain-water levels and paddy management of 
rice residue:
 1. Draining of high-organic-matter peat soils in Delta systems can make 

them sources of dissolved and atmospheric C rather than sinks.
 2. High-drain-water management can increase SWUE through a 

reduction in surface and subsurface paddy water losses.
 3. The production and transport of DOC can be reduced using high-

drain-water management.
 4. In paddy rice, straw management combined with extended flooding 

can enhance soil N availability and reduce fertilizer N application.
 5. In paddy rice, straw management combined with extended flooding 

may mitigate subsidence of vulnerable high-organic-matter Delta 
soils. 
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Seed supply to farmers throughout the world depends on the parallel 
contributions of formal/organized sources that provide certified seed (or 
equivalent) and informal mechanisms that provide seed at the farm/community 
level. The main exceptions are when the crop consists entirely of hybrid 
varieties, which is often the case in maize, or when seed production is a 
quite different activity, which applies in some horticultural crops. The relative 
importance of formal and informal supply channels varies widely between 
crops and depends on many technical, geographic, and socioeconomic 
factors. The purpose of this paper is to analyze these factors in the specific 
context of the seed supply system for rice. In traditional rice-growing areas, 
seed production is not a problem. Physiologically, the crop is well adapted to 
the humid tropics, which present a challenging environment for seed storage. 
Furthermore, by reason of its continuous cultivation in many farming systems, 
the seed storage time for rice is often quite short. The self-pollinating habit of 
rice also reduces risks of genetic contamination. Therefore, the divergence 
between seed production and the normal grain crop is relatively small, 
probably no more than some roguing in the field and extra care with seed 
storage at the household level. There are many examples of farmers maintaining 
considerable genetic diversity for their local environments, so seed production 
is clearly within their capability. We can therefore conclude that the main 
reason for developing a formal seed supply system relates to production that 
is commercially oriented or presents some special challenges for seed quality. 
Put another way, the default mechanism in rice is the local seed system. What 
we need to discuss is the reasons for, and extent of, penetration by more formal 
systems. These may include the objectives or needs of giving farmers more 
choice by providing a regular supply of new varieties from breeding programs; 
this is the most widespread and essential role of the formal seed system, and 
it applies in virtually all production environments, to produce hybrid seed, 
which by definition requires more intensive management. This applies in some 
countries, depending on the uptake of hybrid varieties, to ensure certain quality 
attributes in the seed that cannot be so easily controlled at the farm level and 
to preserve the identity and purity of a particular variety in order to ensure 
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a premium in the market through “traceability” and to comply with official 
controls, if genetically modified varieties become more widely used. Some 
of these points apply mostly in “industrialized” rice production, particularly 
for the export market, where quality attributes are especially important, but 
that is a very small part of global rice production. Because of the strong social 
context of rice, especially in Asian countries, economics plays a key role in 
defining the seed system. The crop is not sufficiently profitable at the farm level 
to justify very high seed costs. Consequently, both formal and informal systems 
will continue to co-exist in a complementary way. Indeed, the barter of seed for 
grain is a common practice in some countries. It is not realistic to plan or impose 
a level of certified seed supply that is not technically justified or financially 
viable, unless that forms part of a wider national policy, and that may require 
subsidies to the production system, a practice that is now unfashionable! This 
raises issues for governments about the allocation of resources to support the 
seed system and for companies about the opportunities for commercial returns 
on their investments in rice breeding and seed marketing.

Seeds are an essential input to annual crop production, which means that 
farmers must have a secure supply of seeds for the start of each season. The 

way in which those seeds are obtained depends on many factors, including the 
crop and variety being grown, the wider “farming system,” the environment 
and location of the production area, rural infrastructure, and access to 
markets. Furthermore, there are interactions between these factors so that 
the actual decision made by farmers on sourcing their seed is influenced by 
a mix of technical, economic, and social considerations. 
 In traditional farming systems, seed production/supply was internalized 
within the household or the immediate community, and it was closely linked 
with the crop destined for consumption. The simplest mechanism was to set 
aside a part of the grain from one harvest to use as seed for the next sowing. 
Some farmers may have engaged in selection or used better storage techniques 
and thus gained a reputation for the quality of their seed. 
 With the technical and commercial development of agriculture during 
the last century, both the supply of inputs and the marketing of farm outputs 
have expanded far beyond the local community to regional, national, or 
even global horizons. This has also caused a progressive separation of seed 
production from routine “crop production.” In many vegetable crops, seed 
supply is now a quite distinct activity and most farmers are not aware of how 
or where the seed they buy was produced. In cereal crops, such as rice, this 
separation is not so strong and farmers can still choose whether to use their 
own saved seed or to buy it from a supplier. 
 To summarize, we can consider the means by which farmers obtain their 
seed as a “seed supply system,” which can still take place within the farming 
community or have far-reaching connections. The purpose of this paper is 
to look at the special features of rice in terms of seed technology, the farmers 
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who grow the crop, the markets for the grain, and the effect of all those things 
on the seed supply system.

THE CHARACTERISTICS OF RICE SEED

The commonly-used term “improved seed” embraces two distinct elements. 
The planting value is determined by the history of the seed lot, both pre- 
and postharvest, and depends very much on the management practices 
employed during some critical times in seed production; seed is vulnerable to 
environmental conditions, to pathogens, and to mismanagement. However, 
rice is a very tolerant seed in terms of storage and planting; hence, its 
predominance as a crop in the wet tropics. The main physiological challenge 
for rice seed comes when it is sown in more temperate regions and has to 
germinate in cool conditions early in the season. 
 Improvements in genetic quality achieved through plant breeding are 
more enduring, except in the case of F1 hybrids, for which the genetic gain 
from heterozygosity is clearly unstable and transient. Being a self-pollinated 
crop, rice is not so susceptible to genetic contamination from other varieties. 
It is, of course, prone to mechanical contamination during seed handling, as 
is any other crop. Some agronomic features of rice affect seed use and should 
also be considered. For example, when the crop is transplanted, the direct 
effect of germination percentage on plant population is removed. Farmers 
usually have a surplus of seedlings and, in case of shortage, they can purchase 
from neighbors. 

SEED SUPPLY SYSTEMS

With the advent of new varieties and other improvements in seed quality, 
a more organized supply of seed evolved, which we now recognize as the 
“seed industry.” This is often referred to as the formal seed sector and it is 
characterized, inter alia, by planned production, the use of named/defined 
varieties, mechanical processing, marketing in sealed/labeled containers, and 
the use of quality assurance procedures, the latter usually being supported 
by a legal or regulatory framework. In contrast, seed saved or exchanged at 
the farm or community level does not have these attributes and this source 
is referred to as the informal sector. The total seed requirement, whether for 
a community or a whole country, can be divided between these two supply 
channels. 
 The actual partition of the total supply depends on many technical and 
economic factors, which are ultimately reflected in the “perception of net 
benefit” made by farmers when they decide to purchase, or not. Figure 1 shows 
a generalized partition for rice seed that could apply to many countries in 
Asia and Africa.
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 A further analysis of the formal/informal relationship in seed supply is 
presented in Figure 2. This conceives the primary role of the formal seed 
sector as a vertical supply channel, delivering new varieties quickly from 
research into agriculture and maintaining that channel through systematic 
maintenance and multiplication while the variety remains in demand. The 
informal sector then functions as a mechanism for horizontal diffusion 
within the farming community by providing seed at a low cost and with 
assured availability. Its mechanism of quality assurance is the experience and 
personal reputation of the grower, which can be quite effective at the local 
level. When viewed in this way, the formal and informal systems are clearly 
complementary. 

THE SOCIOECONOMIC STATUS OF RICE FARMERS

As a truly tropical crop, rice is normally grown in areas where small farmers 
predominate and opportunities for investment and mechanization may be 
limited. Despite the fundamental importance of rice in most Asian and some 
African countries, it remains sadly true that rice farmers tend to be poor, 
despite the great advances in technology we have seen in the past 40 years. 
Diversification into higher-value crops is attractive but it comes with many 
risks and clearly cannot be adopted by a majority of farmers, certainly not 
by the poorest. 
 A profoundly different rice production system can be found in Uruguay, 
which has only about 500 rice farmers, all with large highly-mechanized 
farms, and exports 1 million tons per year. In contrast, Vietnam has several 
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Fig. 1: General partition of rice seed supply in many Asian countries.
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million farming households, the great majority of which produce and consume 
rice.

THE PRICING OF RICE SEED

All the above elements are reflected in the price of seed and especially in 
the seed:grain price ratio because, as in all open-pollinated grain crops, the 
informal sector is the main competitor and the grain price provides a reference 
point that all farmers can recognize. Put another way, the informal sector 
is the default seed supplier and all technology additions, whether genetic 
or physiological, are subjected by the farmer to a cost-benefit analysis. 
Furthermore, in a free market economy, the full cost of seed/variety production 
(including breeding, where applicable) must be recovered in the seed price 
and the cost of purchasing such seed must be recouped by the farmers from 
incremental crop yield/value. In the past, subsidies often obscured these costs 
and generated an artificial demand, whereas today that is unfashionable. 

SPECIFIC ISSUES AFFECTING SEED SYSTEMS

Against the background of these general principles, we can consider briefly 
several issues that have bearing on the seed supply system, as it functions 
in practice.

Investment in Breeding New Rice Varieties

Virtually all investment in breeding new rice varieties has been within public-
sector institutions, notably the CGIAR centers and their national partners. 
So predominant, and successful, has this system been over the past 40 years, 
that there has been little incentive or justification for the private sector to 
compete within the regions served by those centers. Therefore, the great 
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Fig. 2: Components of the seed system.
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majority of improved rice varieties are public goods and are used without any 
limitations by the formal and informal sectors. The challenge to this status 
quo is the introduction of hybrid varieties in recent years.
 When national and state seed corporations were established in the 1970s, 
many in the countries of South Asia, their main function was to deliver 
these new varieties to farmers and there was often a relatively short period 
of high-volume production/marketing before sales of the variety declined. 
Of course, the varieties may have continued circulating for many years 
within the informal sector, as represented in Figure 2. This pattern confirms 
the essential role of the formal seed sector as an “injection system” for new 
varieties. This is an acceptable “social” role for public corporations but not 
for private companies, which require a more sustained and assured revenue 
stream. The challenge here is the strong pressure toward privatization of 
state-owned enterprises, which may make such social considerations less 
easy to bear.

The Use of F1 Hybrids 

This is a very clear example of “technology gain” in yield, which has been 
widely used in some crops, especially maize. In rice, the absolute agronomic 
gain is less, and seed production is more complicated because of the self-
pollinating habit of the crop, making the economics of hybrid rice less clear 
cut. These obstacles have been overcome through sustained research in 
breeding and seed production, notably in China, where over 50% of the crop is 
now in hybrids. In contrast, hybrids are not used in Thailand because concerns 
about export quality have outweighed the attraction of higher yield. 
 The Philippines and Vietnam have supported hybrid rice with subsidies 
for some years as a matter of policy to increase national production and both 
countries are now reviewing that position. In Vietnam, most of the hybrids 
are of Chinese origin and are used in the north, where landholdings are very 
small and the crop is transplanted. In the Mekong River Delta, farms and 
fields are much larger, direct seeding is common, part of the crop is exported, 
and quality concerns are high on the agenda. These factors have militated 
against hybrids, although the first commercial hybrid variety has recently 
been approved for release there. 
 We have yet to see the final equilibrium between hybrids and open-
pollinated varieties in a free market, and it will be interesting to follow 
this in the coming years. However, it is clear that in terms of seed systems, 
hybrids are an important way to increase the formal-sector supply, since 
they are not available from the informal system. That then opens the door 
to private-sector investment in breeding, which we have clearly seen in the 
past few years, first in India, and now in some other countries of South and 
Southeast Asia. 
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 Because of the large investment required to breed new varieties, such 
research is conducted on a global scale, with a few centers doing the 
fundamental work—the same strategy that has been used by the CGIAR 
centers for many years. However, seed production still needs to be carried 
out close to the market because of the costs of transport and it does require 
good management and monitoring of the genetic system, so these costs are 
likely to remain. 

Plant Variety Protection 

After considering hybrids, it is appropriate to mention the other mechanism 
to promote private-sector investment, by offering breeders a property right 
on the use of their varieties. This has provided the financial backbone to 
private-sector breeding of wheat and barley in Europe for the past 40 years 
and those crops are similar to rice in terms of breeding and seed production. 
In recent years, PVP laws have been introduced in many more countries, 
driven by the requirements of World Trade Organization (WTO) membership, 
whereas, in others, this has become clouded with contentious issues relating 
to “farmers’ rights” and the ownership of genetic resources.
 In this connection, one specific question to consider is whether PVP 
can be enforced sufficiently in a crop such as rice to generate revenue and 
thereby finance private breeding, which is the main practical objective. If 
the answer is yes, then we need to find the mechanisms to police farm-saved 
seed in communities where it is the dominant supply channel; this is not an 
easy task and there is little joy in taking small farmers to court. If the answer 
is no, because the formal-sector market share is just too small, then hybrids 
remain the only way to finance private investment in breeding. 

Weedy Rice

Rice is prone to contamination with a number of weedy forms, which may 
be interesting in terms of their genetic resources but can present a serious 
threat to rice farmers. In some countries, these contaminants have a red 
pericarp and are commonly known as “red rice.” The increase in weedy rice 
is now a serious concern in some Asian countries and it may be linked partly 
to the introduction of mechanical harvesting, which is more likely to allow 
shattering seeds to fall on the soil surface. As a result, weedy rice can build 
up very quickly unless control practices are applied, and it may seriously 
threaten the crop. 
 Although the main control for this weed lies in good field management, 
the formal seed sector can make a contribution by ensuring weed-free seed or 
it can become a source of weed distribution if quality control is not rigorously 
enforced during the seed production process. In Uruguay, the high percentage 



732     Turner

of certified seed used is largely due to its assured freedom from red rice, which 
is vital for the export market.
 However, in most Asian countries, the certified seed system cannot have 
such an impact due to the small proportion of seed it provides to farmers.

Seed Enhancement Techniques

In many crops, especially vegetables, the enhancement of seed performance by 
means of chemical treatments, pelleting/coating, and priming has become a 
big business, with several companies specializing in providing such treatments 
on a contract basis. As with other cereal crops, the high sowing rate in rice 
militates against the use of such techniques because of the price constraints. 
Furthermore, the fact that rice is sown into very wet soil may make these 
techniques less effective.

The Impact of the Rice Market

The seed supply system is strongly influenced by the market that farmers 
are serving. Clearly, subsistence farmers for whom domestic needs are the 
first call cannot afford to pay high prices for seed. Moreover, they may be 
very particular about the quality of the rice they consume, often growing 
traditional local varieties with special characteristics for particular purposes 
and with a strong social context. At the other end of the spectrum, farmers 
who produce for a “commodity market” are concerned primarily with yield 
and less about quality. 
 The same applies to countries when their main concern is self-sufficiency, 
which was the case in Vietnam 20 years ago. However, as soon as the market 
is fully supplied, quality becomes much more important. This trend is also 
compounded by the rapid economic development that we see in many Asian 
countries, leading to a decline in the per capita consumption of rice, and 
more emphasis on quality. The same applies in the export market now, where 
Vietnam seeks the higher prices obtained by Thailand for its rice. However, 
we should not forget that all markets are segmented and there is always a 
need for higher- and lower-cost products. 
 Besides the general cooking quality of the grain, there may be a demand 
for special types of rice such as aromatic or sticky rice. Ultimately, this 
may lead to the exploitation of “niche markets” for unusual kinds of rice, 
for example, those with a dark purple/black coloration as can be found in 
highland areas in Vietnam. Such markets have the potential to provide poor 
farmers with small but valuable outlets for their crops, providing the quality 
and identity of the product can be preserved.
 This leads to the wider question of traceability and “identity preservation,” 
which have become key issues in the food industry in recent years. Producers 
of premium products are naturally concerned about maintaining identity, 
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purity, and value throughout the marketing chain. A further development is 
the designation of particular locations and varieties to maintain the quality 
of a product, an approach being pursued by Thailand for its aromatic rice. 
The more such regulations are applied, the greater is the need to assure seed 
supply. This is comparable to the development of the “organic seed” market 
in Europe in recent years to meet the demands of organic farmers.
 The development and commercial introduction of genetically modified 
varieties will also have an impact on the seed supply system, raising issues 
of technology in their production and traceability in their marketing and 
use.

SYNTHESIS

It is clear that rice is an easy crop in terms of seed technology and thus a 
difficult crop in terms of seed economics. Opportunities are limited for adding 
physiological value to the seed in terms of its field establishment. The main 
opportunity for changing this picture is by means of hybrids, which can 
shift the supply decisively to the formal sector, but with a penalty of much 
higher seed costs. 
 It is also clear that, in many Asian countries, there is still a very strong 
social context for rice farming, both as the main source of food/income to 
many millions of households and as the basis of the national diet. Thus, 
the socioeconomic status of most rice farmers and the nature of the rice 
market still define and constrain the seed supply system. Only when special 
opportunities exist can the economics of seed supply be radically changed.
This raises the question of how governments should support their rice farmers, 
given the global concern for “poverty alleviation.” Vietnam illustrates these 
issues very clearly. The Mekong River Delta in the south is an area of intensive 
rice production, accounting for almost all the export crop. Marketing and 
quality concerns are paramount there, yet labor costs are increasing as is 
mechanization of the crop. On the other hand, in the mountainous areas 
that cover much of the country, subsistence farmers face quite different 
problems. Similar contrasts can no doubt be found in many other countries. 
It is a challenge for governments (and foreign donors) to devise policies 
and services that support these very different types of farming system in an 
efficient and equitable way.
 Given the focus on the private sector today, the challenge for companies 
is how to generate sufficiently attractive products and obtain a net return 
on research investments from a farming community, which is still relatively 
poor.

NOTES

Author’s address: Danida, Agriculture Sector Programme, MARD, Hanoi, Vietnam.
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China developed the world’s first commercial rice hybrid and optimized 
technology that made hybrid rice seed production economically viable. 
Hybrid rice technology helped China increase its rice production from 129 
million tons in 1976 to more than 185 million tons in 2004. In India, the 
Indian Council of Agricultural Research launched a project on hybrid rice in 
1989, which resulted in the release of its first rice hybrid in 1994. So far, 25 
rice hybrids have been released in India. The biggest limitation to large-scale 
adoption and commercialization of rice hybrids was a lack of a practical seed 
production technology that could give economic seed yields. Initially, seed 
yields obtained in hybrid rice seed production plots in India were very low 
(0.5–0.75 t ha–1). Research work identified the favorable agro-climatic areas 
of the northern Telangana zone, southern Telangana zone, and scarce rainfall 
zone for seed production in Andhra Pradesh. Seed production techniques 
such as differential seeding time, method of transplanting, row ratio, flowering 
synchronization, GA3 application, and supplementary pollination were 
optimized to suit local situations. The dry (postrainy) season was found to be 
better than the wet (rainy) season. Several training programs on hybrid rice seed 
production technology were organized by the Directorate of Rice Research, state 
agricultural universities, private seed companies, and Krishi Vignan Kendras 
to benefit farmers and seed production officers. Progressive farmers in Andhra 
Pradesh quickly adopted these techniques and developed the skills needed to 
successfully produce hybrid rice seed. Their experience led to even greater 
success. Consequently, hybrid seed yields improved significantly, and are now 
1.5–3.5 t ha–1, with an average of 2.0 t ha–1. Seed production technology is 
no longer a constraint to increasing hybrid adoption rates in India. More than 
80% of the total hybrid rice seed in the country is produced in Andhra Pradesh. 
During the dry season of 2005-06, more than 20,000 t of hybrid rice seed were 
produced from Andhra Pradesh. 

Hybrid Rice Seed Production:
A Success Story in Andhra Pradesh, 
India

R. Vijaya Kumar and Paresh Verma
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India occupies a unique place in the world, with the highest rice-growing 
area of 44 million hectares and extremely diverse rice environments. 

India’s annual rice production is around 90 million tons, with a productivity 
of 2 t ha–1 (Ilyas Ahmed et al 2003). Rice is the staple food of India and is 
an essential part of the livelihood for a majority of rural households. The 
population in the country is increasing and demand for rice is expected to 
be 100 million t in 2010 and 140 million t by 2025 (Mishra 2003). Rice 
productivity must therefore increase by more than 50% from the current 
level of 2 t ha–1 to more than 3 t ha–1 to meet increased demand through 
a corresponding increase in production. This is a difficult task in view of 
the plateauing yield trend of current high-yielding varieties and declining 
resources such as land, water, and labor.
 China has amply demonstrated that hybrid rice technology is a practical 
and feasible technology that can help increase productivity. Out of the 32 
million ha of rice area in China, hybrid rice is grown on 14.72 million ha. This 
has resulted in an increase in rice production from 129 million t to more than 
185 million t. Hybrid rice has yielded about 6.6 t ha–1 versus 5.0 t ha–1 for 
conventional high-yielding rice. Convinced of the contribution of hybrid rice 
technology to increasing production and productivity in China, the Indian 
Council of Agricultural Research (ICAR) launched a goal-oriented and time-
bound project on hybrid rice in 1989. The project was implemented through 
a well-organized national network comprising 12 centers located across the 
country. This program was coordinated by the Directorate of Rice Research 
(DRR), Hyderabad (Ilyas Ahmed et al 2003). Concerted efforts resulted in 
the release of the first two rice hybrids from the state of Andhra Pradesh: 
APHR-1 and APHR-2 in 1993-94 (Vijaya Kumar et al 1997). So far, 25 rice 
hybrids have been released in India. Though several hybrids were released, 
the biggest limitation to the large-scale adoption and commercialization of 
rice hybrids was a lack of a practical hybrid rice seed production technology 
that could give economic seed yields. Initially, the seed yields obtained in 
hybrid rice seed production plots in India were very low, ranging from 0.5 
to 0.75 t ha–1.
  Research work on hybrid rice seed production was intensified by both 
public and private seed agencies. Achary N.G. Ranga Agricultural University, 
Hyderabad, in collaboration with the DRR, Hyderabad, organized several 
trials on hybrid rice seed production technology in different agro-climatic 
regions of the state, starting in 1991-92, in both the wet and dry seasons. 
The results indicated that the outcrossing percentage was higher (>40%) in 
Palem, Mahabubnagar District (southern Telangana zone), and Warangal 
(northern Telangana zone) than in Maruteru, West Godavary District (<20%) 
(Krishna Godavary zone). The seed yields obtained were higher (1,527 kg 
ha–1) in the dry (postrainy) season than in the wet (rainy) season (959 
kg ha–1) (Vijaya Kumar et al 1996). Similar trials were also conducted in 
Nandyal, Kurnool District. As a result, the favorable agro-climatic areas of 
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the northern Telangana zone, southern Telangana zone, and scarce rainfall 
zone were identified in Andhra Pradesh for taking up hybrid rice seed 
production. The dry (postrainy) season was found to be better than the wet 
(rainy) season. 
 Extensive trials on different components of hybrid seed production 
technology such as planting time, planting distance, row ratio, GA3 
application, flag-leaf clipping, and supplementary pollination were also 
conducted in the seed production target areas. Trials with different row 
ratios ranging from 2 male:2 female (2:2) to 2:16 were conducted during 
the dry season. Seed yields and seed set as influenced by different row ratios 
are presented in Table 1. The results obtained showed a constant decline in 
seed set in hybrid seed production, with a gradual increase in row ratio from 
2:2 to 2:16. The optimum row ratio was 2:1 (DRR 1998).
 The results (Table 2) from the trials conducted on the effect of GA3 dose 
on seed yield showed that a dose of GA3 at 45 g ha–1 sprayed at 5% heading 
on two consecutive days gave the highest seed yield (DRR 1998).
 Simultaneously, phenological behavior of the parental lines of different 
hybrid combinations was studied in the seed production target areas to obtain 
perfect flowering synchronization. As a result, a location-specific efficient 
package of hybrid seed production technology has been developed (Table 
3). In order to impart this new technology to seed production personnel 
and farmers, the DRR, Hyderabad, has taken the lead in organizing several 
training programs in the state. In addition, Acharya N.G. Ranga Agricultural 
University and Krishi Vignan Kendras (Farm Science Centers) also started 
similar training programs on hybrid rice seed production technology in the 
state. Several officials from the State Agricultural University, Department 
of Agriculture, and Krishi Vignan Kendras, seed production officers from 

Table 1: Seed yield and seed set as influenced by different row ratios 
in hybrid seed production, dry season.

Row ratio  Dry season 1994-95 Dry season, 1995-96
(male:female)
 Seed yield Seed set Seed yield Seed set
 (kg ha–1)  (%)    (kg ha–1)  (%)

2:2 795 30 624 36.9
2:4 1,072 28 890 35.7
2:6 1,202 26 1,029 34.6
2:8 1,248 24 1,093 33.2
2:10 1,279 27 1,122 31.9
2:12 1,270 21 1,117 30.2
2:14 1,246 21 1,100 28.7
2:16 1,213 20 1,079 27.4
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Table 2: Effect of GA3 dose on seed yield.

GA3 treatment Dry season, 1994-95 Wet season, 
(g) A/B (kg ha–1) 1998
  A/R (kg ha–1)

Control 908 711
30  1,310 1,511
45  1,572 1,480
60  1,387 1,364
90  1,452 1,320

Table 3: An efficient package for hybrid rice seed production in the dry season 
(November-April).

Activity or factor Particulars 

Seed rate  Female parent: 15 kg ha–1

 Male parent: 5 kg ha–1

Nursery  Thin seeding (40 g m–2)
Row ratio 2R:8A to 2R:10A
No. of seedlings hill–1 Female parent: 1–2 seedlings hill–1

 Male parent: 2 seedlings hill–1

Spacing  Male parent: Row to row = 25 to 30 cm                      
 Plant to plant   = 15 cm

 Male to female gap: 25 to 30 cm
 Female parent: 15 × 15 cm
GA3 application 50–60 g ha–1 in 500 L of water at 5% heading in two 

split doses on consecutive days
Supplementary pollination Four times a day for 10 to 12 days by rod driving 
Roguing  Vegetative phase, flowering, and maturity

public and private agencies, farmers, and farmwomen actively participated 
in those training programs. Hybrid rice seed production manuals written in 
English and local languages were also distributed extensively. The private 
seed companies started taking up hybrid rice seed production on a pilot basis 
in the villages and field technicians of the companies used to stay in the 
villages along with the farmers to teach different skills involved in hybrid 
rice seed production technology. This has built up confidence among seed 
growers in Andhra Pradesh and they quickly adopted these techniques and 
developed the skills needed to successfully produce hybrid rice seed.
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 Large-scale hybrid rice seed production is being taken up mainly in 
the two districts of Kareemnagar and Warangal in Andhra Pradesh. In 
addition, seed production is also being taken up in other districts (Nalgonda, 
Mahabubnagar, and Kurnool) of Andhra Pradesh. More than 80% of the 
total hybrid rice seed of the country is produced in this region of Andhra 
Pradesh. Over 90% of the hybrid rice seed in the country is produced by 
private seed agencies. More than 30 seed companies are producing hybrid 
seeds. The major seed companies involved in this area are Pro-Agro, PHI 
Seeds, Mahyco, Bio Seeds, Monsanto, Syngenta, J.K. Seeds, Advanta, Nath 
Seeds, Rallis, Manisha, Shakthi Seeds, Ganga Kaveri, Indo-American, Zuari 
Seeds, Dhanya Seeds, Nuziveedu Seeds, U.S. Agri Genetics, etc. Experience 
gained by farmers over the years has led to even greater success. As a result, 
there was a gradual increase in seed yields, which currently range from 1.5 to 
3.5 t ha–1, with an average of 2.0 t ha–1. During the dry season of 2005-06, 
more than 20,000 t of hybrid rice seeds were produced from Andhra Pradesh 
(Table 4).
 Hybrids are becoming very popular in the states of Uttar Pradesh, Bihar, 
Jharkhand, Punjab, Haryana, Chattisgarh, and Madhya Pradesh. Hybrid seeds 
produced in Andhra Pradesh are exported to different states in the country 
for cultivation. It is estimated that the area under hybrid rice in India was 
about 0.9 million ha during the wet season of 2006. Several farmers have 
been taking up hybrid rice seed production in Andhra Pradesh continuously 
for the past several years and many more new farmers/new villages are taking 
up seed production. Farmers are getting a net profit of US$889 to $1,222 per 
hectare. Hybrid rice seed production, which has now become economically 
viable, has also tremendously benefited the farmers of Andhra Pradesh. In 
addition, hybrid rice seed production technology has contributed to additional 
employment for 100–125 persons per hectare in rural areas, particularly for 
women.

Table 4: Area and production of hybrid seeds in Andhra 
Pradesh.

Year Area (ha) Seed companies Approx. clean seed
  (no.)  produced (t)

2003 2,206 11 2,483
2004 5,371 19 6,647
2005 5,790 23 7,817
2006 18,880 23 21,150
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Hybrid seed production plot: seed set in CMS line

A large-scale hybrid seed production plot in Karimnagar (male harvested)



742     Vijaya Kumar and Verma



Managing and Sharing Crop Information for Functional Genomics and Molecular Breeding     745

A new generation of crop information systems and their integration via Web 
service networks is emerging from the informatics activities of the Generation 
Challenge Program (GCP; www.generationcp.org), which is a global consortium 
involving international agricultural research centers of the Consultative Group 
on International Agricultural Research (CGIAR; www.cgiar.org), several 
advanced research institutes, and a number of national agricultural research 
and extension systems (NARES). The GCP’s research agenda is directed 
toward genomics-driven crop improvement for CGIAR crops, using a strategy 
of comparative biology across crop species, high-throughput molecular 
characterization of genetic resources for allele mining, and deployment of 
efficient gene transfer technologies into plant breeding programs.
 The information platform involves the adoption and/or development of 
common, public scientific domain models and ontology to cross-link all data 
types and analysis processes within the program, and the deployment and 
extension of data templates, Web services, and registry technologies to capture, 
share, and integrate information across diverse and globally dispersed data 
sources. Public software tools are being adopted or developed to create an 
integrated platform of software and databases available as Web services. 
 The activities of GCP partners and the International Rice Functional 
Genomics Consortium (IRFGC; www.iris.irri.org/IRFGC) require a high level 
of networked information. For this reason, a computer networking design and 
implementation project is developing a distributed network for rice functional 
genomics information, as a model for other crop networks. The BioMOBY 
Web Services protocol is being used and the project also leverages extensive 
scientific domain modeling and ontology development efforts within the GCP. 
The objective is to develop a standard package of easily deployed MOBY 
technology for use by various rice functional genomics research groups. 

Managing and Sharing Crop 
Information for Functional Genomics 
and Molecular Breeding

Richard Bruskiewich, Martin Senger, and Graham McLaren
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 The software for the project is being documented on the GCP Web 
sites http://moby.generationcp.org (for general information about BioMOBY 
application to the GCP consortium network) and http://pantheon.generationcp.
org (for data modeling and software engineering components). The open-
source software for these projects is hosted on the CropForge collaboration 
site (http://cropforge.org), with technical discussions hosted on a GCP Wiki 
site (http://cropwiki.irri.org). 

The fast-moving fields of comparative genomics, molecular breeding, 
and bioinformatics have the potential to bring new science to bear on 

problems encountered by resource-poor farmers bypassed by the earlier wave 
of innovation of the Green Revolution, in particular, farmers in developing 
countries growing rice (Bruskiewich et al 2006a). 

THE GENERATION CHALLENGE PROGRAM

The Generation Challenge Program (GCP; www.generationcp.org) aims to 
exploit advances in molecular biology to harness the rich global heritage of 
plant genetic resources and contribute to a new generation of stress-tolerant 
varieties that meet the needs of resource-poor farmers. The GCP brings 
together three sets of partners—the centers of the Consultative Group on 
International Agricultural Research (CGIAR; www.cgiar.org), advanced 
research institutes (ARIs), and national agricultural research and extension 
systems (NARES) in developing countries—to undertake a projected ten-
year program of globally integrated scientific research, capacity building, 
and delivery of products. 
 One fundamental GCP aim is to create an “integrated platform” of 
molecular biology and bioinformatics tools that will be freely available to 
researchers and breeders the world over as public goods enabling agricultural 
scientists, particularly in developing countries, to readily use elite genetic 
stocks and new marker technologies in their local breeding programs. 
 The bioinformatics activities of the GCP are driven by several key 
observations:
  GCP partners are globally distributed across most of the world’s 

continents (except Antarctica, of course), each partner having data 
sets to share and integrate.

  The research covers a diversity of crop species.
  The research would span a very wide range of scientific data 

types—germplasm (defined as the plant material—seeds or clonal 
stocks—used to preserve and propagate crops), genomic, phenotype, 
crop physiological, and geographic information—with some very large 
crop data sets.
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 The subprogram of the GCP dealing with genetic resources, genomics, 
and crop information systems was conceived to meet these challenges and 
it includes the following components:
  Development of a comprehensive common scientific domain model 

to describe the data it has to deal with.
  Development of a data capture and archiving infrastructure.
  Development of an Internet-integrated network (using BioMOBY, 

BioCASE, SoapLab, Taverna, and other pertinent Internet-based 
integration technologies) for crop bioinformatics data exchange.

  Integration of existing and new analysis tools into an Internet-
connected crop analysis workbench to integrate comparative genomics 
and convergent functional evidence for candidate genes of agronomic 
traits, and to facilitate germplasm selection based on specified passport, 
genotype, phenotype, and source-environment criteria.

THE GCP SCIENTIFIC DOMAIN MODEL

To cope with the above scope, diversity, and dispersion of crop information, 
GCP researchers formulated a vision to specify a common, consensus 
blueprint of a scientific domain model and associated ontology to guide 
GCP informatics work (Bruskiewich et al 2006b). This vision assumes that 
the GCP will collaboratively build upon other pertinent international 
initiatives such as other established modeling and ontology initiatives. The 
resulting “model-driven architecture” (www.omg.org/mda/) will be applied 
to the identification, design/adaptation, implementation, and deployment of 
consortium information tools and network protocols to deliver robust global 
public goods of information and software specifically for the GCP, and for 
global crop research in general.
 The model is documented in Unified Modeling Language (UML). 
Computable versions1 of the UML model are published as part of the GCP 
“Pantheon” Java software framework (http://pantheon.generationcp.org). 
The models were also subjected to a public review by the GCP and external 
expert scientists at a GCP-sponsored workshop (hosted by the African Center 
for Gene Technology, Pretoria, South Africa, in March 2006).

1Available UML tools sorely lack interoperability for exchange of models, despite attempts at 
specifying XMI, an XML encoding for UML proposed by the Object Management Group (OMG). 
After various iterations with diverse commercial UML tools, the GCP domain modeling team is 
moving toward the open-source Eclipse Modeling Framework (www.eclipse.org/emf) as the common 
UML format, largely reflecting the GCP team’s commitment to the Eclipse Integrated Development 
Environment for software development, and to the Eclipse Rich Client Platform  as a key technology 
for GCP core workbench implementation.
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 At the heart of the domain model is a core model upon which other model 
components are specified. This metadata model defines the general concept 
of a system “Entity” with “Identifier” and “Feature” components. This model 
serves as the foundation for describing concrete scientific concepts such as 
germplasm, molecular (genotyping) and genomic, phenotypic, and geographic 
location data. The model borrows heavily from existing pertinent data models. 
For example, the germplasm, genotype, and phenotype subdomain model is 
heavily influenced by the data models of the open-source International Crop 
Information System (ICIS, www.icis.cgiar.org; Fox and Skovmand 1996, 
Bruskiewich et al 2003, McLaren et al 2005).
 A significant aspect of the metadata model is the reliance on extensible 
ontology to define the semantics of the model. For such ontology, where 
possible, the GCP is simply adopting existing controlled vocabulary 
and ontology (CVO) standards, such as from the Gene Ontology (www.
geneontology.org), Plant Ontology (www.geneontology.org), and Microarray 
Gene Expression Data Society (MGED) Ontology (currently under review in 
the light of a Functional Genomics Ontology) (Whetzel et al 2006) consortia. 
To manage ontology selected for the GCP platform, an Internet-accessible 
catalog of such ontology is available (http://ontology.generationcp.org), built 
using the Generic Model Organism Database Chado (www.gmod.org/schema/) 
schema “cv” module.
 Throughout this year, technology-specific implementations of the model 
are being designed and coded in the form of eXtensible Markup Language 
(XML) data templates, Internet data exchange protocols (e.g., BioMOBY, 
www.biomoby.org, Wilkinson et al 2005; and BioCASE, www.biocase.org), 
and a GCP analysis workbench, including the development of tools such 
as a GCP domain model–driven Web-based search engine (http://koios.
generationcp.org).

THE GCP NETWORK

A principal limitation of many online databases is their dependency on regular 
Web server interfaces for data publication, interfaces solely searchable using 
standard Web browsers. Technologies such as semantic Web languages and 
Web service protocols are being explored as a means of creating frameworks 
for “computer program–friendly Web surfing,” such that more powerful client 
software can be designed, implemented, and deployed on the biologist’s 
desktop. 
 One such protocol is BioCASE (www.biocase.org). Another notable 
protocol is the BioMOBY project (www.biomoby.org; Wilkinson et al 2005). 
Both protocols are striving to apply biological semantics in a formal manner 
to integrate bioinformatics data sources and computational services. Both 
protocols form part of the GCP strategy toward global integration of crop 
information (see http://moby.generationcp.org).
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 As one formal pilot project in global crop information integration, 
the GCP is sponsoring the development of a pilot MOBY network for 
rice functional genomics as a contribution toward the International Rice 
Functional Genomics Consortium (IRFGC; www.iris.irri.org/IRFGC). This 
network will be connected to other similar initiatives such as the U.S. 
National Science Foundation–funded Virtual Plant Information Network 
(VPIN; http://vpin.ncgr.org) being led by the National Center for Genomic 
Resources (NCGR) in the U.S. The pilot MOBY network will consist of the 
following components:
 1. Web service providers at several data-generating sites supporting the 

following queries:
 a. Mutant germplasm information retrieval based on descriptions of 

phenotype ontology and/or alignments to flanking sequence tags 
to input query sequences.

 b. Gene and protein expression profiles based on gene product 
identities, sample source specifications, and/or on experimental 
treatment parameters.

 c. Comparative gene annotation based on positional information, 
such as a genetic (QTL) map; gene ontology; gene product names; 
or sequence query input data.

 d. MOBY-enabled HPC computational analysis services.
 2. MOBY clients to query the aforementioned MOBY Web service 

providers. In particular, the GCP “Pantheon” platform middleware 
is incorporating a built-in data source software layer that serves as 
a MOBY client to the network, thus permitting Web-based software 
interfaces like the GCP Koios search engine to provide a user-friendly 
portal to the network. 

THE GCP PLATFORM

In addition to developing scientific domain models and ontology to represent 
crop information in a uniform manner, and developing network protocols and 
technology, GCP information scientists are striving to design, implement, 
and deploy software tools to capture, share, and integrate information across 
diverse and globally dispersed databases.
 Although a great deal of emphasis has been placed on reusing and 
leveraging existing software engineering tools, the challenge of crop 
information integration on a global scale has inspired the creation of a 
common platform of software technology. 
 To ensure relative portability of the platform across many diverse 
operating systems and database platforms, the GCP informatics team 
decided to develop a Java language–based framework at the core of their 
software engineering project, which they have code-named “Pantheon” 
(http://pantheon.generationcp.org), stemming from the fanciful activity of 
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naming components of the platform after various agricultural gods of ancient 
civilizations (i.e., Demeter, Ceres, Osiris, and Belenus). The choice of Java 
was motivated by the availability of other bioinformatics software written in 
this language, the good support for computer networking, the relative ease 
of sharing of technology across stand-alone and Web-based platforms, and 
the object-oriented design (complementing the spirit of the GCP domain 
model–driven architecture).
 The Pantheon framework is focused on the specification of a relatively 
simple GCP “DataSource” application programming interface, coupled with 
the GCP domain model–specified Java language interfaces. Several Java-based 
tools, both existing and new, are being coupled to the Pantheon framework. 
For example, a GCP customized version of the MAXD microarray system 
(http://bioinf.man.ac.uk/microarray/maxd/) uses Pantheon to connect to 
germplasm and ontology information outside of MAXD. Genetic mapping 
tools such as CMAP and GBrowse, although based on the Perl language, 
are being coupled using Java server technology to the genetic mapping data 
components of the GCP domain model. Similarly, tools for germplasm data 
management, genotyping, and geographic information management can be 
coupled to the GCP domain model through the Pantheon framework. 
 Building on the Pantheon framework, a portion of the GCP team based at 
IRRI is also designing a GCP domain model–driven Web-based search engine 
(http://koios.generationcp.org) named after Koios, the Greek Titan god of 
intelligence and questioning. Once fully developed, this search engine will 
provide “one-stop shopping” for GCP data retrieval, and will be customizable 
to serve as a portal for specialized networks such as the IRFGC rice MOBY 
network.
 The open-source software for all of the above GCP information platform 
and network development activities is being hosted on a collaborative 
software development site called “CropForge” (http://cropforge.org), with 
technical discussions hosted on a GCP Wiki site (http://cropwiki.irri.org).
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Discovering Transcriptional 
Regulation Networks in Stressed 
Plants Using Combined Kinetic 
Modeling and Promoter Motif 
Analysis

Xiao Yang, Ping Li, Yihua Zhou, and Jingdong Liu

Identification and detailed analysis of gene regulatory systems provide insights 
into how biological processes operate at the molecular level. We developed a 
novel in silico method for identifying transcriptional regulatory networks based 
on kinetic modeling of mRNA concentrations of the transcriptional regulator 
and its targets. Using time-series gene expression microarray data, the kinetic 
models predict a connection between a transcription factor and its targets. Such 
a relationship is refined by the promoter analysis that takes into account the 
enrichment of specific promoter motifs in co-regulated gene clusters. When 
applied on a gene expression profiling data set produced from Arabidopsis 
stress response experiments, our method successfully identified regulatory 
relationships that have been established in the literature, and predicted novel 
regulator-target pairs for future studies.

Plants respond and adapt to environmental stresses, such as drought, cold, 
and chemicals, through various transcriptional regulatory systems (Zhu 

2002, Shinozaki et al 2003). Understanding the molecular mechanisms of 
these regulations can lead to practical applications for developing stress-
tolerant crops. For example, while overexpression of transcription factors has 
been a simple and effective way of producing crops with better tolerance of 
challenging environments (Kasuga et al 1999), it also produces undesirable 
effects, including growth defects. These effects can be reduced by identifying 
the downstream targets of the transcription factor and manipulating their 
expression levels, so as to localize the perturbation to the subsystems most 
relevant to the stress-tolerance response.
 Recent advances in functional genomics, such as the completion of the 
Arabidopsis and rice genome sequencing (Arabidopsis Genome Initiative 
2000, Goff et al 2002) and high-throughput expression profiling experiments 
(Schena et al 1995), have generated a large amount of data that make it 
possible to develop computational approaches to predict regulatory relations. 
Several computational methods have been developed for identifying such 
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relations from various data (Wichert et al 2004, Friedman et al 2000, Segal 
et al 2003, Filkov et al 2001, Chen et al 1999), most of which are based 
on finding co-occurrences of transcription factors and their targets or 
correlation between their transcript profiles. Results from recent time-series 
gene expression microarray experiments (Seki et al 2002a) suggested a clear 
time lag between changes in the mRNA levels of a transcription factor 
(CBF3) and its known targets. This time lag complicates the identification 
of transcription factor-target relations as it cannot be adequately addressed 
by simply examining co-expression patterns. In this study, we apply kinetic 
modeling to take advantage of the time-lag information for constructing 
regulatory networks. We first developed an algorithm that links transcription 
regulators and their targets by modeling changes in concentrations of target 
mRNA and regulator protein with chemical kinetics. The overrepresentation 
of certain promoter motifs in co-expressed gene clusters was then tested to 
find independent evidence for promoter-target gene interactions. The results 
from the above two analyses are combined to provide an overall significance 
of the predicted relations. When applied to the transcript profiling data of 
Arabidopsis thaliana under stress conditions, this approach was successful in 
identifying some experimentally verified pairs of transcription factors and 
their target genes, and was able to predict novel regulator-target pairs.

METHODS

Chemical Kinetic Models to Identify Regulator-Target 
Relationships

It has been shown that activation of regulators under stress conditions usually 
occurs earlier than activation of its targets (Haake et al 2002, Seki 2002a). 
A noticeable timing difference exists among changes in concentrations of 
the regulator mRNA, the regulator protein, and the mRNAs of its targets. 
A chemical kinetic model naturally fits this context by taking into account 
the time lags among these events (Fig. 1).
 The regulator protein concentration can be modeled by the following 
chemical kinetic equation without considering posttranslational 
regulation:

 (1)

where Rp is the regulator protein concentration, Rm is the regulator mRNA 
concentration,  Ktran is the apparent rate of mRNA translation, and Kp is 
the turnover rate of the regulator protein. Accordingly, the time course of 
the target mRNA concentration can be modeled as

dRp

dt
= KtranRm – KpRp
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(2)

where Tm is the concentration of the target mRNA, Bt is the basal 
transcription rate of the target gene,  Kt is the turnover rate of the target 
mRNA, and  f(Rp) measures the regulated transcription rate. For simplicity, 
f(Rp) takes the following form:

 f(Rp) = KactRp (3)

 Usually, what is reported in transcription profiling experiments is not 
the absolute concentration of mRNA, but rather a fold change compared to 
the basal transcription level of that gene. Thus, we define relative changes 
of   Rm and Tm as  Rm′ and  Tm′, where Rphasal and Rmbasal are the basal 
concentrations of the regulator protein and target mRNA, respectively:

 Rm′ = Rm / Rmbasal – 1 (4)
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Fig. 1: Schematics of transcriptional regulation process. (A) Steps of chemical reactions 
considered in the kinetic model. (B) Schematics of the temporal curves of regulator protein 

and target mRNA in response to regulator mRNA changes.

dTm

dt
= Bt + f (Rp) – KtTm
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 Tm′ = Tm / Tmbasal – 1 (5)

 Combining the above equations leads to the following second-order 
ordinary differential equation:

 (6)

where γ = KactKtranRmbasal / Tmbasal.

 To predict the target of a specific regulator, we can solve equation 6 to 
obtain the theoretical target behavior curve, and then find the genes with 
mRNA levels similar to those of the theoretical curve, which will be identified 
as the potential targets of that regulator.

Learning Model Parameters

For each regulator and target pair, three parameters are involved in equation 
6, the target mRNA turnover rate K, and the active regulator turnover rate 
K, and γ. When the normalized expression profile of a target gene with its 
maximal response is considered, there is no need to keep γ as a free model 
parameter. Thus, only two parameters, Kt and Kp, are estimated from the 
regression model. The theoretical target mRNA expression profiles are 
calculated for all the genes annotated as transcription factors, and a Pearson 
correlation coefficient is computed for each theoretical target profile and each 
observed expression profile in each stress condition. When high correlation 
in one or several stress conditions is found, the transcription factor could be 
one of the putative regulators of the corresponding gene.

Target Gene Prediction Using Promoter Motif Analysis

Differentially expressed genes under stress conditions measured in microarray 
experiments were partitioned into a certain number of clusters based on the 
similarity in their expression profiles. All known promoter motifs within 
1,500 base-pairs distance from the starting codon were extracted from the 
AGRIS database (Davuluri et al 2003). The frequency of each promoter 
motif in each cluster is computed, and a Fisher’s Exact Test is conducted to 
test the overrepresentation of certain promoter motifs. Enriched promoter 
motifs for a given cluster are selected as putative regulator motifs when 
statistical significance meets a certain cutoff value (e.g., P value ≤ 0.05). 
When a transcription factor (or a family of transcription factors) is known to 
bind to the putative regulator motif, the transcription factors are considered 

d2 (Tm′)Rp

dt2
+ (Kt + Kp)

d(Tm′)

dt
+ (KtKpTm′ = γRm′)
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to be the putative regulators of target genes with the regulator motif in that 
cluster.

Combining Evidence from Kinetic Models 
and Promoter Analysis

We applied the logit method from statistical meta-analysis literature (Hedges 
and Olkin 1985) to integrate P values or significance levels from different 
types of evidence. Given k-independent P values p1, Λ, pk from different 
evidence, we defined the following statistic: 

    (7)

where  is the sum of logit-transformed  P values. The exact distribution 
of  is not simple, but, when the null hypothesis is true, that is, there is no 
association between a regulator and its potential target, the distribution of  
√3(5k + 4)/π2 (5k + 2)L can be approximated by a Student’s t-distribution 
with  5k + 4 degrees of freedom. Therefore, an overall significance (evidence 
strength) for a particular regulator-target relationship can be derived. In our 
kinetic models, the P values for regulator-target pairs are derived by testing 
whether a Pearson correlation coefficient is higher than a certain cutoff (e.g., 
0.9) in a given stress condition. The p2 value from promoter analysis for each 
regulator-target pair is derived from Fisher’s Exact Test.

RESULTS

We evaluated our method on an Arabidopsis gene expression data set 
measuring responses to various stress conditions (Seki et al 2002a,b). In this 
experiment, wild-type Arabidopsis plants were subjected to stress treatments 
for various periods (1, 2, 5, 10, and 24 hours), and extracted mRNA samples 
were hybridized to a cDNA microarray with approximately 7,000 full-length 
cDNAs. Some 493 genes were chosen for the analysis, as each of these genes 
was differentially regulated in at least one of the stress conditions. 

Learning and Validating Kinetic Models 

RD17 is a well-known target of transcription factor CBF3 under cold stress 
(Kasuga et al 1999, Seki et al 2001, Fowler and Thomashow 2002). Kinetic 
parameters  Kt and  Kp were estimated by an SAS nonlinear regression 
procedure with expression profiles of CBF3 and RD17 in cold conditions 
as the training data set. The normalized theoretical profile of RD17 is 
similar to the observed profile of RD17 (Fig. 2), indicating that the kinetic 

k
Σ

i=1
L =  log

pi

1 – pi
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model reasonably describes the physiological process in transcriptional 
regulation.
 To validate the kinetic model, we examined other known targets for 
transcription factor CBF3 suggested from the literature, including RD29A, 
ERD10, kin1, kin2, FL3-5A3, cor15a, cor15b, and AtGoIS3 (Kasuga et al 
1999, Seki et al 2001, Fowler and Thomashow 2002). Using the estimated 
model parameters, we computed the predicted expression curve of the CBF3 
target. As shown in Figure 2, the normalized profiles of the known CBF3 target 
were consistent with the predicted profile of the CBF3 target. In this analysis, 
the predicted target profiles of all transcription factors in this experiment 
were computed, and their correlations with the eight known CBF3 targets 
were calculated and ranked. Significantly, the model ranked CBF3 as the 
top putative regulator for five target genes, and as the second-best regulator 
for two other target genes. Thus, using the same mRNA turnover rate for all 
the targets of CBF3 seems to yield reasonable results.
 We next asked the question of whether the model parameters estimated 
from CBF3 and RD17 can be applied to other regulators. There are very few 
known transcription factor-target pairs in plant stress conditions. The gene 
list provided by Seki (Seki et al 2002a,b) contained two other pairs, those 
of ABF3 and RD29B (Uno et al 2000, Kang et al 2002), and of RD22-BP1 
and RD22 (Abe et al 1997). ABF3 is an Arabidopsis transcription factor that 
activates RD29B in ABA stress response; RD22-BP1 is a transcription factor 
that activates RD22 in ABA and drought stress responses. The predicted 
profile of the RD22-BP1 target matched the observed expression profile, and 

Fig. 2: Temporal transcriptional profiles of CBF3, some known targets of CBF3, and that of 
the CBF3 target predicted by the kinetic model in Arabidopsis under cold stress. Cold stress 
started at time zero and lasted for 24 hours. (A) Temporal transcriptional profiles of CBF3, 
RD17, RD29A, ERD10, cor15A, FL3-5A3, AtGoIS3 , kin2, and cor15b. (B) Normalized 

transcriptional profiles of RD17, RD29A, ERD10, cor15A, FL3-5A3, AtGoIS3, kin2, 
cor15b, and that of the CBF3 target predicted by the kinetic model.
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a similar degree of profile match was seen with the pair of ABF3 and RD29B 
(data not shown). These results indicate that the use of universal mRNA 
and regulator protein turnover rate in the model was reasonable to predict 
some of the regulator-target relationships in plants under stress conditions.

Target Gene Prediction from Promoter Motif Analysis

If several transcription factors have profiles similar to that of the true 
regulator, the kinetic models would have difficulty identifying the true 
regulator among them. Promoter motif analysis could provide some resolution 
to this problem. After clustering differentially expressed genes into 20 
clusters, overrepresented promoter motifs were statistically tested. As an 
example, the LTRE promoter motif is highly enriched in a cluster with a P 
value of 5.5E-6. Since CBFs are known to bind to the LTRE motif (Nordin 
et al 1993), CBF3 was thus predicted to be one of the predicted regulators 
of the genes in the cluster with the LTRE motif, which included kin1, kin2, 
ERD10, FL3-5A3, and RD17. Similar results were obtained between the 
“ABRE-like binding motif” in RD29B and its documented regulator, ABF3. 
The ability to identify known regulators using promoter motifs suggested that 
this analysis can be a complementary component to enhance the confidence 
of our predictions.

Predicting Gene Regulatory Subnetworks from Stressed Plants

The regulator-target pairs established from the above analysis provided basic 
elements for constructing gene regulatory subnetworks around transcription 
factors. The subnetworks involving CBF3 and ABF3 are shown in Figure 3. In 
addition to the known targets, our analysis also predicted several new targets 
for CBF3, including ERD7, At1g01470, and At1g16850. Interestingly, these 
three genes were shown to be up-regulated in a CBF transgenic experiment 
and were identified as the putative targets of CBF3 (Fowler and Thomashow 
2002, Maruyama et al 2004).
 Similar results were obtained with the derived subnetwork of ABF3. 
RD29B, the known target of ABF3, is successfully predicted with high 
confidence. In addition, many new targets of ABF3 are predicted, most of 
which were supported by evidence from both kinetic modeling and promoter 
analysis. Significantly, AtHB7, which was predicted as a target of ABF3, 
is also a transcription factor with its own predicted targets. This example 
illustrates the capability of using this type of analysis to discover a cascade 
of complicated gene regulation networks.
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CONCLUSIONS

In this study, we proposed a novel method to identify gene regulatory networks 
using kinetic modeling of changes in transcript levels, and successfully 
applied the method to predict regulator-target pairs in stressed plants. The 
model detected relationships between the mRNA profiles of regulators 
and those of target genes through the unobserved regulator protein profile. 
The kinetic model was learned and validated with gene expression data in 
Arabidopsis under various stress conditions, and it was able to identify most 
known regulator-target pairs in Arabidopsis when combined with promoter 
analysis, resulting in better precision in constructing gene regulatory networks 
in plants. If the kinetic model is applied to other biological processes, 
the reliance on regulator-target pairs having similar kinetic rates would 
potentially limit its prediction power. Under certain conditions, where 
mRNA turnover rates have already been measured, these measured rates 
could be used in place of those estimated from known regulator-targets. When 
many regulator-target pairs are known, the regulator protein turnover rates 
can also be estimated for each regulator and can be characterized as different 
subgroups, which should increase the precision of detecting regulator-target 
pairs. A similar problem has been solved in a gene-predicting algorithm by 
using different sets of model parameters for different gene groups (Lukashin 
and Borodovsky 1998).
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We are working on various aspects of comparative and functional analyses 
of disease resistance and defense response genes and gene loci using whole-
genome sequence data of Oryza sativa subsp. japonica and O. sativa subsp. 
indica and various computational tools. We performed in silico analysis of 
the genome sequence of O. sativa subsp. japonica to find the total number 
of candidate disease resistance and defense response genes. The precise 
physical location and orientation of all the genes were determined on all 
12 chromosomes. Chromosomes 1, 2, and 11 are rich in candidate disease 
resistance and defense response genes, containing more than 25% of the genes 
present in the whole genome. A 40-kb region on the long arm of chromosome 11 
rich in defense response genes was identified to perform micro-syntenic analysis 
between japonica (Nipponbare) and indica (93-11) rice lines. Comparative 
analysis of the sequences of japonica and indica lines in constructing a physical 
map of the rice blast resistance locus on chromosome 11 led us to characterize 
and clone a dominant rice blast resistance gene, Pi-kh, from rice line Tetep. Our 
analysis showed that, with a high stringency level, the maximum percentage 
(69.8%) of Sorghum unigenes was homologous to all the rice genes, followed 
by barley (56%), maize (49.0%), and wheat (33.7%). 

Rice is one of the important cereals grown and consumed worldwide, 
specifically in Asian countries. It is considered as a model crop for genetic 

and molecular biology studies largely because of its small genome size (430 
Mb) and extensive genetic and molecular data available on various aspects. 
The complete high-quality genome sequence of Oryza sativa subsp. japonica 
cv. Nipponbare has been published (IRGSP 2005) and is available in the 
public domain. This has led to new vistas of research not only in rice but also 
in related species such as wheat, maize, and sorghum, and in many monocots 
by comparative and functional genomics approaches. The published data on 
the rice genome sequence reveal a comprehensive picture of the DNA codes 
and positions and distribution of all the genes, repetitive sequences, and 
centromeres in the genome. Availability of rice genome sequence information 
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will help in innovations in rice research. This huge amount of new knowledge 
and biotools will provide ample opportunities for plant genome analysis in 
other cereals (IRGSP 2005). Microsynteny analysis between the genomes 
of closely related species will provide insight into the evolution of these 
species. The draft sequence of another closely related species, Oryza sativa 
subsp. indica cv. 93-11, is also available in the public domain (Yu et al 
2002). Japonica-indica comparative analysis has been providing important 
information about their genome evolution. The objectives of our study were 
to make use of rice genome sequence data for genome-wide in silico analysis 
of candidate defense response genes, comparative analysis of important loci 
containing disease resistance and defense response genes in both indica and 
japonica species, and analysis of gene-based syntenic relationships among 
important cereals.

A RICE GENOME DATABASE

We have constructed a rice genome database consisting of genome sequence 
data on all the rice chromosomes of both japonica and indica types, cDNA, 
EST, STS, HTS, GSS, and Unigene sequences (updated July 2006). In 
this database, one can locally perform a BLAST Search at www.nrcpb.org. 
In addition, we have also developed a simple database called “Vanshanu 
Dhan.” The Vanshanu Dhan database of 56,298 predicted rice genes from 
the publicly available phase 2/3 sequences offers simple search options and an 
easily comprehensible output for agricultural scientists who are involved in 
a rice varietal improvement program. This database is modular and is being 
updated from time to time to incorporate more accurate phase 3 sequences 
and marker information. We have been regularly using this database in the 
search for genes/QTLs for agriculturally important traits. It has also proven 
to be useful in extracting information about a particular gene or set of genes 
on a genome-wide basis by executing simple search commands. It is publicly 
accessible through the link www.nrcpb.org/rgp/_VanshanuDhan.html. 

GENOME-WIDE ANALYSIS OF R-GENES AND DEFENSE 
RESPONSE GENES

Sequence analysis of cloned plant disease resistance genes (R-genes) 
conferring resistance to viral, bacterial, and fungal pathogens has shown 
that the majority of them possess common sequences and structural motifs. 
These R-genes have been grouped into five classes on the basis of their 
encoded protein products (Hulbert et al 2001). Major classes of conserved 
regions include leucine zipper (LZ), nucleotide binding site (NBS), leucine-
rich repeat (LRR), protein kinases, toll-IL-IR homology region (TIR), and 
a maize resistance gene, HM1, that encodes reductase that detoxifies the 
HC toxin. The IRGSP phase 2 draft sequence of the whole rice genome has 

http://www.nrcpb.org
http://www.nrcpb.org/rgp/_VanshanuDhan.html
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been analyzed by two independent groups that predicted 535 NBS coding 
sequences (Zhou et al 2004) and 500 NBS-LRR genes (Monosi et al 2004) 
in the whole genome. These workers have analyzed all the candidate disease 
resistance genes belonging to the NBR-LRR class. However, all categories of 
R-genes and additional defense response genes in the finished sequences of 
chromosomes 11 and 12 have recently been analyzed (The Rice Chromosome 
11 and 12 Sequencing Consortia 2005).
 We have analyzed disease resistance and defense response genes in the 
whole rice genome sequence. For this, the rice pseudomolecule sequences 
(build 3) have been downloaded from the TIGR Web site and a local database 
was created at NRCPB, IARI, New Delhi. The TIGR cDNA sequences were 
downloaded chromosome-wise and split into batches. These batches were 
subjected to BLAST search against the local database of R-genes and ESTs. 
Different bioinformatics tools were used for in silico analysis of the whole 
rice genome. We found more than 900 R-gene-like sequences in the whole 
genome of rice. Maximum numbers of R-genes were present on chromosome 
1 (143), followed by chromosome 11 (134). Chromosome 4 contains a 
minimum number (42) of R-genes. Most of the R-genes (385) were similar 
to putative R-genes, leucine-rich repeats, or showing matches to the already 
identified genes that do not fall in the rest of the four categories of R-genes. 
On chromosome 11, 31 NBS-LRR-like genes were found. Most of the R-genes 
were present in clusters on all the chromosomes.
 Defense response genes were also identified in all the chromosomes of 
rice. The whole rice genome contains 168 defense response genes belonging to 
the chitinase (47 genes), ß-1-3 glucanase (91 genes), and thaumatin-like (29 
genes) categories. Specifically, chromosomes 1, 3, and 5 are rich in defense 
response genes (Fig. 1). On the long arm of chromosome 11, a cluster of 
tandemly repeated defense response genes was identified. The specific physical 
location of R-genes and defense response genes in the rice genome will help 
in identifying and cloning these genes from the disease resistance rice lines 
and their function can be validated by using a reverse genetics approach. 

MICROCOLINEARITY ACROSS DEFENSE 
RESPONSE GENE CLUSTERS 

The 40-kb sequence of chromosome 11 containing 12 copies of chitinase 
genes in tandem (Fig. 1) was downloaded from the NCBI Web site (www.ncbi.
nlm.nih.gov) from accession number AP008217. This sequence was compared 
with an indica chromosome 11 sequence (build BGI, 2003) to identify the 
homologous region. Gene prediction was done in these sequences one by one 
using FGENESH software (www.softberry.com), used for monocot species. 
The predicted cDNA were then used to annotate the sequence using the 
“blastx” program of NCBI. The genes were then plotted on chromosome 11 
of indica and japonica types, based on their physical position and direction 

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://www.softberry.com
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on the chromosome. Our analysis showed the presence of 12 defense response 
genes in japonica types and 11 in indica types. The number and orientation 
of all the defense response genes identified on both lines are more or less 
conserved (Fig. 2).
 A simple sequence repeat (SSR) analysis was also done individually for 
the two sets of sequences using the MISA tool (www.ipk-gatersleben.de). 
The identified SSRs were classified into monomers, dimers, trimers, etc., 
based on the type of repeats, and were plotted on chromosome 11 of indica 
and japonica types, based on their physical position on the chromosome. 
In total, we identified 12 repeats in japonica and 10 repeats in indica-type 
sequences. The selected region was rich in T and A repeats. Most of these 
repeat elements were present in the intergenic region except that one repeat 
was present within the gene in the japonica type. The physical position and 
orientation of these genes were determined on both japonica and indica 
sequences (Fig. 2). 
 All the defense response genes identified in both the japonica and indica 
subspecies in this region (11L) were compared with each other to find out 
the SNPs and indels within the coding sequences of these genes (Table 
1). Whereas gene number 7 has the maximum number (53) of SNPs, gene 
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Fig. 1: Distribution of defense response genes on 12 rice chromosomes.
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number 12 has the minimum number (4) of SNPs. Gene number 10 has only 
1 indel in both lines. It showed that in spite of variation in nucleotide levels, 
their function remained conserved in both subspecies, hence annotated as 
defense response genes. Our analysis revealed interesting information about 
the orientation of defense response genes in both japonica and indica types 
and the presence of repeat elements within the sequences that might have 
occurred during the evolutionary process of both subspecies of the genus 
Oryza. Genome-wide analysis of finding SNPs between indica and japonica 
genomes reported 408,898 candidate SNPs/indels between these two species 
(Feltus et al 2004). These authors reported a lower limit of SNP frequency 
as 0.26 SNPs per kb of the complete 400-Mb rice genome. However, in our 
analysis, the frequency of SNPs among the coding sequences of defense 
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Fig. 2: Comparative analysis of defense response gene-rich region on chromosome 11 (11L) 
of rice. Direction of arrow heads indicates the orientation of genes. A yellow region in both 

segments does not show any match.

Table 1: Gene-based comparison among japonica-indica sequences.

Gene IDa Japonica Indica No. of  SNPs per 
   SNPs/indels kb
 Size (bp) GC (%) Size (bp) GC (%) 
 
1 915 63.9 921 62.3 27 29.51
2 939 63.9 939 63.2 24 25.56
3 873 67.5 873 67.6 23 26.35
4 879 68.0 870 67.0 20 22.75
5 423 67.6 870 65.7 15 35.46
7 855 67.8 840 67.7 53 61.99
9 915 65.0 915 65.1   1   1.09
10 903 69.5 741 64.8   1   1.11
11 906 68.5 906 68.0 16 17.66
12 909 67.4 909 67.7   4   4.40

aGenes 6 and 8 showed a fragmented match.



770     Sharma et al

response genes predicted from both japonica and indica types is quite low 
because of the conservation of the genes across species. In other species such 
as fruit fly, humans, and tomato, it has also been reported that the region of 
the genome where crossing over is less during meisosis has a lower level of 
nucleotide polymorphisms (Begun and Aquadro 1992, Yu et al 2001, Stephan 
and Langley 1998). The SNPs identified within the defense response genes 
in the present analysis can be used as gene-based perfect markers in marker-
assisted selection.

IN SILICO CONSTRUCTION OF 
THE PHYSICAL MAP OF THE PI-KH LOCUS 

Comparative analysis of japonica and indica sequences in constructing a 
physical map of the rice blast resistance locus on chromosome 11 led us to 
characterize and clone a dominant rice blast resistance gene, Pi-kh, from 
rice line Tetep (Sharma et al 2005a,b). Once a skeleton genetic map was 
constructed using a mapping population of HP2216 (blast-susceptible) and 
Tetep (blast-resistant) rice lines (both indica), STMS markers linked to Pi-kh 
genes were mapped on the japonica rice genome sequence. Using a sequence 
homology approach, a physical map having a 1-Mb region was constructed. 
Since DNA markers were not available in this 1-Mb region of the physical 
map, it was difficult to construct a fine map of the Pi-kh locus. Therefore, we 
identified SSR sequences and designed 40 new markers flanking these SSRs. 
Of these, only two were polymorphic and found flanking the Pi-kh gene at 
0.5 and 0.7 cM distance. The physical distance between these two markers 
was 142 kb. This 142-kb genome sequence was then used for gene prediction. 
We predicted 18 genes in this region. Annotation of all these genes showed 
the presence of only one candidate gene for disease resistance belonging to 
the NBS and LRR categories of R-genes. PCR primers were designed from 
the Nipponbare sequence and used for amplification of the disease resistance 
gene Pi-kh from indica rice line Tetep. This analysis helped us in cloning of 
the Pi-kh gene from Tetep (Sharma et al 2005a). Hence, the rice genome 
sequence available in the public domain is of immense value in terms of its 
use in gene cloning and functional genomics studies.

COMPARATIVE ANALYSIS BETWEEN RICE 
AND OTHER CEREALS

We downloaded 61,250 cDNA sequences (build 4) in fasta format from the 
TIGR Web site (www.tigr.org). These sequences were then split into batches 
of 500 sequences each separately using an in-house-developed Perl script 
“fsplit.” In addition, the unigene sequences (as of July 2006) for wheat, barley, 
maize, and sorghum were downloaded from NCBI (www.ncbi.nlm.nih.gov) 
and stored in the local database (192.168.1.12) for a BLAST search. The 

http://www.tigr.org
http://www.ncbi.nlm.nih.gov
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batch-wise BLAST search of all the four crops’ unigenes was performed one-
by-one against each rice chromosome. The optimized search parameters of 
open-gap cost (G) = 5, extend-gap cost (E) = 1, penalty for mismatch (q) = 
–1, and reward for match (r) = 1 were used to obtain significant homologies 
between distant relatives (Singh et al 2004). The BLAST search results were 
then tabulated in Excel format (www.microsoft.com) using an in-house-
developed Perl script “vblast” for further analysis. The data were analyzed 
at high-stringent bit score cutoff values of 300 to know the extent of the 
syntenic relationship among rice genes with the unigenes of wheat (35,263), 
maize (29,108), barley (14,201), and sorghum (12,464).
  Our analysis showed that, with a high-stringency level, the highest 
percentage (69.8%) of sorghum unigenes was homologous to all the rice 
genes, followed by barley (56%) and maize (49.0%) as shown in Figure 3. 
More than 10% of these genes were homologous to the rice genes predicted 
from chromosome 1. The numbers of wheat unigenes were maximum (35,263) 
in the public database. However, only 33.7% showed matches with the rice 
genes. The maximum number of wheat unigenes found their homologues on 
chromosome 1 (4.9%), followed by chromosome 3 (4.8%) and chromosome 
2 (4.2%). Recently, Singh et al (2007) have shown a conserved co-linearity 
between rice and wheat genomes based on single-copy genes. A similar 
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Fig. 3: Comparative analysis of unigenes of wheat, maize, barley, and sorghum with 
predicted genes of rice.
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analysis of other cereal unigenes may help in finding a homologue across the 
genomes, which will facilitate the gene-cloning process in related cereals.
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It is often said that “access to information is the major component in improving 
the livelihoods of farmers in Asia.” The use of the International Rice Research 
Institute (IRRI) Rice Knowledge Bank (RKB) across the region is built upon 
the premise that the livelihoods of rice farmers will be significantly improved 
only by access to, and application of, validated research-based farming 
practices. The RKB was introduced in 2002 to collect and make available to 
extension officers and farmers the validated research-based knowledge that is 
able to improve farming practices and, hence, contribute to improvements in 
livelihoods. As the use of the RKB has grown significantly, testifying to a thirst 
for knowledge, several issues have emerged that suggest that the expression 
“access to knowledge” must be carefully and more comprehensively defined 
if the knowledge and its ICT delivery systems are to realize their potential to 
improve livelihoods. These issues are the scope, form, and organization of 
the knowledge, and the process of application of that knowledge by farmers. 
This paper explores the lessons learned, by both IRRI and its country partners, 
about the nature of the knowledge required by farmers, the organization of that 
knowledge, and the human networks that are necessary to produce a successful 
farmer information system. This paper suggests ways in which these lessons 
must be used in further development of the RKB. 

Rice farming across Asia is a very large enterprise, with 100 million rice 
farmers producing rice to meet the needs of the more than 3 billion rice 

consumers, for many of whom rice is their staple food. IRRI recognized that 
to obtain impact from its research and that of the 20,000 other researchers 
across the region, the results needed to be delivered in an effective manner 
to the millions of rice farmers. Given the numbers of people involved, it was 
further decided that an appropriate channel was that of the existing 250,000 
extension workers. Thus, IRRI devised a process whereby its knowledge 
and that of its partners across the region could be accumulated in a single 
accessible location—the Rice Knowledge Bank (RKB).

Lessons from the
Rice Knowledge Bank

David Shires
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 The RKB was launched in 2002 with the accumulated rice-farming 
knowledge of IRRI supported by information about extension practices 
and training relevant to the extension/farmer community. The RKB also 
contained information for researchers that would improve their interaction 
with the farmer community. Since that time, the RKB has been expanded by 
the inclusion of much information specific to each country—information, 
stored behind the country flags, that is mostly in a local language and 
consists of local research results and IRRI information validated for local 
environments. The popularity of the RKB is evidenced by the increasing rate 
at which it is accessed (currently, more than 3 million hits per year) and by 
the enthusiasm with which country partners have built their local knowledge 
banks and promoted the RKB’s use. Table 1 illustrates the growth in use of 
the RKB since 2004.
 From the work of IRRI in developing the RKB concept and the 
development and use of the content by country partners, nine lessons 
have emerged that will be used to continue the development of the RKB 
concept.

LESSON 1

The creation of this base of reliable, validated, and well-documented 
knowledge has received positive comments from stakeholders ranging from 
policymakers to farmers. The process has raised the awareness of people of the 
very valuable and expensive asset that exists in each country and across the 
region from research endeavors. However, it has also raised an awareness of 
how this valuable knowledge is often dispersed and not easily accessible. The 
volume of research information is also often not in a form that is immediately 
useful to the extension/farmer community and not easily related to practical 
farming problems. The creation of the RKB has highlighted the problems 
associated with dissemination and with creating confidence for farmers in 
the available knowledge.
 The first lesson that IRRI learned from developing the RKB was that 
across the region there is a common understanding of the problems associated 

Table 1. Use of the Rice Knowledge Bank, 2004-06.

Year Total hits Average per day Document views

2004 2,594,191   7,087 1,432,643
2005 3,342,186   9,156 1,942,107
2006 (to date) 3,715,094 10,178 2,250,474
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with getting research results used effectively in the field and a common desire 
to examine the issue of dissemination of research knowledge.

LESSON 2

Although the major purpose of the RKB is to store and disseminate the 
latest validated rice-farming technologies, the early decision to also include 
extension and training information has proved invaluable. In order for 
extension officers to successfully deliver new technologies to farmers, they 
must be supported by information that details the range of mechanisms and 
training techniques that they might use with farmer groups. Often, NARES 
scientists engage in extension activity with extension officers or directly with 
farmers—the extension and training methodologies are of benefit to these 
scientists. The RKB also includes training specifically directed at researchers 
to enable them to better design, conduct, and validate their research using 
participatory methods.
 The lesson that IRRI learned from this work is that for successful 
dissemination of research to farmers, a comprehensive set of knowledge is 
required that includes both the technical information and the skills needed 
for disseminating knowledge.
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LESSON 3

Because all content of the RKB is relevant to meeting the needs of extension 
officers and farmers, the RKB also promotes a better understanding of farmers’ 
needs by the research community, and a closer response to those needs. 
The work that has been done with scientists to improve the form of their 
materials for the extension/farmer community has increased their awareness 
of the needs of farmers and the way in which their research results need to be 
presented to improve use by extension officers and uptake by farmers. This 
lesson has taught the RKB developers that the creation of content and use of 
the RKB are not separable and both researchers and extension officers must 
be engaged in the development of content and the promotion of its use.

LESSON 4

The next lesson that has emerged from the RKB development is that farmers 
will implement new technologies only if they trust the accuracy of the 
information for their situation. This lesson means that all content must be 
approved by experts recognized by farmers as experts and the content must 
have been validated in their local context. Knowledge must be seen to be 
valid by both extension officers and farmers.

LESSON 5

Extension officers want knowledge that meets farmers’ needs and farmers want 
knowledge that addresses their problems. Thus, content in the RKB has to be 
“demand-driven.” To meet this need, the RKB contains Country Knowledge 
Banks, where, behind each flag, country-specific information is found.
 This information is based on country need analyses, locally validated and 
controlled by a local management group. It is when this knowledge is put into 
a local context by local officers that it will be implemented by farmers.

LESSON 6

An important lesson started with the early premise that all information in the 
RKB had to be in a form that made it useful to end users—scientific reports, 
charts, and graphs that required re-interpreting were not appropriate for the 
intended audience. Therefore, IRRI commenced by putting its knowledge in 
the RKB in the form of electronic books supported by one-page fact sheets 
summarizing a particular topic.
 To make IRRI information more accessible to extension officers and easier 
for them to use with their clients, IRRI also developed decision support tools 
that led users through sets of information. IRRI also restructured much of 
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its training materials into the form of e-learning, which takes users through 
a topic lesson by lesson.
 These forms of information are appropriate for IRRI knowledge for 
the extension community. They do not particularly help extension officers 
with the transfer of knowledge to farmers. Behind their country flags, some 
countries are developing other forms of information such as pictorial-based 
farmer fact sheets, posters, and even radio/TV clips—forms of information 
in local language that are more appropriate to the audience. This lesson is 
now a major development within the RKB: working with its country partners, 
IRRI is developing and testing different forms of information for the different 
audiences that access the RKB.

LESSON 7

Early in the development of the RKB, IRRI learned a further lesson about the 
development and use of the facility: the work was not just the assembly of a 
large volume of rice-farming information in a Web presence. If the RKB was 
going to be successful in increasing the effectiveness of technology transfer 
to farmers, the project had to include elements other than just information 
collection and storage. Three elements became apparent:
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  Localizing the RKB—a viable base of local information, in the local 
language, had to be accessible behind each country flag.

  Use of the RKB as an information source had to be institutionalized 
into the existing structures for farmer information—structures that 
included government agencies, educational institutions, and NGOs.

  A network of extension agencies had to be built and encouraged to 
ensure that the RKB was improved and used.

LESSON 8

To respond to lesson 7, IRRI discovered that an in-country infrastructure had 
to be created and promoted—an infrastructure that made local ownership of 
the RKB a reality. Thus, within each country, two components of the RKB 
project have developed—a country focal group that controls the information 
from local contributors that is put into the RKB behind the country flag, 
and the network of farmer intermediaries who access the RKB information 
for farmers. This was an important lesson—local country ownership is vital 
if the knowledge is to be used.
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LESSON 9

The final lesson to date has been that the project will always be a “work in 
progress.” The RKB is not a static collection of IRRI-generated information. 
Rather, it is an ever-growing and changing information source responding to 
the needs of the extension community and farmers—responding in different 
ways, at different times, and in different countries. For the content, there 
will be continued input from IRRI and its consortia, and from the NARES 
partners in each country. More effort will be needed to increase the quality 
and relevance of the local knowledge banks and to identify better forms 
of information for farmers. On the application side, increased use will be 
created through national partners and a regional network of these partners 
will share information. Some countries will take the RKB model and use it 
to develop their own knowledge banks for other crops. Similarly, Spanish 
and French versions of the RKB are under development for use in countries 
in Africa and South America.
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Information technology is ubiquitous in today’s knowledge-driven era. Modern 
economies, especially in parts of the developing world, have developed talent 
and expertise in providing computer-based services to developed countries, 
thus enhancing their own gross domestic product. Agriculture is very much 
a part of this revolution. Innovations in telecommunications have brought 
scientists and researchers in different parts of the world together on one common 
platform: the Internet. Along with e-mail, the mobile revolution and wireless 
Internet accessibility in rural areas are facilitating speedier communication 
and providing opportunities for networking, enabling instant dissemination of 
knowledge and creating platforms for sharing ideas and results. Looking ahead, 
farming communities can benefit from the amalgamation of this medium with 
traditional broadcasting media (radio and television). 
 Leveraging the potential and the promises of modern information and 
communication technologies (ICT) in agricultural research and development is 
always going to be a challenge. This greatly depends on a variety of factors—
comparable to a “marketing mix”—that constitute a larger part of the whole 
package to first foster, and then to sustain and later manipulate, the advantages 
and pitfalls of information technology implementation. One example of a “mix” 
could represent the availability of infrastructure, the will to implement an ICT 
road map, and the necessary financial backing.
 The good news is that many countries already have variations of their own 
ICT road maps, while others are in the process of having one up and running. 
The single common goal of any road map is to enhance networking, that is, 
to develop knowledge-sharing systems that provide myriad opportunities 
to scholars and other stakeholders in agriculture to contribute and to learn 
from each other’s experiences. Certainly, this would necessitate evolving site-
specific practices that would help enhance research knowledge, improve farm 
productivity, and alleviate rural poverty.

Keywords: information systems, ICT road map, knowledge, networking, 
media amalgamation, XML
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Leapfrogging agriculture into the digital age, the application of information 
and communication technologies in the 21st century is bringing scientists 

around the world ever closer. The Internet has truly transformed the way we 
do our work. The benefits of accepting the Internet as a necessary part of our 
lives have brought significant advantages: more work now gets done in less 
time, there are greater opportunities to share work and results across global 
geo-political boundaries, and new Internet-based platforms are being created 
that allow us to share our experiences and our knowledge in a channeled 
approach. 
 The demand for computer-based systems that manage research 
information has been steadily rising, with organizations creating and adapting 
such systems to address their specific needs. Also, as organizations tend to 
share information with each other, the establishment of a common operations 
framework becomes necessary. This framework tends to align participating 
organizations to share research data and other information through an agreed-
upon template.
 Silently, while all this has been going on, its “enabling effect” has been 
the availability of skilled labor, especially in developing nations such as 
India. Aside from generating economies of scale and scope for enabling 
national agricultural research and development (ARD) projects to share 
their knowledge, other activities involving ICT have helped the computer 
and software industry in these nations present an attractive, alternate 
business model for providing similar services in advanced nations. The term 
“Bangaloring” has come to reflect this phenomenon, in which expensive jobs 
in developed countries are off-shored (usually to Bangalore, India).
 Many governments, too, are looking toward increasing awareness among 
the populace about the benefits of ICT in rapidly fostering development and 
growth (Röller and Waverman 2001). The trend more recently has been the 
governments’ full support behind ICT initiatives and their recognition of 
potential promises that ICT can deliver. The key to establishing a program 
that brings farmers, researchers, donors, and other stakeholders together on 
an ICT platform that encourages networking and knowledge sharing depends 
on a mix of three main different, yet interdependent, factors.

THE MIX

How true networking happens depends on a combination of factors: (1) 
people, (2) networking tools, and (3) commitment.
 Like any recipe (let’s say one from the Rice Recipes section of the IRRI 
Web site) to be translated into a good, tasty dish, this mix also depends on 
the right quantities of the ingredients. Too much or too little of anything 
might not give the desired results. Put together in the right combination, the 
results will be as expected, and in some cases even innovative or profound. A 
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successful mix will also have other spinoff effects: each again with distinctive 
amounts of the key ingredients.
 People are the most important ingredient in the mix. The right people in 
the right numbers indicate early success in the endeavor. The term “people” 
is used broadly in this context: specifically, it refers to active (as opposed to 
passive) stakeholders, representatives from the communities that would be 
the active or proposed inheritors/consumers of the initiative, and teams that 
would guide the implementation of the initiative. People also represent and 
drive the tangible (networking tools) and the intangible (commitment).
 Next come the tools needed to communicate. These include the 
software (appropriate programmed code), hardware (computers, storage), and 
networking facilities, such as cabling, transmitters, wireless “hot spots,” and 
network access areas. With a plethora of communication platforms already 
in place, it is important to identify a common platform that stakeholders 
can use to share information. The Internet and the World Wide Web fit 
in perfectly as a homogenous place that can act as the meeting point of all 
platforms.
 The final ingredient, commitment, is of course intangible and qualitative. 
Yet, commitment is a vital component for ensuring early success and continued 
growth of the idea to get stakeholders on the same platform. Commitment, 
over time, is also needed to incorporate the latest IT advancements into the 
platform that was built earlier, offering benefits of such advancements to 
all concerned. Commitments from governments are also necessary through 
efforts to raise ICT awareness, providing incentives and subsidies of ICT 
hardware and software among others (Torero and von Braun 2006).
 Putting the mix together now has been the first part of the exercise. The 
second part is chalking out what to do with it. In fact, knowing what to do 
with the mix (let’s start calling it the “road map”) is critical before it is even 
put together. Having a road map in place will help the various stakeholders 
visualize the expected outcome. At this stage, it is important to have clear 
discussions for all stakeholders to be focused on one common vision, one 
flavor of the output. The road map will also highlight milestones that will 
be achieved during the course of the project.

THE TECHNOLOGICAL CHALLENGE 
AND BREAKTHROUGH ADVANTAGES

Having and managing an information technology road map that helps in 
knowledge management is difficult. Technology changes frequently and a 
few years is a long, long time in the world of computers. David House of the 
microchip maker Intel Corporation said in 1975 that advances in technology 
and the number of transistors for computer performance would double every 
18 months. This has come to be known as Moore’s Law, named after Intel 
co-founder Gordon Moore. 
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 The advent of XML, or eXtensible Markup Language, helps stakeholders 
develop a common structure or data format for shared information. 
Stakeholders then use this format to exchange information with each other 
or to publish information on the Web. Web-driven publishing systems, based 
on XML, have evolved so that time and costs are saved when going through 
a printing production process, thus enabling researchers to share information 
more quickly and with fewer efforts.
 The mobile and wireless revolution should not be left out. The amazing 
ubiquity of the cellular phone and its growing acceptance as a tool to share 
information with farmers should be considered by donors and researchers 
alike. 
 Imagine a scenario when a South Asian farmer armed with a cell-phone 
faces a Phalaris minor weed situation and needs timely assistance in solving 
the problem. Today’s information technology offers various options: 
 1. Verbal: farmer-to-farmer assistance or extensionist/researcher-to-

farmer, radio.
 2. Textual, verbal, and visual: television and the Internet from a PC.
 3. Textual, verbal, and visual: through the mobile phone connected to 

the Internet.
 Correct, validated information is vital as this farmer’s livelihood depends 
on the response. Although most verbal replies may be true, some facts might 
not be presented while talking to the farmer. The challenge, then, is to 
incorporate into the road map provisions for technological advantages that 
would use breakthroughs in the technical sphere to stakeholders’ benefit.

THE INTERNET ADVANTAGE

The Internet is a great place to be on, and it has come a long way since 
its early days in the 1950s as a research network in the United States. 
The interesting thing about the Internet today is that it spans boundaries 
extending areas of knowledge and applications that previously would have 
been impervious or considered untimely. It is also a place that can bring 
people on similar wavelengths together through a common intermediary. 
Search engines are the bridge that most often connects knowledge resources 
to information seekers. 
 An experience I had had with the Rice-Wheat Consortium’s PRISM 
initiative comes into mind: a scientist working with the Bangladesh Rice 
Research Institute had shared his project information on PRISM and was 
later contacted by a rice researcher in Argentina after learning about the 
Bangladeshi project. PRISM, which reinforces the “knowledge across borders” 
philosophy (Krishnan and Lieshout 2005), helps organizations share their 
project knowledge using a common platform.
 With all the talk in today’s ICT domains about media amalgamation and 
traditional media looking to the Internet for greater reach and coverage, 
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agricultural research should also embrace this future revolution. Mobile 
technology and national governments’ support to set up wireless infrastructure 
in most areas of the developing world have created options for allowing the 
Internet to be accessed through portable devices such as the cell-phone or 
personal digital assistant. 

EXTENDING ICT PROJECTS WITH BENEFITS 
OF MEDIA AMALGAMATION

Here is an instance of adapting a solution to the Phalaris minor example 
described earlier:
 The Open-source Simple Computer for Agriculture in Rural areas, or 
OSCAR, initiative is a European Union–funded project that allows farmers 
in the Indo-Gangetic Plains of Bangladesh, India, Nepal, and Pakistan to 
identify weed species and offers suggested remedies for weed-related problems. 
OSCAR was designed to be run on a portable computing device known as a 
“Simputer” (manufactured in Bangalore, India) and is also available on the 
Internet. The knowledge about various weed species available in OSCAR can 
be transformed into radio or television programs, thereby enriching content 
that farmers can gain access to more quickly.
 Also, collaborative efforts with initiatives like e-Choupal in India or 
the Grameen network in Bangladesh would help in the dissemination of 
knowledge.
 Information systems such as PROMIS are developed to get knowledge 
involving research news and activities, results, and scientists’ views onto the 
Internet as soon as it arises. PROMIS is tightly integrated with the Rice-
Wheat Consortium’s Web site and supports other RWC projects as well. 
PROMIS was developed on the premise that information becomes open 
and accessible, and, as it is being used, information becomes knowledge 
(Krishnan 2006). The opinions of project scientists are represented through 
“blogs”—these “diary entries” are made by the scientists themselves at any 
time during the course of the project and are published instantly on the 
Internet. Integration with the RWC Web site also gives visitors to PROMIS 
free access to publication material relevant to the project and available on 
the RWC Web site. Further, information from these sources is easily available 
through Web search engines.
 We have just begun to experience the power of ICT to enable various 
stakeholders to not just watch but to be active participants as well in 
collaborative activities. Pervasive networking through the Internet and 
interactive Web-based systems allow research results and related information 
to be available instantly and on demand, and have greatly reduced the time 
it would take to get messages out. These systems have brought agricultural 
communities much closer and hold great promise for changing lives for the 
better.
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