
Nitrogen Fixation in Crop Production

David W. Emerich and Hari B. Krishnan, Editors

Book and Multimedia Publishing Committee
David Baltensperger, Chair
Warren Dick, ASA Editor-in-Chief
Craig Roberts, CSSA Editor-in-Chief
Sally Logsdon, SSSA Editor-in-Chief
Mary Savin, ASA Representative
Hari Krishnan, CSSA Representative
April Ulery, SSSA Representative

Managing Editor: Lisa Al-Amoodi

Agronomy Monograph 52



Copyright © 2009 by American Society of Agronomy, Inc. 
Crop Science Society of America, Inc.
Soil Science Society of America, Inc.

 

ALL RIGHTS RESERVED. No part of this publication may be reproduced or transmitted in any form or by 
any means, electronic or mechanical, including photocopying, recording, or any information storage and 
retrieval system, without permission in writing from the publisher. 

The views expressed in this publication represent those of the individual Editors and Authors. These views 
do not necessarily reflect endorsement by the Publisher(s). In addition, trade names are sometimes men-
tioned in this publication. No endorsement of these products by the Publisher(s) is intended, nor is any 
criticism implied of similar products not mentioned.

American Society of Agronomy, Inc. 
Crop Science Society of America, Inc.
Soil Science Society of America, Inc.
677 South Segoe Road, Madison, WI 53711-1086 USA

ISBN: 978-0-89118-170-5

Library of Congress Control Number: 2009907452

Cover design: Patricia Scullion 
Cover photo: David Emerich
Copy editor: Nicholas H. Rhodehamel.

Printed in the United States of America.



vii

Contents 

Foreword ix
Preface xi
Contributors xiii
Conversion Factors for SI and Non-SI Units xv

1
Nodule Development in Legumes 1

Daniel J. Gage

2
Away from the Usual Suspects: Some Potentially Useful but 
Understudied Nodulated Legumes and Their Symbionts 25

Janet I. Sprent
Euan K. James

3
The Challenge of Establishing Symbiotic Nitrogen Fixation in Cereals 35

Edward C. Cocking

4
Nodulation Genes and Type III Secretion Systems in Rhizobia 65

Michael Göttfert
Hari B. Krishnan

5
Nodule Metabolism 95

Kent N. Strodtman
David W. Emerich

6
Measuring Symbiotic Nitrogen Fixation by Legumes 125

Mark B. Peoples
Murray J. Unkovich
David F. Herridge

7
Soil Biology with an Emphasis on Symbiotic Nitrogen Fixation 171

Peter H. Graham



viii Nitrogen Fixation in Crop Production

8
Physiological Responses of N2 Fixation to Drought and  
Selecting Genotypes for Improved N2 Fixation 211

Larry C. Purcell

9
Application of Plant Genomics for Improved Symbiotic  
Nitrogen Fixation in Plants 239

Carroll Vance

10
Future Biotechnology of Legumes 265

Lam-Son Phan Tran
Henry T. Nguyen

11
The Economics of Biological Nitrogen Fixation in the  
Global Economy 309

Patrick Westhoff

12
The Importance of Biological Nitrogen Fixation in Cropping  
Systems in Nonindustrialized Nations 329

P. L. Mafongoya
S. Mpepereki
S. Mudyazhezha

13
The Potential Environmental Benefits and Risks Derived from 
Legumes in Rotations 349

Mark B. Peoples
Henrik Hauggaard-Nielsen
Erik S. Jensen

14
Biological Nitrogen Fixation and the Mitigation of Greenhouse  
Gas Emissions 387

Robert M. Boddey
Bruno J.R. Alves
Luis Henrique de B. Soares
Claudia P. Jantalia
Segundo Urquiaga

Subject Index 415



ix

Foreword 

Nitrogen is an essential constituent of proteins required for plant, animal, and 
human life. While earth’s atmosphere contains an abundance of N, it must be 

transformed into chemical forms that are usable by plants, and which can then be 
used by people and animals. As world populations increase, biological N fixation 
for crop production becomes increasingly important. The editors of Nitrogen Fixa-
tion in Crop Production have brought together an outstanding group of scientists 
from around the world to address the various issues surrounding biological N 
fixation and to summarize scientific advances since the 1984 American Society of 
Agronomy, Crop Science Society of America, and Soil Science Society of America 
publication on the same topic.

Major advances have recently occurred with enhanced knowledge of legume 
and microbe genomes. The authors of Nitrogen Fixation in Crop Production sum-
marize the scientific advances and present the implications for improved 
biological N fixation by crops, both legumes and nonlegumes, and in short- 
and long-term time frames. In addition, biological N fixation is an important 
economic issue for the global economy, as it represents the potential to reduce 
manufactured fertilizer N use in certain cropping systems. The economic and 
societal benefits of biological N fixation, especially where soil N supplies and 
funds for purchased inputs are limiting, are addressed, as is the potential for 
mitigation of greenhouse gases.

Our Societies are pleased to support the work of our scientists and edito-
rial staff in developing this timely publication, and we thank them for this work.  
Nitrogen Fixation in Crop Production will serve as an outstanding resource for 
research scientists and graduate students, and for individuals developing public 
policy for research programs to improve crop production throughout the world.  

Marcus M. Alley, President of the American Society of Agronomy

Kenneth H. Quesenberry, President of the Crop Science Society of America

Paul M. Bertsch, President of the Soil Science Society of America
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Preface 

The term “Green Revolution” was first used in 1968 by former USAID director 
William Gaud, who noted the spread of new technologies in agriculture. A 

major component of the revolution was a heavy reliance on chemical fertilizers, 
pesticides, and herbicides derived from fossil fuels, making agriculture increas-
ingly reliant on petroleum products. The Green Revolution of this millennium 
is more broadly applied to clean energy sources, agricultural sustainability, and 
environmentally favorable industrial processes. The increased application of 
symbiotic nitrogen fixation in agriculture world-wide is but one aspect of the new 
revolution, but a critical one. The world‘s population continues to grow while the 
tillable acreage declines with each passing year. Agricultural resources will be 
partitioned between the traditional food, feeds, and fiber and the newly emerg-
ing need for bioenergy. Agriculture production is tied to political and economic 
relations between nations. Nitrogen fixation provides a means to meet the needs 
of a growing population with a nutritious, environmentally friendly, sustainable 
food supply.

Since the last book on nitrogen fixation in crop production was published by 
the American Society of Agronomy, Crop Science Society of America, and Soil 
Science Society of America in 1984, many exciting discoveries in nitrogen fixation 
have been reported—genomes have been sequenced, the “omics” approaches have 
been applied to both symbionts, new genetically modified crops have become 
commonplace in agriculture, and new nitrogen fixing plants discovered. Past 
books have focused on the applications of biological nitrogen fixation research 
to agronomic applications, with chapters on basic research from which readers 
could acquire a broad and thorough understanding of biological nitrogen fixa-
tion. Although the goal of this book is to continue this format and provide current 
information on the state of nitrogen fixation research and its applications, the 
economic consequences of symbiotic nitrogen fixation are also included in this 
volume. The chapters of this book were contributed by knowledgeable scholars—
from basic and applied scientists to agricultural economists. It is our hope that 
these collected writings will provide a valuable resource and a stimulus to con-
tinue the rapid pace of exploration of symbiotic nitrogen fixation. As editors, we 
express our sincere thanks to all the authors who devoted their time and energy 
to this book.

David W. Emerich, Editor
Division of Biochemistry, University of Missouri, Columbia, MO

Hari Krishnan, Editor
Agricultural Research Service, U.S. Department of Agriculture and Division of Plant 
Sciences, University of Missouri, Columbia, MO
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