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ABSTRACT

The advance of Neolithic culture was a defining process in human history. Chronicled by the

distribution of Austronesian languages, one such expansion of Neolithic peoples swept through the

Indo-Pacific region just 4,000 years ago. A record of this dispersal is carried in the genes of modern

people. Yet human populations have a much older history in the region, and their genetic legacies

also persist to modern times. Examination of the genetic patterns that resulted from contact between

these Austronesian and non-Austronesian peoples forms a central focus of this thesis. Research was

directed towards three geographical regions in which Austronesian languages are still spoken today:

the island nations of Indonesia, Madagascar, and Vanuatu. Inherited genetic characters were examined

from nearly six hundred individuals, and analysis focused on two genetic systems. Firstly, mitochondrial

DNA, which is inherited through the maternal line; and secondly, the Y chromosome, which is inherited

through the paternal line. Disengaging the genetic lineages of men and women allowed exploration of

possible sex-specific structuring in the contact process. An examination of spatial patterning, and the

application of novel genetic techniques for dating human population expansions, gave additional facets

to the study. Four thousand years of human mobility have blurred prehistoric patterns in the genetic

variation displayed by modern populations. No spatial or sex-specific patterning was detected. Yet it

can be inferred that less than a fifth part of the modern populace carry genetic markers once diagnostic

of the dispersing Austronesian speakers. It seems that non-Austronesian populations have contributed

significantly to modern populations. Genetic analysis suggests that, at least in Vanuatu, adoption of

a Neolithic economy triggered a period of population growth for non-Austronesian peoples. This was

contemporary with the arrival of the first Austronesians. Thus, the spread of Neolithic society seems to

have been driven in part by biological dispersal, and in part by cultural diffusion. The genetic data best

fit a model of leapfrogging, whereby Austronesian populations crossed the Indo-Pacific region in bounds,

each of which subsequently formed a staging ground for cultural diffusion. Although not reflected so

clearly in the archaeological and linguistic records, non-Austronesian peoples were active players in the

emerging Neolithic world. They encountered the dispersal of the Austronesians, adapted culturally to

their changing situation, and biologically, they kept on going.
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1. INTRODUCTION

Question

Few processes in human history were so far-reaching as the dispersal of Austronesian 1 peoples.

Straddling both the Indian and Pacific oceans, Austronesian attributes are distributed over an

area more vast than all the continental landmasses combined [Austin, 1999]. Yet Austronesian

peoples are relative newcomers everywhere — their expansion began just 4,000 years ago, and

some islands were barely settled when the first Europeans arrived [Higham et al., 1999, Howe,

2003]. Traces of the Austronesian dispersal survive in the genes of modern people, but other ge-

netic characters exist whose geographical distributions ill fit the Austronesian expansion model.

This genetic substratum has come to be associated with pre-Austronesian peoples. Therefore,

it is now possible to ask the central question of my thesis. What genetic patterns resulted from

the contact between Austronesian and non-Austronesian peoples?

Model

The adoption of agriculture is well established as a cause of demographic expansion [Ammerman

and Cavalli-Sforza, 1973]. Examples of this model include the dispersal of the Indo-European

and Austronesian language families in association with early farming communities [Diamond

and Bellwood, 2003]. It is therefore surprising that the question of contact between expanding

and pre-existing peoples has been largely neglected in the anthropological literature, although

Bellwood [1978, 2001], Renfrew [1987], Spriggs [1997], and Higham [2002] have touched on the

issue. Bellwood [2001] believes that individuals of pre-Austronesian descent have a “continuing

existence in a biological sense in many parts of Island Southeast Asia as well as in Melanesia,”

and Renfrew [1987, pp. 150–151] makes clear predictions about the chances of the pre-existing,

Mesolithic peoples surviving the contact period:

On one view we might disregard them, suggesting that they exploited a rather differ-
ent ecological niche from that used by the first farmers. . . If they kept to themselves,
so to speak, they would soon come to represent a small linguistic minority repre-
senting perhaps no more than 1 per cent of the population in most areas. . . In cases

1 ‘Austronesian,’ a linguistic term sensu stricto, is used with multiple meanings. As here, it often has a
peculiarly biological sense. Justification for such usage is given below, and in sections 2.2 and 2.7.
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where the mesolithic population was much denser. . . their contribution might have
been larger, and where the local mesolithic population actually took up farming
itself, it too would undergo much the same increase in population density.

This anthropological statement can be reworded as a genetic question. Were pre-Austro-

nesian peoples replaced by Austronesian immigrants, or were they incorporated biologically

into a mixed population? For any particular geographic region, three general outcomes can be

envisaged:

1. Austronesian Dominant. Immigrant groups spread Austronesian languages and Ne-

olithic culture through direct colonization of new territory. Biological markers associated

with the Austronesian expansion should be found at high frequency in modern popula-

tions. Pre-Austronesian peoples were replaced by Austronesian immigrants, and did not

contribute substantially to modern populations.

2. Non-Austronesian Dominant. Austronesian languages and Neolithic culture were

spread mainly through non-biological interaction (‘cultural diffusion’). There was little

intermarriage, and biological markers associated with the Austronesian expansion should

be found at low frequency in modern populations. Pre-Austronesian groups were not

replaced by Austronesian immigrants, and they contributed substantially to modern pop-

ulations.

3. Admixture. Austronesian languages and Neolithic culture were spread both through

non-biological interaction and intermarriage. Genetic markers associated with both Aus-

tronesian and pre-Austronesian groups should be found in modern populations. The rel-

ative genetic contribution of Austronesian and pre-Austronesian groups may differ across

geographical regions, it may be sex-specific, and it may be temporally-structured.

Aims

I will examine the distributions of those genetic characters that have come to be associated with

Austronesian and pre-Austronesian peoples. In the late 1980s, researchers identified molecu-

lar genetic markers that are putatively associated with the spread of Austronesian languages

[Hertzberg et al., 1989]. More recently, genetic markers have been identified with proposed links

to pre-Austronesian groups [Forster et al., 2001]. These markers, and the reasons for associating

them with specific historical processes, are considered further in section 2.5.

I will examine genetic variation in three geographical regions: Indonesia, Madagascar, and

Vanuatu. The speaking of Austronesian languages in all three areas provides a common link.

1. Indonesia, an extensive archipelago in Island Southeast Asia, hosts an ethnically– and

linguistically-diverse population. Indonesia is the largest geographical region under study,



1. Introduction 3

and it was also the first region settled by Austronesian immigrants. Contact between

Austronesian peoples and long-established hunter/gatherer populations began about 4,000

years ago [Bellwood, 1997, p. 219 ff.].

2. Madagascar, a single island off the eastern coast of Africa, is ethnically and linguistically

homogeneous. Madagascar is the smallest geographical region under study, and it was the

last region settled by Austronesian immigrants. Colonized from western Indonesia only

1,500 years ago [Wright and Rakotoarisoa, 1997], Austronesians came into contact with

African and Arab population groups from the East African coast.

3. Vanuatu, a small archipelago in the western Pacific Ocean, is the most ethnically diverse

region on Earth. Vanuatu was settled by Austronesian immigrants soon after 3,000 years

ago [Bedford et al., 1998]. Although Vanuatu was uninhabited prior to their arrival, Aus-

tronesian settlers must have encountered hunter/gatherer peoples as they passed through

Melanesia.

I will examine genetic variation using three general approaches: spatial, sex-specific, and

temporal.

1. Spatial. The movement of Austronesian peoples into each study region, and their inter-

action with pre-existing peoples, may have been geographically variable. To determine

geographical variation, individuals were sampled from a number of locations in each study

region: Indonesia (n = 5), Madagascar (n = 4), and Vanuatu (n = 10).

2. Sex-specific. Austronesian and non-Austronesian peoples may have intermarried in a

sex-specific manner. For instance, if Austronesian male markers are frequent and female

markers are not, one might infer that immigrant men took local wives more commonly

than the reverse. Sex-specific analysis is used in the Madagascar and Vanuatu case studies.

3. Temporal. Temporal analysis can distinguish between models of Austronesian settlement

that make different chronological predictions. It can also determine whether Austronesian

and non-Austronesian groups began to expand concurrently due to the adoption of agri-

culture, as predicted by Renfrew [1987]. Dating methods require moderate amounts of

data for reliable inferences, and they have only been used in the Indonesia and Vanuatu

case studies.

Four Points of View

A Model of Austronesian Expansion. One model for the dispersal of Austronesian peoples

is widely accepted by archaeologists, linguists, and geneticists, at least in broad aspects of

its interpretation [Bellwood, 1978]. About 4,000 years ago, groups of related people moved

out from Taiwan [Bellwood, 1997, p. 219 ff.]. They spoke Austronesian languages, and were
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distinguished by a Neolithic material culture. Colonizing the islands of Southeast Asia, they

proceeded around the coast of New Guinea, and were the first humans to inhabit the remote

islands of the Pacific Ocean. This ‘Out of Taiwan’ settlement model is fleshed out in section 2.2

and following. Although criticized in the past, the ‘Out of Taiwan’ model has gained wide

acceptance. My research makes the premise that this model is essentially correct. Nevertheless,

alternative models are still being proposed (see section 2.6), and these are examined wherever

relevant.

A Molecular Anthropology Study. The research presented in this thesis is first and fore-

most an analysis of genetic variation, and as such, my ‘Austronesian’ and ‘non-Austronesian’

groups are grounded in biological definitions. Therefore, my thesis should be read from a bio-

logical perspective — it is not an analysis of ethnicity. Some anthropologists are uncomfortable

with this approach [Terrell et al., 2001a], while others seem not to be [Bellwood, 2001]. I believe

that archaeological, linguistic, and genetic definitions of ‘Austronesian’ and ‘non-Austronesian’

are broadly correlated, and this correlation is examined in section 2.2 and following. It is,

however, to be regretted that alternative names for the biological groupings do not exist.

A Population Genetic Approach. Most molecular genetic research on Indo-Pacific peo-

ples has focused on large-scale trends over great geographical distances (e.g. the studies of

Hertzberg et al. [1989], and Sykes et al. [1995]). Large or culturally diverse regions, for in-

stance Vanuatu, were treated almost as discrete geographical points [Sykes et al., 1995]. There

are notable exceptions (e.g. Melton et al. [1998], and Merriwether et al. [1999]), but the de-

tailed studies of classical markers over small geographical areas have not been replicated with

sex-specific molecular genetic markers (cf. the blood group studies in the Kuru region of New

Guinea by Curtain et al. [1961], Simmons et al. [1961a, 1961b], Kitchen et al. [1972], Sim-

mons et al. [1972], Steinberg et al. [1972]). The call for population-level genetic studies 2,

preferably in a form understandable to prehistorians [Bellwood, 1997, p. 81], has influenced my

choice of study regions and methods of analysis. This thesis has a strong anthropological and

population-level bent. Nevertheless, my approach represents a genetic point of view, and it has

been determined to some extent by the biological samples that were available for research.

The Problem of History. Renfrew [1987, p. 268] raises a vital distinction between

population origins and subsequent shared history:

It is important to realize that the picture as we have it today is a palimpsest, whose
foundations may have been established in the early farming period, but whose detail
is the product of many processes over subsequent millennia.

This is a distinction that must still be stressed today (see Bellwood [2001]). My central

aim is to discuss contact between Austronesian and non-Austronesian peoples, but this can

2 “. . . research. . . would at this point benefit far more from small-scale studies of genetic patterning within and
between particular communities than from. . . continental and subcontinental approaches. . . ” [MacEachern, 2000,
p. 371].
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only be done once relationships attributable to their subsequent shared history have been dif-

ferentiated. Both Bellwood [1978] and Spriggs [1997] expend considerable effort disentangling

effects of the initial immigration process and subsequent interaction (see section 2.7). Similarly,

much of my thesis will address post-settlement and historical-era processes, before the effects

of contact between Austronesians and non-Austronesians can be examined. Determining what

historical processes may confound the genetic data is often treated post hoc, as an adjunct to

the genetic study itself. Conversely, I have attempted to establish possible historical confounds

prior to the genetic research, and to compare these with the genetic data. This method required

extensive historical analysis — most historians do not write specifically about biological pro-

cesses. Nevertheless, the histories detailed in this thesis are invariably those with likely biological

repercussions. Furthermore, as a geneticist, I must consider the possibility of post-settlement

genetic drift (stochastic change in marker frequency), population bottlenecks, founder events,

and selection in the generation of the observed genetic patterns.

Sections

This thesis is structured into seven main chapters: background information, three population

genetic studies, two technical studies, and a general conclusion.

• Background. Genetic, linguistic, and archaeological background information.

• Indonesia. Genetic variation across the Indonesian archipelago.

• Madagascar. Genetic variation in the highlands of Madagascar.

• Vanuatu. Genetic variation across the Vanuatu archipelago.

• Relatedness of Three Oceanic MtDNA Lineages. Three mtDNA lineages incorpo-
rate most mtDNA genomes found in Oceania. Previously known only by control region
polymorphisms, this study identifies non-control region markers for these lineages, and in
doing so, determines how they are related evolutionarily.

• Evaluation of Neutral Evolution in the MtDNA Control Region. Stoneking
[2000] suggested that control region polymorphisms may evolve by functional selection,
and do not arise in a strictly neutral fashion. A computer-based simulation study de-
termines that neutral evolution of control region polymorphisms is sufficient to explain
real-world mtDNA population data, although selection that constrains sites from mutat-
ing is probably acting.

• Conclusion. Over-arching trends from the population genetic studies, and examination
of the main questions.



2. BACKGROUND

2.1 Historical Groupings of Indo-Pacific Peoples

With few exceptions 1, the earliest historical records for Island Southeast Asia and the Pacific

date from European discovery in the early sixteenth century. Diogo de Sequiera, travelling

over the Indian Ocean, reached the western islands of Indonesia in 1509 [Zainu’ddin, 1974, p.

46]. Vasco de Balboa, crossing the Americas, reached the eastern Pacific Ocean in 1513 [Mar-

covitz, 2001]. The subsequent history of the intervening Indo-Pacific region is well recorded,

but these are reports of ever-increasing European contact and radical change in indigenous

society [Bellwood, 1978, p. 301]. Much of the region’s pre-contact history must therefore be

reconstructed from archaeological, linguistic, and biological evidence. Nevertheless, early Eu-

ropean reports archive useful information, and many of the ideas held currently about groups

of people, and their possible origins, date from this era. Although the diversity of Indo-Pacific

peoples was noted regularly [Cook and King, 1784, Markham, 1904], most European explorers

tried to classify the populations they encountered (e.g. d’Urville [1834]). By the early nine-

teenth century, five classes of people were commonly recognized: Aboriginal Australians, Malays

inhabiting Island Southeast Asia, Melanesians living in New Guinea and the islands as far east

as Vanuatu and Fiji, Micronesians on the scattered islands of the north Pacific, and Polyne-

sians on the islands of the eastern Pacific. This report will only consider the peoples of Island

Southeast Asia, Melanesia, and Polynesia in any detail.

Almost every imaginable theory for the ‘origins’ of Indo-Pacific peoples has been proposed

at one time or another. (A superb, but concise, historical summary of many such theories is

presented by Heyerdahl [1952, p. 4 ff.]). However, contemporary views on the colonization of the

Indo-Pacific date largely from the 1950s onward [Bellwood, 1978, p. 304], and I will review only

those opinions that are held, or contested, at present by the academic community. Most scholars

prior to 1950 believed that Island Southeast Asia and the Pacific were settled by migrations of

homogeneous, culturally-distinctive, and diachronically-stable races of people (e.g. the ‘Kava

People’ of Rivers [1914, Vol. 2, p. 240]). Anthropological research in the 1950s onward demol-

1 There are limited descriptions of western Indonesia in classical Indian writings from the third century
BC [Winteritz, 1971], accounts by Chinese travellers from the first century AD [Wheatley, 1961, p. 11 ff.], in-
scriptions from the Indianized states of Island Southeast Asia dating from the sixth century AD [Bellwood, 1997,
p. 316], Arabic merchant handbooks from the ninth century AD onward [Tibbetts, 1979], Marco Polo’s account
of AD 1292 [Masefield, 1927, Lanza, 1982], and native Indonesian texts dating from the mid-second millennium
AD [Ricklefs, 2001, p. 10 ff.]. I know no historical accounts for eastern Indonesia or the Pacific region prior to
European contact, excepting oral histories and native mythology.
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ished the concept of ‘stable races,’ replacing them with cultures that change over time, make

innovations, and interact with surrounding groups of people [Green, 1991b]. Consequently, the

belief in Malay, Melanesian, and Polynesian ‘races’ was rejected, and increasing evidence of clines

in biological [Simmons and Graydon, 1951] and cultural [Green, 1991a] variation across much

of the Pacific bolstered this conceptual dissolution of ‘human populations.’ Human relations

increasingly became defined by the sharing of socio-geographic regions, in which “aggregate[s]

of people [have] more essential features in common and closer ties inter se than they have with

groups in similar surrounding regions. The group thus defined is not absolute or static, but

relative and dynamic” [Read, 1954, p. 42, author’s italics]. Yet linguistic, and more recently

genetic, evidence strongly suggest that the spread of distinguishable, and relatively homoge-

neous, groups of people have played important roles in Indo-Pacific prehistory. The distribution

of the Austronesian language family provided some of the earliest evidence for this movement,

which I have termed ‘Out of Taiwan.’ The following sections present evidence in support of this

generally-accepted model for the dispersal of Austronesian speakers.

2.2 The Austronesian Language Family

The Austronesian language family encompasses over twelve hundred languages related by com-

mon descent, which are spoken over most of Island Southeast Asia, the Pacific region, and

seemingly incongruously, the African island of Madagascar [Tryon, 1995]. The Austronesian

language family is well characterized, and linguists have reached general agreement on its ma-

jor subgroups and the relationships between them (e.g. Blust [1988, 1995]). The subgroups

and their relationships are believed to be correlated with historical divergences between their

human speakers. Although borrowing of words and adoption of foreign languages can disrupt

this correlation, the enormous distribution of the Austronesian language family, over halfway

around the world, suggests its spread was facilitated to a large extent by a dispersal of peo-

ple [Bellwood, 1989, p. 19].

Languages belonging to the deepest branches of the Austronesian family tree, the Formosan

languages, are found only on Taiwan [Blust, 1995]. Therefore, Proto-Austronesian, the language

family’s oldest reconstructable stage, was probably located there too. Its vocabulary has been

partially inferred from words that are shared between daughter languages. The reconstructed

proto-language describes a Neolithic society, whose inhabitants made pottery, grew rice and mil-

let, raised domesticated pigs and dogs, and possessed sophisticated technology for navigation

by canoe and for house construction [Pawley and Green, 1975, Bellwood, 1997, p. 106 ff.]. Al-

though no extant Austronesian languages are indigenous to mainland Asia 2, it seems reasonable

2 This is not strictly true. For instance, the Chamic languages of Viet Nam and Cambodia belong to the
West Malayo-Polynesian group of Austronesian [Grimes, 2000], but linguistic evidence suggests that they were
introduced into mainland Asia from Island Southeast Asia [Marrisson, 1975, Blust, 1996]. There is archaeological
evidence of an incursive material culture (Sa Huynh) in coastal Viet Nam during the late first millennium BC,
probably originating from Borneo, which may be associated with the introduction of Austronesian languages to
this region [Bellwood, 1978, p. 191, Higham, 2003, pp. 182–183].
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that the island-dwelling Taiwanese Aboriginals, and hence their languages, must ultimately have

come from there. Archaeologically, societies with the characteristic features mentioned above

have been found in southern China dating from about 6,000 years ago [Chang, 1986, pp. 228–

235, Higham and Li, 1998].

Blust [1988, 1995] divided the existing Austronesian languages into groups, and determined

the order in which they were derived. (Other linguists are in broad agreement with this inter-

pretation, e.g. Pawley and Ross [1993], and Gray and Jordan [2000]). The first clade to split

from the Austronesian family tree outside Taiwan forms the West Malayo-Polynesian (WMP)

language cluster, which contrary to its name, includes only those Austronesian languages spo-

ken in the Philippines and western Indonesia (see figure 2.1). Malagasy, the language spoken

in Madagascar, also belongs to WMP. The Central Malayo-Polynesian (CMP) language sub-

group branches from WMP, and CMP languages are spoken in eastern Indonesia. The South

Halmahera-West New Guinea (SHWNG) language subgroup branches off from CMP, and its

languages are spoken today in northeastern Indonesia and northwestern New Guinea. The most

likely cause of this linguistic distribution is that successive generations of people moved out

from Taiwan, first to northwestern Island Southeast Asia, then to eastern Indonesia, eventually

reaching the northwestern coast of New Guinea. As generation after generation of people spread,

their languages changed, moved with them, and diverged.

The Austronesian languages eastward of New Guinea all belong to a single subgroup called

Oceanic. Language relationships within the Oceanic subgroup appear to show a chain of daugh-

ter languages, which is currently believed to have spread in steps from northwestern New Guinea

to the Admiralty Islands off northern New Guinea [Bellwood, 1989, p. 24–25]. Subsequently,

they diverged, and formed language clusters in the Bismarck archipelago off eastern New Guinea,

the Solomon Islands, and Vanuatu. The languages spoken in central Vanuatu are related,

through those of Fiji, to the modern-day languages of Polynesia.

The belief that Austronesian languages were thus spread by related groups of people has

become so well established that the term Austronesian, initially applied to the language fam-

ily alone, is now often used for the putative people who spread it (e.g. Bellwood, Fox and

Tryon’s [1995] book, “The Austronesians”). Although this practice has been criticized [Terrell

et al., 2001], the terminology has a long history [Heine Geldern, 1932], and no ready substitute.

Furthermore, many scholars believe that this usage accurately reflects a real process of human

history in the Indo-Pacific [Bellwood, 2001, Burley, 2001, Green, 2001, Intoh, 2001, Lum, 2001,

Pietrusewsky, 2001], and therefore it has been retained.

Notably, not all languages spoken in Island Southeast Asia and the Pacific region belong

to the Austronesian family. Excluding languages introduced during the historical period (for

instance, Chinese and Dutch), many languages spoken in East Indonesia, New Guinea, and

Melanesia have no obvious relationship to the Austronesian family [Bellwood, 1989, p. 20 ff.].

These languages are often called Papuan languages, after their prevalence and initial recognition
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Fig. 2.1: Major language groups in Island Southeast Asia. Language group abbreviations explained in the
text. Arrows depict proposed descent of language groups. Figure modified from Spriggs [1989].
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in Papua New Guinea [Clark, 2001]. Papuan languages have been shown to belong to several

language families, which are either unrelated, or so remotely related that their relationships can-

not be determined. For this reason, they are often considered together under the more general

title of non-Austronesian (NAN) languages. NAN languages are found across New Guinea, gen-

erally to the exclusion of Austronesian languages, although Austronesian languages are spoken

in New Guinea, particularly along the northern coastal regions [Bellwood, 1978, p. 120]. NAN

languages also have a patchy distribution in parts of eastern Indonesia (e.g. East Timor, Alor,

and Halmahera [Bellwood, 1978, p. 119]), and are spoken as far east as the Solomon Islands and

Santa Cruz. Because NAN languages are used in the New Guinea highlands, where Austronesian

linguistic influence is all but absent, NAN languages are believed to derive from languages spo-

ken in the Indo-Pacific region prior to the arrival of the Austronesian languages [Bellwood, 1978,

p. 119]. (For some Austronesian linguistic borrowings, see Bellwood, 1989, p. 22). In this sense,

they may be considered markers of people who derive from pre-Austronesian populations 3. This

linguistic criterion is a useful rule-of-thumb, but not an absolute correlation: non-Austronesian

languages have been acquired (albeit uncommonly) by people who previously spoke Austrone-

sian languages 4, and vice versa [Reid, 1994, Ross, 1994].

2.3 Archaeology of the Indo-Pacific Region

Inferring the spread of people on the basis of language alone might be unconvincing were not

archaeological evidence largely concordant with this view. The first archaeological evidence of

humans in the Indo-Pacific region comes from Island Southeast Asia. Remains of Homo erectus

have been found in Java, and although not firmly dated, they may be as old as 1.8 million

years [Bellwood, 1997, p. 43]. H. erectus also appears to have reached the Flores further east

in Indonesia, perhaps by ca. 700,000 years ago [Bergh et al., 1996, Morwood et al., 1998, 1999].

Java and the Flores have always been separated by multiple sea gaps (the Huxley-Wallace

line; Wallace [1869, Vol. I, p. 13 ff.]), and ability for sea crossings and evidence for stone

tool use [Bellwood, 1997, p. 65] are indicative of advanced human activities. Nevertheless,

genetic research suggests that modern humans, H. sapiens sapiens , originated in Africa some

200,000 years ago, spread subsequently throughout the world, and replaced pre-existing H.

erectus populations completely [Cann et al., 1987].

Some scholars hold an alternative view [Wolpoff, 1989]. The ‘multi-regional’ model of hu-

man evolution suggests that H. erectus and H. sapiens sapiens populations interbred. Some

genetic evidence has been advanced to support multi-regionalism [Harding et al., 1997], but

most geneticists reject this model [Harpending et al., 1998, Ingman et al., 2000, Labuda et al.,

2000, Takahata et al., 2001]. No evidence for a contribution of Y chromosomes from H. erectus

to modern human populations has been found despite extensive searches [Capelli et al., 2001,

3 cf. “the present New Guinea Highland cultures would appear to be the descendants of a long-established
Papuan-speaking culture group” [Bellwood, 1978, p. 92].

4 Speakers of Uruava, an Austronesian language, adopted non-Austronesian Nasioi languages on Bougainville
during the early twentieth century [Friedlaender, 1975, Merriwether et al., 1999], leading subsequently to the
extinction of Uruava [Grimes, 2000].
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Ke et al., 2001]. Furthermore, the forms of the mtDNA [Ingman et al., 2000] and Y chromo-

some trees [Hammer, 1995] are believed to be incompatible with the multi-regional model. Less

stringent models, which resemble multi-regionalism but propose much reduced levels of gene flow

between H. erectus and H. sapiens sapiens [Stringer, 2001], also have no apparent support from

mtDNA and Y chromosome data. Because I will examine variation only in these two genetic

systems, I will not consider genetic contributions from H. erectus to modern human populations

further in this report.

The first evidence of anatomically modern humans in the Indo-Pacific region occurs in Bor-

neo dating from ca. 40,000 years ago [Kennedy, 1977]. Human remains from Island Southeast

Asia are generally sparse, although finds were also made in the Philippines dating from ca.

20,000 years ago [Bellwood, 1997, p. 85]. Osteological analysis shows that these early humans

had closest affinity to modern Australo-Melanesian populations [Kennedy, 1977, Bellwood, 1997,

p. 85]. Skeletons from Lake Mungo in Australia may be as old as 60,000 years [Roberts et al.,

1990, Thorne et al., 1999, Adcock et al., 2001], but such an early settlement date remains con-

tentious [Bowler and Magee, 2000, Gillespie and Roberts, 2000]. It is more widely accepted

that modern humans were living in the New Guinea/Australia region by ca. 40,000 years ago

[White and O’Connell, 1982, Spriggs, 1997, p. 39]. From 13,000 to 4,000 years ago, cultural

affinity existed between mainland and Island Southeast Asia in the form of stone tools of the

Hoabinhian complex (a pebble– and flake-tool technology). This complex occurred from north-

ern Vietnam through Malaysia to northern Sumatra [Bellwood, 1978, p. 64 ff.]. Nevertheless,

modern humans had extended their range into the Pacific considerably by this time. People

were living on Manus in the Admiralties during the Pleistocene [Fredericksen et al., 1993], they

were in New Ireland off the eastern coast of New Guinea 33,000 years ago [Allen et al., 1988,

Allen et al., 1989], and they had reached Buka, in the northern Solomon Islands, by 28,000 years

ago [Wickler and Spriggs, 1988]. The highlands of New Guinea were inhabited comparably late,

as human activity there only appears from ca. 15,000 years ago [White, 1971, 1972]. The north-

ern Solomon Islands appear to have been the limit of human expansion into Oceania during the

Pleistocene. No evidence of early human settlement has been found further east, including the

Vanuatu archipelago. This halt in the spread of people may be explained in part by inadequate

sailing technology, which was insufficient to allow the crossing of increasingly large sea distances

between islands [Irwin, 1992], and in part by the greater paucity of terrestrial food resources

available as people moved east into the Oceanic world [Green, 1991a, Spriggs, 1997, p. 41].

About 10,000 years ago there was an abrupt cultural change in the greater Asia region. Mul-

tiple, independent discoveries of horticulture occurred in mainland Asia due to a dramatic and

rapid amelioration in climate between 15,000 and 9,000 years ago [Bellwood, 1997, p. 20]. Rice

and millet were domesticated contemporaneously in China’s Yangtze and Yellow River valleys

after about 10,000 years ago [Chang, 1986, p. 71 ff., Higham and Lu, 1998]. The domestica-

tion of the pig and dog occurred at roughly the same time. Such sedentary communities with

agricultural economies can generally support larger populations than itinerant, hunter/gatherer

societies [Ammerman and Cavalli-Sforza, 1973]. However, these communities must split fre-



2. Background 12

quently, and settle new territory, whenever the supply of local farming land is exhausted. The

spread of agricultural, Neolithic people has become a leading concept in human population

studies, and for some time it has been associated with the spread of Austronesian peoples into

Island Southeast Asia and the Pacific Ocean [Bellwood, 1978].

Within Island Southeast Asia, the spread of Neolithic culture from about 6,000 years ago

was characterized by a range of novel artefacts. These include a specific form of polished stone

adze, bark cloth beaters, and clay spindle-whorls, none of which are found in older archaeological

deposits on the islands [Spriggs, 1989, p. 590]. However, the clearest marker of the spread of

Neolithic culture is pottery, a technology that makes its first appearance in Island Southeast

Asia during the Neolithic. The earliest pottery in the Indo-Pacific belongs to the Corded Ware

(Ta-p’en-k’eng) Culture of Taiwan and southeastern China. Although this has yielded dates as

early as 6,300 BP in Taiwan 5, Spriggs [1989] argues that Corded Ware may be much younger,

perhaps only 5,500 years old. Corded Ware is similar to pottery found in contemporaneous sites

from southern China. Both rice and foxtail millet have been found in large quantities at Nan-

kuan-li, near Tainan, dated to 5,000 BP 6. Rice was also detected in the late Corded Ware site of

K’enting dating to 4,000 BP, and later Yuanshan cultural assemblages, probably 4,500 to 3,000

years old, contain domestic dogs. Both are archaeological markers of a Neolithic agricultural

society, the oldest in Island Southeast Asia.

Bellwood [1997, pp. 219–236] associates the spread of Neolithic culture outside Taiwan with

the Yuanshan culture. Some Neolithic sites in southern Island Southeast Asia have been dated

to around 5,000 BP (e.g. Leang Tuwo Mane’e in the Talaud Islands, and Ulu Leang 1 in southern

Sulawesi). However, radiocarbon samples from these sites “may not closely date the beginning

of the Neolithic sequence” [Spriggs, 2000, p. 64], and Bellwood [1997, pp. 219–236] believes

that the dispersal of Neolithic culture dates in large part to the period following 4,000 BP. If

this is correct, then Neolithic culture spread from the northern Philippines to Samoa within a

thousand years [Spriggs, 2000, p. 65]. Such a broad distribution and rapid dispersal imply that

Neolithic culture must have been spread largely by the movements of people.

Neolithic material culture appears to have dispersed through Island Southeast Asia from

north to south (see Spriggs [1989]). It spread quickly, probably reaching East Timor by 4,100–

3,700 BP. Concomitantly, a range of introduced animals make their first appearance in Timor; the

pig, a Neolithic domesticate, and Rattus exulans, a rat now widely disseminated in the Pacific,

the spread of which is generally attributed to the movements of Neolithic peoples [Allen et al.,

1996, Matisoo-Smith, 1994, Matisoo-Smith et al., 1998]. Neolithic sites soon appear throughout

Island Southeast Asia, although there is still a notable lack of archaeological research in western

Indonesia [Spriggs, 1989, 2000].

5 BP, years before present (sensu stricto before AD 1950). Unless otherwise cited, archaeological information
is as collated by Spriggs [1989]. Interpretation confirmed in Bellwood [1997, chapter 6], Spriggs [2000], and by
Prof. Matthew Spriggs (School of Archaeology and Anthropology, Australian National University, Canberra,
Australia) pers. comm. 2003. Dates are calibrated, but simplified to mean values for the purposes of discussion.

6 Unpublished Taiwanese research; pers. comm., Prof. Peter Bellwood, School of Archaeology and Anthropol-
ogy, Australian National University, Canberra, Australia.
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Notable similarities between the earlier Neolithic pottery of Island Southeast Asia, and

pottery in the Bismarck archipelago, off the eastern coast of New Guinea, suggest that the

spread of Neolithic culture continued northward of New Guinea [Bellwood, 1997, p. 234 ff.].

This proposition is strengthened by the first occurrence in the Bismarcks of other Neolithic

markers; for instance, a type of polished stone adze, shell ornaments, and novel horticultural

plants [Spriggs, 1997, p. 100 ff.]. The first pottery in the Bismarcks dates from 3,350 years

ago, and it is the most visible marker of an archaeological culture known as Lapita. Lapita

pottery has affinity with pottery in Taiwan, the Philippines, and Indonesia [Spriggs, 2000,

p. 66]. A resemblance is suggested by similar vessel forms, dentate stamping, the presence

of red-slipping (a method of colouring), and the technique of infilling etched designs with white

lime [Spriggs, 1989, p. 607]. Lapita pottery is most clearly distinguished by its intricate system

of designs. Pottery that is similarly decorated also occurs in Island Southeast Asia, for instance

in northern Luzon and the Mariana Islands 7, and even in the earliest Taiwanese Yuanshan

assemblages [Spriggs, 1997, p. 607]. The lack of archaeological excavations in eastern Indone-

sia and northern New Guinea hinder a conclusive formulation of relationships between Island

Southeast Asian and Lapita pottery, but it seems very likely when considered together with the

first occurrence of other Neolithic markers.

First recorded by Meyer [1909] in New Britain, Lapita pottery is now recognized as an

important marker of the Neolithic spread through Melanesia, and its first tentative move-

ment into remote Oceania [Spriggs, 1997, p. 67 ff.]. Three forms of Lapita pottery have

been distinguished [Anson, 1986]. The Far Western Lapita style is the earliest, dating to

ca. 3,500–3,200 BP. It is also the most complex stylistically, and occurs only in the Bismarck

archipelago. The Western Lapita style is simpler in design, and is found from the Bismarcks to

New Caledonia. Dating from ca. 3,200 BP, this pottery marks the first settlement of Vanuatu.

The Eastern Lapita style carries coarse designs, and occurs in Fiji by ca. 3,000 BP, the first pot-

tery there. This latter pottery style characterizes the earliest settlements in western Polynesia;

it arrived in Samoa by ca. 2,800 BP, and Tonga by ca. 3,000 BP. The use of pottery in Pacific

populations varied in duration. It had ceased to be used by 2,000 BP in some places (e.g. in

South Vanuatu; Spriggs [1997, p. 181 ff.]); in other places it continued in use until modern times

(e.g. on Bougainville and in North Vanuatu; Spriggs [1997, pp. 170 and 179]). The diachronic

series of Lapita styles suggests a spread of pottery: from the Bismarck archipelago 3,700 years

ago, through the Solomon Islands and Vanuatu about 3,200–3,000 years ago, reaching Fiji after

3,000 years ago, and as far as Tonga by 2,000 years ago. Lapita pottery, and consequently

Lapita potters, were the first inhabitants in Vanuatu and all the Pacific islands further east.

However, the Lapita Cultural Complex is not just pottery. Spriggs [1997, p. 90] iden-

tifies seven further characters of Neolithic Lapita sites: the first convincing evidence of sub-

stantial agriculture; the first presence of the domestic pig, chicken and dog; the first ap-

pearance of large villages, often of stilt houses in lagoons, but later on dry land; a distinc-

tive stone adze kit; a distinctive range of shell ornaments; a major range extension of the

7 pers. comm., Prof. Peter Bellwood.
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Manus and New Britain obsidian trade; and the ability to settle south and east of the northern

Solomon Islands. These Neolithic cultural characteristics are widely attributed to the arrival

of new groups of people, although several anthropologists believe that some of these char-

acteristics, for instance Lapita pottery, could have had an indigenous origin within Melane-

sia [White et al., 1988, Allen and White, 1989, Gosden and Specht, 1991, Gosden, 1992]. This

alternative model is examined in section 2.6.

Following the Lapita period there was a sudden decrease in trade and long-distance contact,

and an emphasis towards localization in many parts of Melanesia [Spriggs, 1997, p. 136]. The

settlement of Polynesia continued however, at first probably from Samoa [Bellwood, 1978, p.

314], until some of the most geographically remote islands, for instance New Zealand, were set-

tled only about 800 years ago [Higham et al., 1999]. The absence of abrupt cultural changes in

the archaeology of Polynesia [Bellwood, 1978, p. 107] has led to the belief that Polynesians are

the direct descendents of Neolithic Lapita migrants. Shapiro [1943] records that “the Polyne-

sian population possesses a fundamental unity in physical type which necessarily implies that

the successive immigrants were derived from a common people,” and Bellwood [1978, p. 244]

suggests that the Polynesian “line of ancestry back from the present. . . is continuous and unbro-

ken.” This suggests that Polynesians may be modern biological representatives of the expanding

Austronesian groups.

2.4 Biological Variation in the Indo-Pacific Region

A connection between the dispersal of Austronesian languages and Neolithic cultures was first

advanced widely in the 1970s [Shutler and Marck, 1975, Bellwood, 1978]. Their association with

a major dispersal of people through the Indo-Pacific was explicit in these formulations (e.g. Bell-

wood, 1978, p. 255). The idea was not in itself new; James Cook postulated that Polynesians

ultimately had an Island Southeast Asian origin [Cook and King, 1784, Vol. III, pp. 124–125].

However, the discovery of a correlation between the spread of languages and archaeological

markers, and an awareness of agriculture as a driving-force for the movement [Bellwood, 1978,

p. 135 ff.], were both novel ideas. But for the spread of people to be a convincing agent for

the spread of the Austronesian languages and Neolithic material culture, one would expect the

distribution of human biological traits to vary in similar fashion. Our discussion of the biolog-

ical evidence may be divided into three categories: morphological and osteological variation,

variation in classical genetic markers, and evidence from direct analysis of DNA variation. As

the latter subject forms the basis of my research, it is examined in greater detail in section 2.5.
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2.4.1 Morphology and Osteology

Human biological variation was first analyzed by anthropologists using morphological mea-

surements. Published reports often contain outdated terms for presumptive human groups,

and these are necessarily retained in the following discussion. The peoples of Island South-

east Asia and Polynesia have been described as phenotypically Mongoloid [Bellwood, 1978,

p. 25]. It was this commonality of appearance that led early European explorers to postulate

an origin for Polynesians in Asia [Cook and King, 1784], and more specifically, with the popu-

lations of eastern Indonesia [Wilson, 1799]. Conversely, the people of New Guinea and Island

Melanesia as far east as Vanuatu, New Caledonia and Fiji, are described as phenotypically

Australo-Melanesian. The recognition of these two broad physical types is common in the lit-

erature [Coon, 1962, Coon, 1966, Howells, 1973], but there is no clear boundary between them.

In Indonesia, there is a cline stretching from Mongoloid populations in the west to Melane-

sian types in the east [Bellwood, 1978, p. 30]. In Oceania, the boundary falls more clearly

between Fiji, and the Polynesian island groups of Tonga and Samoa. (Nevertheless, Fijians

are often viewed as a ‘mixed’ population [Buxton, 1926]). This superficial distinction between

Mongoloid and Melanesian physical types is reinforced by statistical analyses of anthropometric

data. Howells [1977, p. 171] concluded that “there is nothing subjective about this assessment,

which sets off an Australo-Melanesian population from anything to the immediate east, north

or west, all of which seems to belong to a broad and varied Mongoloid population complex.”

Howells [1973] also believed that the Melanesian physical type evolved within Island Southeast

Asia, New Guinea, and Australia. The distinction between these two groups has been supported

by more recent studies of cranial features [Pietrusewsky, 1990, 1994, Hanihara, 1996] and tooth

morphology [Turner and Swindler, 1978].

The earliest human remains from the Philippines and Borneo are related to modern Australo-

Melanesian populations [Kennedy, 1977], and burials in Java as late as 4,000 BP are found in

the flexed position, a general characteristic of ethnographically– and archaeologically-attested

burials in Melanesia [Bellwood, 1978, p. 76]. Additional evidence of declining Mongoloid fea-

tures from west to east through Island Southeast Asia led to the proposal of a ‘Mongoloid

Expansion.’ Coon, the theory’s most famous proponent, suggested that Mongoloid populations

had flooded into Island Southeast Asia from the Asian mainland only recently, replacing the

previous Australo-Melanesian inhabitants over large parts of the region [Coon, 1966]. Again

this theory in its basic form is not new; Wilson mentioned the idea in 1799 [pp. 85–87], and

Pedro Fernandez de Quiros [Markham, 1904, pp. 142–143] proposed something similar in 1606:

It may really be that all the people of Santa Cruz and the Solomon Islands came
from the archipelago of the Philippines. The Santa Cruz people dye their teeth
red and black, and use the buyo [betel nut], as in the Philippines. In the island
of Luzon there are black men, who are said to be the aborigines of the land. . . the
Moors and other Indians occupy their lands, drive them away, and force those that
remain into corners of the land where they now are. It may well be that, by reason
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of the invaders, the persecuted people have gone away to seek other settlements,
until they came to New Guinea as the nearest place, and thence to the Solomons
and Santa Cruz. The half-breeds and differences in colour among them proceed from
intercourse between them.

On the basis of the great morphological differences between extant Mongoloid and Melane-

sian populations, Brace and Hinton [1981] believe there must have been little gene exchange

between the two groups during the prehistoric period. However, limited morphological simi-

larity between populations in close geographic proximity, for instance Fiji and western Poly-

nesia, or New Guinea and Island Southeast Asia, suggest that at least some gene flow has

occurred [Pietrusewsky, 1983].

2.4.2 Classical Genetic Marker Systems

Gene flow can be detected directly by examining how genetically inherited characters, for in-

stance blood groups, vary in frequency between groups of people. The first known blood group

system, ABO, was discovered by Landsteiner in 1900, but it was not used to distinguish groups

of people until the pioneering work of Hirszfeld and Hirszfeld [1919] during the First World

War. Research on Indo-Pacific populations followed quickly with the study of ABO variation in

Javanese by Bais and Verhoef [1924]. The last eighty years of population genetic research have

produced a voluminous amount of data, the majority of which cannot readily be summarized.

Mourant et al. [1976] and Cavalli-Sforza et al. [1994] published compendia with much, but not

all, of the data on classical genetic markers from Indo-Pacific populations. Regrettably, both

works discuss Southeast Asia and New Guinea/Oceania as disparate geographical regions. The

following review presents my interpretation of the data in Cavalli-Sforza et al. [1994, p. 383 ff.],

in which gene frequencies for each genetic system are presented as pooled averages from a num-

ber of population samples. The data from Island Southeast Asia and Melanesia are represented

predominantly by samples from Indonesia and the Philippines, and New Guinea, respectively.

Hill and Serjeantson [1989] present a more detailed review of classical genetic data from Oceania

alone, but this work is now somewhat outdated. No good reviews of this topic and geographical

region exist, but I believe my conclusions faithfully reflect those of many original published

reports (e.g. Simmons and Graydon [1951], Simmons and Gajdusek [1966], Chen et al. [1990]).

There is clear affinity between populations in Island Southeast Asia and Polynesia, both

of which have notable genetic differences from populations in Melanesia. There is less evi-

dence for relationships between Melanesia, and Island Southeast Asia or Polynesia. It seems

most parsimonious to assume that these less substantial relationships reflect gene flow across

geographically contiguous areas, following a major movement of peoples with mainland Asian

affinity into the Pacific.
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Fig. 2.2: Biological relationships in the Indo-Pacific region according to classical genetic markers.
Classical marker alleles are shown where they occur at high frequency; or where they exist as rare
variants in one region, but are absent in the others. For instance, FY*O is common only in Island
Southeast Asia, whereas ACP1*B is common in Island Southeast Asia and Melanesia. Triangle sides
represent shared relationships; e.g. ACP1*B is found at similar frequencies in both Island Southeast
Asia and Melanesia. Triangle bisections represent differences between regions; e.g. a combination
of sixteen alleles separate Melanesia from Island Southeast Asia and Polynesia. Abbreviations for
the genetic blood systems are: ABO, ABO blood group; ACP1, Acid Phosphatase I; ESD, Esterase
D; FY, Duffy blood group; GC, Group Specific Component; GLO, Glyoxalase I; GPT, Glutamic-
Pyruvate Transaminase; HLAA, Human Leukocyte Antigen A; HLAB, Human Leukocyte Antigen B;
HP, Haptoglobin; MNS, MNS blood group; RH, Rhesus blood group; and TF, Transferin. Allelic
variants follow standard abbreviations for this field [Cavalli-Sforza et al., 1994], and are written
following an asterisk (e.g. ABO*A represents allele A of the ABO blood group system).
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Figure 2.2 shows a representation of the relationships between Island Southeast Asia, Melane-

sia, and Polynesia according to classical genetic markers. Island Southeast Asia and Polynesia

share eight alleles, and this is the most well supported relationship. Conversely, the Island

Southeast Asia/Polynesia cluster differs from Melanesia by a total of sixteen alleles, and this

relationship is the least well supported.

All these markers intimate broad relationships between the people of large geographical

regions, but they do not indicate in which direction gene flow occurred. Six other marker alleles

appear to form clines from Island Southeast Asia through Melanesia to Polynesia. ABO*B,

ACP1*A, GC*1, and PGD*A 8 decrease in frequency along this cline; ABO*A and PGD*C

increase in frequency. It is still unclear what these clines mean, although the ABO*B cline

at least was recognized by Hirszfeld and Hirszfeld even in 1919 [Hirszfeld and Hirszfeld, 1919].

They may represent the movement of people between Island Southeast Asia and Polynesia, in

which case the arriving people also affected the biological constitution of Melanesian populations.

A second possibility is that the alleles are under differential selection throughout their range,

as has been shown for α globin deletion variants under the selection of malaria [Haldane, 1949,

Flint et al., 1986]. Although selection by cholera [Glass et al., 1985, Clemens et al., 1989,

Faruque et al., 1994] has been suggested for ABO*O, and by diabetes [Szathmary, 1987] and

viral infection [Eales et al., 1987] for GC*1F, there is no clear connection between particular

selective agents and genetic clines in the Southeast Asia/Pacific region. The classical genetic

markers could determine relationships, but failed to determine the direction of human movement.

8 PGD, 6-Phosphogluconate Dehydrogenase.
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2.5 Molecular Genetic Research

Genetic research into the origins of the human species has largely focused on two genetic systems

during the last fifteen years.

The first genetic system, mitochondrial DNA (mtDNA), is a circular DNA strand ca. 16,500

base pairs long. MtDNA has an almost exclusively maternal mode of inheritance. Therefore,

variation in this system can inform us how women in different geographical regions are related,

and it gives an indication of their historical patterns of movement. As mtDNA shows no evidence

of recombination (although some researchers hold a contrary opinion), the mutations in single

female lineages can be reconstructed back to their common ancestor, and this simplifies the

inference of mtDNA phylogenetic relationships.

The second genetic system, the Y chromosome, consists of a linear DNA strand ca. sixty

million base pairs long, which exists as a single copy in male cells. The Y chromosome is inherited

paternally. Variation in its DNA sequence allows us to determine relationships between men, and

infer their historical movements. Some three-quarters of the Y chromosome shows no evidence

of recombination, and consequently markers within this ‘non-recombining portion’ allow single

male lineages to be traced back to their common ancestor.

2.5.1 Mitochondrial DNA (mtDNA)

The human mtDNA genome is a circular, double-stranded DNA molecule about 16,570 base

pairs in size [Anderson et al., 1981] (figure 2.3), which occurs in about a thousand copies per cell

[Robin and Wong, 1988]. MtDNA resides within mitochondria, which are cellular organelles that

manage the body’s energy metabolism. Following its discovery [Luck and Reich, 1964], mtDNA

was quickly well-characterized. Its great copy number in every cell makes mtDNA easy to

extract and analyze, and this has facilitated the study of DNA from archaeological remains and

forensic cases [Hofreiter et al., 2001]. The world’s first genome project was the determination

of a human mtDNA sequence in 1981 [Anderson et al., 1981]. Subsequent research on human

mtDNA sequence variation refers to this reference sequence [Anderson et al., 1981, Andrews et

al., 1999], avoiding the multiple, confusing systems of nomenclature that have plagued other

fields (e.g. Y chromosome research [Consortium, 2002]).

Since the early 1980s, researchers have considered human mtDNA to be maternally inher-

ited [Giles et al., 1980], and free from genetic recombination [Anderson et al., 1981]. Although

these premises have been questioned (e.g. Awadalla et al. [1999]), there is little evidence that

any deviation from them has been significant in human mtDNA evolution [Ingman et al., 2000,

Elson et al., 2001]. However, mtDNA do appear to have a high rate of sequence change, much

greater than that of nuclear DNA sequences [Miyata et al., 1982, Wallace et al., 1987]. Brown

[1980] used this variation to elucidate evolutionary relationships among human population
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Fig. 2.3: The human mitochondrial DNA genome. The locations of the control region, nine base pair
deletion (∆9bp), and RFLP markers for mtDNA lineages L1, L2, L3, M, and N are labelled. Markers
discussed in text. OH and OL denote the origins of replication for the heavy and light DNA strands,
respectively. Letters outside the mtDNA are single letter codes for amino acids, each representing
the respective tRNA gene. ‘Cyt b’ represents the cytochrome b gene, ‘N’ the NADH dehydrogenase
subunit genes, ‘CO’ the cytochrome oxidase subunit genes, ‘ATPase’ the ATP synthase gene, and
‘16S’ or ‘12S’ the 16S and 12S rRNA genes, respectively. Figure modified from Stoneking and
Wilson [1989].
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groups, a field of research that continues to this day. In 1987, a study of Restriction Frag-

ment Length Polymorphisms (RFLPs) from five global populations [Cann et al., 1987] led the

authors to made a revolutionary suggestion. If mtDNA is inherited solely through the mother,

does not recombine, and changes only through mutation, all extant mtDNA lineages must

trace back ultimately to a single, common mtDNA ancestor. This ancestor was dubbed ‘Mi-

tochondrial Eve,’ and in concordance with subsequent research [Ingman et al., 2000], it was

suggested that she lived about 200,000 years ago, most probably in Africa [Cann et al., 1987,

Stoneking, 1993]. The earliest studies of control region sequence variation were consistent with

the hypothesis [Vigilant et al., 1991]. Although contrary opinions were expressed frequently

at that time (e.g. Maddison, Ruvolo and Swofford [1992], and Templeton [1993]), the tree-

like nature of mtDNA evolution suggested by this model has been widely accepted by geneti-

cists [Richards and Macaulay, 2001] and the detailed structure of the mtDNA evolutionary tree

has become well established [Ingman et al., 2000, Kivisild et al., 2002].

Three methods of analysis are used widely to study mtDNA variation: RFLP mapping,

Sequence Specific Oligonucleotide (SSO) probing, and direct DNA sequencing.

RFLP mapping, the first method applied to mtDNA, remains in common usage, and is em-

ployed in my own research. MtDNA genomes are either purified directly from biological tissue,

or amplified in pieces using the Polymerase Chain Reaction (PCR). The DNA is then ‘digested’

with a restriction endonuclease, which is an enzyme that cuts DNA, but only at a specific se-

quence. (For instance, the restriction endonuclease AluI cuts the DNA sequence · · · AGCT· · ·

into two fragments, · · · AG and CT· · · ). If an individual has a polymorphism in this sequence

(e.g. GGCT instead of AGCT), the restriction enzyme does not cut the DNA. Accordingly, individ-

uals with mtDNA genomes that differ in their DNA sequences will produce DNA fragments of

different lengths when digested with the same restriction endonuclease. This difference is called

a ‘fragment length polymorphism.’ Multiple restriction endonucleases are commonly tested

against mtDNAs from the same individuals so as to observe a greater proportion of differences

in sequence variation. Furthermore, the presence or absence of any particular cut site can be de-

termined relative to, or ‘mapped on to,’ the mtDNA reference sequence [Stoneking et al., 1986].

This whole process of determining differences in DNA variation between individuals relative to

the reference sequence, and hence to each other, is called Restriction Fragment Length Poly-

morphism mapping, or in short, RFLP mapping.

SSO probing, a less widely used method, has not been employed in my own research, but is

discussed in the chapter on Madagascar. Small, radioactively– or fluorescently-labelled pieces

of DNA (‘probes’) are constructed chemically. These probes are designed to be complemen-

tary with a stretch of mtDNA containing a known polymorphism. If an individual’s mtDNA

contains this polymorphism, the probe binds to the mtDNA, and can subsequently be de-

tected by its radioactive or fluorescent label. SSO probes can only be designed for specific,

pre-determined polymorphisms, and many studies using the SSO probe method fail to detect

major, but previously-unrecognized, mtDNA groups.
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Fig. 2.4: Simplified phylogenetic tree of mtDNA lineages. Relationships between superhaplogroups L1,
L2, L3, M, and N; and the important Indo-Pacific haplogroups, B, P, and Q. Figure modified from
Ingman et al. [2000].

Direct DNA sequencing is the most effective analysis method, although it is also the most

expensive. Unlike the two previous methods, DNA sequencing determines the character state at

every nucleotide position along a length of DNA. Every DNA polymorphism between any pair

of individuals is determined absolutely 9. Following the discovery of in vitro DNA amplification

techniques in 1985 [Saiki et al., 1985], direct sequencing showed that one particular section of

mtDNA, the control region, exhibits more extensive variation between individuals than the rest

of the mtDNA genome. DNA sequencing has been a common method for analyzing sequence

variation in the mtDNA control region since the late 1980s, and nearly 10,000 mtDNA control

region sequences from various global populations are now available. More recent studies have se-

quenced entire mtDNA genomes [Ingman et al., 2000], although such a procedure is prohibitively

costly for most research groups.

9 Polymorphisms are recorded thus: T16189C. This shorthand notation means that the nucleotide position
corresponding to 16,189 of the mtDNA reference sequence [Anderson et al., 1981, Andrews et al., 1999] shows a
mutation from the reference state chemical residue thymine (T) to cytosine (C).
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Shared mtDNA polymorphisms indicate relationships between individuals, and resultant

groups of related individuals are often restricted to specific geographical regions. A simplified

representation of relationships between mtDNA genomes (figure 2.4) shows that the basic form of

the mtDNA phylogeny resembles a tree. The most basal superhaplogroup 10 on the tree is called

L1. MtDNA sequences from L1 have the greatest similarity of all human sequences with the

mtDNA sequences of our closest, extant primate relative, the Chimpanzee (Pan troglodytes). L1

is characterized by the presence of the RFLP polymorphism, –10806g [Chen et al., 1995] 11. L2,

a superhaplogroup of mtDNA genomes derived from L1, is characterized by two RFLP polymor-

phisms, +16389g and –16390b [Chen et al., 1995]. L3, a superhaplogroup of mtDNA genomes

derived from L2, is characterized by the RFLP polymorphism, –3592h [Watson et al., 1997].

These three basal superhaplogroups, L1, L2 and L3, are found predominantly in people of

African descent. L1 and L2 are most common in the south of Africa [Watson et al., 1997],

whereas L3 is more common in central and northern Africa [Fox, 1997, Watson et al., 1997,

Krings et al., 1999].

All remaining mtDNA genomes belong to one of two superhaplogroups derived from L3:

superhaplogroup M characterized by +10397a [Chen et al., 1995], and superhaplogroup N char-

acterized by –10394c (first defined by Quintana-Murci et al. [1999], but named by Alves-Silva

et al. [2000]). M and N account for almost all mtDNA genomes found in Eurasia, Oceania,

and the Americas [Forster et al., 1996, Torroni et al., 1996, Kivisild et al., 2002]. M and N are

almost completely absent from Africa, with the exception of M1, a subgroup of M found in

northeastern Africa [Quintana-Murci et al., 1999]. M tends to be more common in eastern

Asia [Kivisild et al., 2002] with N found at higher frequency in western Asia [Macaulay et al.,

1999a, 1999b] and Europe [Torroni et al., 1996]. The mtDNA tree is known in considerably

more detail than presented here (e.g. Kivisild [2002]), but I will present such details only as

necessary throughout the report.

2.5.2 MtDNA Variation in the Indo-Pacific Region

Although there is a substantial body of research on mtDNA control region variation in Polynesia,

populations in Island Melanesia and Indonesia are poorly represented. Nevertheless, research

during the 1990s identified three major haplogroups (table 2.1), which together incorporate

almost all Oceanic individuals. These haplogroups are now commonly referenced by their new

RFLP-based terminology (e.g. see Forster et al. [2001], and Kivisild et al. [2002]).

The three haplogroups vary in frequency across the Indo-Pacific region. B4a was first de-

tected by RFLP mapping in 1983 [Cann and Wilson, 1983]. Following its discovery in Asia, its

10 ‘Superhaplogroup’ is a term for the broadest division of human mtDNA genome relationships. It is followed
by haplogroup (or lineage), sublineage, and haplotype. These divisions are somewhat arbitrary, but their use is
widespread in the literature.

11 The notation −10806g says that the mtDNA from L1 individuals is not cut by the restriction endonuclease
HinfI (single letter code ‘g’) at the recognition sequence beginning at nucleotide position 10,806 relative to the
mtDNA reference sequence.
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Haplogroup Polymorphisms Putative Ref

Newd c Primary† Secondary‡ Association

B4a I T16217C, ∆9bp T16189C, A16247G, C16261T Austronesian a, b, c
Q II G16129A T16144C, C16148T, A16241G, T16362C Non-Austronesian b, c
P III C16176T, T16357C C16266T Non-Austronesian c

�
Polymorphisms that are diagnostic of the lineage�
Polymorphisms that occur in some terminal branches of the lineage

a. Lum et al. [1994]
b. Sykes et al. [1995]
c. Hagelberg et al. [1999a]
d. Forster et al. [2001]

Tab. 2.1: Control region polymorphisms of three major Indo-Pacific mtDNA lineages.

usefulness as a marker of East Asian populations was quickly recognized [Cann et al., 1987]. An

early data set of nine base pair deletion (∆9bp) variation in Oceanic populations [Hertzberg et

al., 1989] showed that B4a was absent in the New Guinea Highlands, but quite common along

the New Guinea coast (24%). Although B4a was uncommon in Island Melanesia (e.g. 8% in the

Tolais of New Britain), B4a reached frequencies of 82% in Fiji, 77% in Tonga, and it occurred in

all Niueans, Samoans, and New Zealand Maori [Hertzberg et al., 1989] (figure 2.5). The preva-

lence of B4a in Polynesia, its association with the distribution of Austronesian languages, and

its absence in the New Guinea Highlands where Austronesian languages are not spoken, led

Hertzberg and his colleagues to link the B4a distribution to the spread of Austronesian settlers.

Furthermore, the authors claimed that “an independent group of pre-Polynesian ancestors who

colonized into the Pacific were ultimately from east Asia.”

The presence of ∆9bp along coastal New Guinea and its complete absence in the New

Guinea Highlands has since been confirmed [Stoneking and Wilson, 1989, Stoneking et al.,

1990]. With one exception, ∆9bp is also absent from Aboriginal Australians [Betty et al., 1996]

and West New Guineans [Tommaseo-Ponzetta et al., 2002]. Ballinger et al. [1992a, 1992b]

found the deletion sporadically along coastal Asia, and noted that it must have evolved several

times, a finding confirmed by other researchers (e.g. Betty [1996]). However, the deletion

haplotype in Pacific populations was soon found to be associated with specific mtDNA control

region polymorphisms as recorded above [Hagelberg and Clegg, 1993, Hagelberg et al., 1994,

Lum et al., 1994]. Because it reached high frequency in Polynesia, one particular B4a haplotype

came to be called the ‘Polynesian motif’ [Melton et al., 1995, Redd et al., 1995]. Sykes et al.

[1995] traced B4a from Polynesia back to Island Southeast Asia. They found B4a genomes in

Taiwanese Aboriginals, and presented this as evidence for “a relatively recent major eastward

expansion into Polynesia, perhaps originating from Taiwan.” The presence of B4a in Taiwan has

since been confirmed by a detailed study of Taiwanese Aboriginal groups [Melton et al., 1998].

Merriwether et al. [1999] noted that no Austronesian-speaking population examined so far

lacks individuals carrying B4a. Nevertheless, they may be present at low frequency, and they
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Fig. 2.5: Nine base pair deletion (∆9bp) frequencies in the western Indo-Pacific region. Data summarized from Merriwether et al. [1999], Handoko et al.
[2001], and Tommaseo-Ponzetta et al. [2002].
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do occur to some extent in neighbouring groups that do not speak Austronesian languages.

MtDNA genetic variation between coastal and highland New Guinea groups is highly signif-

icantly different [Stoneking et al., 1990], as are associations between mtDNA haplotypes and

linguistic affiliation [Stoneking et al., 1990]. Interestingly, this latter statistical association has

been found previously with γ-immunoglobulin (GM) variation [Giles et al., 1965], although the

finding was contentious [Terrell and Fagan, 1975]. Neither the eastern nor western New Guinea

Highlands, where Austronesian languages are not spoken and Austronesian-associated cultural

traits are practically absent, have lineage B4a mtDNAs. Most genetic researchers now treat lin-

eage B4a mtDNA genomes as markers of the Austronesian expansion [Merriwether et al., 1999,

Forster et al., 2001], while recognizing that gene flow has spread the marker between populations

following its introduction to the Indo-Pacific region [Merriwether et al., 1999].

Individuals carrying lineages Q and P are common in the New Guinea Highlands [Hagelberg

et al., 1999b, Redd and Stoneking, 1999] and along the New Guinea coast [Sykes et al., 1995].

Q carriers have been detected in the Philippines (n = 2) and Marshall Islands (n = 1) [Sykes et

al., 1995], and they occur sporadically throughout Polynesia (e.g. in Tonga, Samoa, the Cook

Islands), although never exceeding a frequency of ca. 5% [Sykes et al., 1995]. P carriers are

found as far east as Vanuatu [Sykes et al., 1995]. Mainland Asian mtDNA haplotypes carrying

the recurrent polymorphism G16129A are not closely related to lineage Q mtDNAs in Melanesia

[Kivisild et al., 2002]. Lineages Q and P have never been detected on mainland Asia. Because

they are restricted geographically to Melanesia, and have no close relationships to extant Asian

mtDNA lineages, Forster et al. [2001] proposed that Q and P must have evolved in isolation for

some time (upwards of 40,000 years), most likely in the vicinity of their current distribution in

Melanesia. Forster et al. conclude that Q and P are markers that descend from pre-Austronesian

populations in Melanesia/Island Southeast Asia.

2.5.3 Y Chromosome

The human Y chromosome is a duplex, linear strand of DNA about sixty million base pairs long

[Skaletsky et al., 2003], which exists as a single copy in the nucleus of male cells. Discovered

early in the twentieth century [Stevens, 1905], its presence was quickly associated with biolog-

ical maleness [Morgan, 1909]. Yet research on human Y chromosome variation lagged behind

research on the variation of other chromosomes mainly due to a paucity of known phyloge-

netic markers. The first molecular polymorphisms were found in 1985 [Casanova et al., 1985,

Lucotte and Ngo, 1985], but population studies did not commence until the discovery of highly

variable, repeated sequences of DNA (Short Tandem Repeats, or STRs) in 1995 [Ciminelli et

al., 1995] and a suite of single base pair mutations (Single Nucleotide Polymorphisms, or SNPs)

in 1997 [Underhill et al., 1997]. The sequencing of an entire, composite human genome in 2001

provided a Y chromosome reference sequence [Lander et al., 2001, Venter et al., 2001].

Only a small region of the Y chromosome’s short arm pairs with the X chromosome during cell

division, and thus most of the Y chromosome does not undergo recombination. (Note, however,
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Fig. 2.6: Simplified phylogenetic tree of Y chromosome haplogroups. The important haplogroups for
understanding Indo-Pacific settlement are shaded. The nearest primate relative to humans, the
Chimpanzee Pan troglodytes, joins this tree at the root (indicated by an asterisk). The geographic
distribution of haplogroups is only a broad representation. Figure modified from Consortium [2002].
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that gene conversion causes the ‘non-recombining region’ to be more dynamic than was previ-

ously believed; Rozen et al. [2003], Skaletsky et al. [2003]). All Y chromosome polymorphisms

used for phylogenetic studies occur within this ‘non-recombining region’ [Burgoyne, 1982]. Such

markers are only inherited paternally, and analogously to mtDNA, these markers define male

lineages that trace back to a single Y chromosome ancestor [Underhill et al., 1997]. The

tree-like structure of Y chromosome lineages is now well established [Underhill et al., 1997,

Hammer et al., 2001], and known in some detail [Consortium, 2002]. The human Y chromosome

has been divided into eighteen haplogroups on the basis of phylogenetic variation [Consortium,

2002]. Labelled A to R, these haplogroups can be further subdivided, and are then labelled in

the form, C2 or O3. For the purposes of this report, Y chromosome variation has only been

ascertained to haplogroup level, with four exceptions: C1, C2, and C3 are the three subgroups

of C; and O3 is one of the subgroups of O.

The most basal haplogroups (A and B) are common in Africa [Cruciani et al., 2002], and

are found elsewhere only in places with known historical contact with the African continent

(e.g. due to the trade in African slaves to Brazil; Carvalho-Silva et al. [2001]). This has

been taken as evidence that the most recent, common male ancestor was also probably African.

Estimated dates for when this ancestor may have lived vary, but all estimates enclose the years

60–130,000 BP within their 95% confidence intervals [Hammer et al., 1998, Karafet et al., 1999,

Underhill et al., 2001b, Tajima et al., 2002, Tang et al., 2002]. This is complementary to

the calculated age of the female mtDNA ancestor. Haplogroup E is also a marker common in

African populations [Cruciani et al., 2002]. Haplogroups I and R occur commonly in European

populations [Underhill et al., 2001b, Zerjal et al., 2001], with R reaching greatest frequency in

Northwest Europe. Haplogroup K, a superhaplogroup incorporating all haplogroups from L

to R, predominates in Asian populations [Hammer et al., 2001]. Seemingly corresponding to

mtDNA superhaplogroups M and N, Y chromosome superhaplogroup K incorporates many of

the Y chromosomes of Europe, Asia, the Americas, and Oceania (e.g. see Ke et al. [2001]). The

distributions of other haplogroups are discussed as necessary.

Most research groups examine Y chromosome SNP variation using a method called Dena-

turing High-Performance Liquid Chromatography (DHPLC). This method, described by Oefner

and Underhill [1998], is both cheap and fast, but requires expensive machinery. (The Y chromo-

somes of fifty men can be analyzed for one marker in under six minutes [Underhill et al., 1997]).

SNP markers can also be detected using the RFLP method described previously (section 2.5.1),

but only a few test procedures for RFLP analysis of Y chromosome SNP markers had been de-

veloped when I began my research. My development of RFLP-based test methods for markers

previously determined by DHPLC is recorded in section 3.3.5.
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2.5.4 Y Chromosome Variation in the Indo-Pacific Region

Although variation on the Y chromosome was first studied in an Oceanic population in 1990

[Ellis et al., 1990], phylogenetically-informative markers became available only in 1997 [Underhill

et al., 1997]. Correspondingly, twenty-one of the twenty-eight reports published so far on Indo-

Pacific populations date from 1998 onward. This field has changed rapidly over the past five

years. Many papers’ conclusions were outdated months after they were published (e.g. Hurles

et al. [1998]), although their data are still sound. Hence the following discussion reviews the

available genetic data, rather than the conclusions of individual papers. Nevertheless, Capelli

et al. [2001], Kayser et al. [2001b], Underhill et al. [2001a], and Kayser et al. [2003] present

similar interpretations.

Most Y chromosomes from the Indo-Pacific can be assigned to three haplogroups: C, M, and

O. Two further subgroups are also informative for inferring population movements: C2 and O3

(see figure 2.7).

Haplogroup Subgroup Marker Putative Association

C M130/RPS4YC711T Asian

C2 M38 ? Austronesian in Oceania

K* M9 ? Non-Austronesian in Oceania

M M106 Non-Austronesian

O M214 Asian

O3 M122 Austronesian

Haplogroup C is ubiquitous across Asia and the Indo-Pacific [Redd et al., 2002]. Because it

is present in both Melanesia and Australia, it may have existed there since the initial settlement

of the region 40,000 to 60,000 years ago [Redd et al., 2002]. Subgroup C2 is found at moderate

to high frequency in Polynesia; from 27% in Tongans [Hurles et al., 2002] to 82% in Cook

Islanders [Kayser et al., 2000]. C2 also occurs sporadically in Indonesia [Underhill et al., 2001a],

and it may have evolved within East Indonesia or along coastal New Guinea. Because C2 is

absent from mainland Asia, it is probably best viewed as evidence for a Melanesian contribution

to Polynesians [Capelli et al., 2001]. In the Cook Islands, this Melanesian contribution is

substantial, which has led some authors to question the ‘Out of Taiwan’ Austronesian expansion

model [Hurles et al., 2002]. As C2 is uncommon in some Polynesian populations, such as Tonga,

a rejection of the ‘Out of Taiwan’ model on the basis of C2 frequencies alone seems an excessive

response. Analysis of STR variation indicates that C2 individuals had a population expansion

during the mid-Holocene: for instance, 3,700 BP (95% CI [1,700;9,000]; Kayser et al. [2001a]),

or 4,250 BP (95% CI [900;15,600]; Kayser et al. [2001b]). These values are consistent with

the ‘Out of Taiwan’ model, in which Melanesian haplotypes were acquired as the Austronesian

expansion moved through regions previously inhabited by non-Austronesian peoples (cf. the

cultural intrusion/innovation/integration model of Green [1991b]). Therefore, I consider C2 as
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a marker of the Austronesian expansion into Oceania, while still noting its ultimate origin in

Melanesia.

Haplogroup M is common in Melanesia, but infrequent in Indonesia and Polynesia. It was

detected in all Nasioi Melanesians from Bougainville [Su et al., 2000], although it tends to lower

frequency in most Island Melanesian populations (e.g. 31% in the Tolais of New Britain; Kayser

et al. [2001b]). It is common in the New Guinea Highlands (36%) and along the New Guinea

coast (29%) [Kayser et al., 2001b]. In Polynesia, haplogroup M is found only in Tongans, among

whom it reaches a frequency of 8% [Capelli et al., 2001]. It occurs sporadically in the eastern

islands of Indonesia, but it is absent from western Indonesia, the more northerly regions of

Island Southeast Asia, and most of Polynesia [Capelli et al., 2001]. Haplogroup M is almost

completely restricted to regions where non-Austronesian languages are spoken (i.e. Alor, New

Guinea, and Island Melanesia), and this has led researchers to propose haplogroup M as a

marker of pre-Austronesian populations in Melanesia [Capelli et al., 2001].

Haplogroup O is common in mainland Asia, Island Southeast Asia, and Polynesia, but is

uncommon in Melanesia. O occurs at highest frequency in the Philippines (97%), north Borneo

(83%), and Sumatra (79%). It decreases in frequency towards the south and east [Capelli et

al., 2001]. O is almost fixed in Taiwanese aboriginal groups (98–100%), and was found in 93%

of a southern Chinese sample [Capelli et al., 2001]. Although Capelli et al. are unsure whether

haplogroup O in Island Southeast Asia is “indigenous or associated with [an Austronesian]

southward dispersal,” Kayser et al. [2001b] believes its wide distribution in Island Southeast

Asia is linked to the Austronesian expansion.

Subgroup O3 has clearer associations with the Austronesian dispersal. O3 is found at moder-

ate, but variable, frequencies in Polynesia; for instance, 58% in Tonga, and 3% in Atiu. It is al-

most absent from Island Melanesia; for instance, 3% in Vanuatu [Capelli et al., 2001]. O3 has not

been detected in the highlands of Papua New Guinea [Capelli et al., 2001, Kayser et al., 2001b],

but was carried by a single individual from the West New Guinea highlands [Kayser et al., 2003].

O3 also occurs at moderate frequency in Island Southeast Asia; for instance, 37% in south

Sulawesi, and 56% in the Philippines [Capelli et al., 2001]. In the Ami, a Taiwanese Abo-

riginal group, O3 occurs at a frequency of 47%, and the haplotype was detected in 65%

of a southern Chinese sample [Capelli et al., 2001]. O3 is widespread throughout mainland

Asia [Su et al., 1999], and an expansion of O3 individuals has been dated using STR varia-

tion to 6,000 years ago (95% CI [2,700;14,500]; Kayser et al. [2000, 2001b]). This inferred

date of expansion, the almost complete absence of O3 in New Guinea, and its moderate fre-

quency in Taiwan, have led researchers to associate O3 with an Austronesian expansion from

Taiwan [Kayser et al., 2000, Capelli et al., 2001, Kayser et al., 2001b, Underhill et al., 2001a].
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Fig. 2.7: Y chromosome haplogroup C2, M, and O3 frequencies in the western Indo-Pacific region. Data summarized from Capelli et al. [2001] and Kayser
et al. [2001b].
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2.6 Alternative Models of Austronesian Settlement in the Indo-Pacific Region

The previous sections provide evidence that I believe supports the ‘Out of Taiwan’ model for

the settlement of the Indo-Pacific region by speakers of Austronesian languages. This model

was developed largely to account for the correlation between the distributions of variation in

languages, cultural markers, and biological characters in the Indo-Pacific. However, such a

complex model is probably not correct in all its aspects, and researchers from various disciplines

have questioned the model, either in part, or in its entirety. In particular, two alternative

models of human settlement have been proposed. The first suggests that Neolithic cultural

traits and Austronesian languages may have developed indigenously within Melanesia. The

second suggests that these traits developed within Island Southeast Asia generally, and not

specifically in Taiwan.

The ‘Out of Melanesia’ Settlement Model

Some anthropologists emphasize continuity of material objects across the Mesolithic and Neo-

lithic boundary in Melanesia’s archaeological record. They do not consider the immigration of

new peoples as a necessary cause for the first appearance of Neolithic traits, such as pottery, in

Melanesia [White et al., 1988, Allen and White, 1989, Gosden and Specht, 1991, Gosden, 1992].

For instance, White et al. [1988] suggested that:

It is now clear that the basic developments that lay behind the Lapita cultures
occurred within the Bismarck Archipelago. . . There is, indeed, no need to believe
in migrations at all.

Some material items are found throughout the Melanesian archaeological sequence, occurring

in both pre-Lapita and Lapita deposits. These include a type of Tridacna shell adze, Trochus

armrings, and Trochus one-piece fishhooks [Spriggs, 1997, p. 83 ff.]. An indigenous origin of

horticulture, another archaeological marker of Neolithic culture, may also have occurred in the

New Guinea Highlands [Bellwood, 1989, p. 38, Denham et al., 2003]. Yet, under the ‘Out of

Melanesia’ model, it is hard to account for the huge range of cultural items that first appear in

the Indo-Pacific archaeological record during the Neolithic [Spriggs, 1997, p. 90 ff.], or for the

diachronic spread of Neolithic culture from north to south across Island Southeast Asia [Spriggs,

1989]. Green [1991b] accounts for pre-existing and novel traits in the Melanesian archaeological

record by postulating a combination of intrusion, innovation, and integration — that is, an

influx of people, who borrowed items and ideas, and made new developments along the way.

An important criticism of the Melanesian origin model is that it concentrates almost solely on

archaeological evidence, while tending to ignore linguistic and genetic data [Spriggs, 1997, p.

172 ff.]. For instance, the ‘Out of Melanesia’ model does not explain why the basal subgroups

of the widespread Austronesian language family occur only in Taiwan. Similarly, not all genetic
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variation in the Pacific can be derived directly from that found in extant Melanesian populations

(e.g. mtDNA lineage B4a, or Y chromosome haplogroup O3), whereas much of it can be traced

back to mainland Asia [Lum, 2001]. From a genetic perspective, the ‘Out of Melanesia’ model

does not seem to be tenable.

The ‘Out of Island Southeast Asia’ Settlement Model

Meacham [1984] initially proposed this model on archaeological grounds, in which form it was

later adopted by Solheim [1996]. Although the model seemingly cannot explain linguistic and

archaeological data, it has been adopted recently in a novel formulation based on genetic evidence

[Oppenheimer and Richards, 2001]. Therefore, the ‘Out of Island Southeast Asia’ model is

addressed in this thesis.

The model proposes that Neolithic traits and Austronesian languages developed indigenously

within Island Southeast Asia (not just Taiwan), and that this development occurred during the

Pleistocene (>10,000 BP). Climatic amelioration during the early Holocene (<10,000 BP) led to

the drowning of large areas of land in modern-day Indonesia. This process induced peoples with

Neolithic traits and Austronesian languages to spread through Island Southeast Asia, and out

into Oceania. Richards et al. [1998] specifically place the Austronesian origin in East Indonesia.

The ‘Out of Island Southeast Asia’ model has failed to receive much support from linguistic

or archaeological evidence. Oppenheimer and Richard’s [2001] version of the model has been

criticized for failing to explain adequately why the basal groups of Austronesian occur only

in Taiwan [Diamond, 2000]. (Bayard [1996] showed that the process of ‘linguistic levelling,’

proposed earlier by Meacham [1984] and adopted by Oppenheimer and Richards [2001, p. 164],

is logically inadequate). Furthermore, the model does not explain the diachronic spread of

Neolithic cultural items through Southeast Asia from northwest to southeast [Spriggs, 1989];

that is, spreading towards the proposed origin of Neolithic culture in East Indonesia.

The genetic evidence provided in support of this model is ambiguous. Richards et al. [1998]

inferred that mtDNA lineage B4a, a marker of modern Polynesian populations, most likely

evolved within East Indonesia, probably about 17,000 BP (95% CI [5,500;34,500]). Obviously,

this date is incompatible with the proposed expansion of Austronesian speakers from about

5,000 years ago. However, this chronology was derived using only six mtDNA control region

sequences, a small sample size that may not have led to sound results. Oppenheimer and

Richards [2001] also reinterpreted the results of Indo-Pacific Y chromosome studies to sup-

port an origin of Oceanic Y chromosome haplotypes within Island Southeast Asia. While

they agree that the distribution of haplogroup O3 most likely indicates that it “originated

on the mainland and dispersed into island Southeast Asia” [Oppenheimer and Richards, 2001,

p. 174], they attribute this to an ancient dispersal event, and place little weight on the mid-

Holocene dates that have been calculated for the spread of haplogroup O3 [Kayser et al., 2000].

They suggest that the genetic dating of the O3 expansion “may soon require significant re-
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evaluation” [Oppenheimer and Richards, 2001, p. 175], although no specific reason is given to

support this view. Although little evidence favours this model, it is being advanced proactively

in the genetic arena, and therefore, I have considered it where appropriate in this report.

2.7 Assumptions of Biological Anthropology Research

Criticisms have been raised in the anthropological literature concerning the use of biological

data in anthropological models. Discussion has focused largely around the question: do groups

of people really exist in any meaningful sense? The concept of ‘Melanesia,’ or ‘Melanesians,’ as

an analytical unit is a good didactic example.

Green’s [1991a] paper, “Disestablishing Melanesia in Culture History,” shows that many cul-

tural traits are not contained within the traditional boundaries of Melanesia, but often coincide

instead with important biogeographical boundaries. Green therefore recommends that Melane-

sia, as an analytical unit of study, should no longer be used in discussions of the distribution

of cultural traits. However, taking this position one step further, Green [2001, p. 113] tries to

disestablish Melanesia in biological history as well:

And there is no biologically well-marked population that can be termed “average”
Melanesian, even if deemed to be of diverse and polyphyletic origin. . . “Melanesian”
defines an unacceptable biological category.

This has been a ubiquitous belief among anthropologists. Terrell and Fagan [1975, p. 8]

state that “biologically, it continues to look as if the so-called Papuan and Melanesian peoples

are nothing more than fictions created by linguistic taxonomy.” Even Spriggs’ [1997] book,

which supports the ‘Out of Taiwan’ Austronesian expansion model, states on its first page that

Melanesians are not defined by shared genetic inheritance, but rather by their habitation of a

common geographical area. Genetic data support an alternative belief, although much of this

evidence is buried in publications (e.g. Stoneking et al. [1990] or Forster et al. [2001]) that

would make difficult reading for non-specialists [Bellwood, 1997, p. 81].

Three molecular genetic markers are restricted geographically to Melanesia: mtDNA lineages

Q and P, and Y chromosome haplogroup M. These groups are related only very remotely to other

haplogroups in Asia, and they probably evolved directly within Melanesia, or perhaps Island

Southeast Asia [Forster et al., 2001]. Predictably, the frequencies of these markers grade into

surrounding populations, and not every individual in Melanesia carries them. However, these

lineages are as much markers of Melanesian populations, as lineage B4a is a marker of Polynesian

populations. (Maynard Smith [1958, p. 153], commenting on the need to classify biological

organisms into groups, describes biologists as facing “a contradiction between the practical

necessity and the theoretical impossibility of their task”). Therefore, groups like ‘Melanesia’

have been retained as analytical units in my research.
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A stronger view is held by Terrell et al. [2001a], who do not believe that any human groups

exist biologically. To put it another way, they believe that such attributes as Austronesian

languages or the Lapita culture do not imply substantatives like Austronesian people or Lapita

people. They think this way largely because traits identified by linguistics, archaeology, and

genetics can all spread: languages can be adopted, material items can be traded or the meth-

ods of their manufacture learned, and genes can spread through intermarriage. However, the

emphasis of Terrell et al. on cultural, linguistic, and biological mixing through time does not

logically negate the possibility of a quite homogeneous immigration of people at some stage in

the past. Terrell et al. [2001b, p. 119, authors’ italics] seem to admit that the correlation of

biology, language, and culture could hold over time, and they only argue that they believe such

an occurrence is uncommon:

. . . we would agree with anyone who said that you can always find places where race
[sic], language, and culture seem to go together as a package at any given moment in
time. But how easy is it to find places where particular traits of biology, language,
and culture stay together over time?

Scholars of diverse backgrounds do accept that ‘mixing’ occurs [Green, 1992, Intoh, 2001].

However, many believe that correlations between linguistic, cultural, and biological variation

also hold over time [Bellwood, 2001, Burley, 2001, Green, 2001, Intoh, 2001, Lum, 2001,

Pietrusewsky, 2001], and that this does reflect a real historical process of immigration through

the Indo-Pacific region.

Furthermore, many scholars believe that the correlation has held to some extent over time.

Bellwood [2001] notes that the argument of Terrell et al. conflates an important distinction

between two separate historical processes: population origins, and subsequent shared history.

(See also Renfrew [1987, p. 268]). Disentangling the effects of an initial immigration process

and subsequent biological or cultural interaction is a difficult task. Spriggs [1997] dedicates

much of his book to this topic, and Bellwood [2001, p. 107] continually points out that his

proposed movement of Austronesian peoples is not “hermetically sealed.” Disentangling the

genetic patterns of shared history comprises a major facet of this thesis. Only subsequently can

we begin to address the effects of Austronesian settlement on pre-Austronesian peoples.
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3.1 Reference Sequences

A corrected version [Andrews et al., 1999, GENBANK Accession Number J01415] of the first

fully-sequenced human mitochondrial DNA [Anderson et al., 1981] is the mtDNA reference se-

quence used throughout this report. Nucleotide positions are given relative to the light (L)

strand sequence. ENSEMBL release 4.28.1 of the official human genome sequence 1 is the refer-

ence sequence for the Y chromosome. Specific stretches of Y chromosome DNA that contain

informative markers are referred to by Bacterial Artificial Chromosome (BAC) clone number,

or by ENSEMBL accession number.

3.2 Biological Samples

DNA samples for individuals (n = 769) from nineteen populations in Indonesia, Madagascar,

and Vanuatu (table 3.1) were kindly made available by four researchers. Samples from Madagas-

car and Indonesia, with the exception of Java, were provided by Prof. John Clegg 2. Javanese

samples were supplied by Prof. Wulf Schiefenhövel 3. Samples from the Vanuatu archipelago,

with the exception of the Banks and Torres Islands, were provided by Ass. Prof. Don Bow-

den 4. Samples from the Banks and Torres Islands were supplied by Dr. Mary Ganczakowski 5.

These researchers organized the collection of samples and acquisition of informed consent from

participants.

The samples came from a variety of sources, and were collected using different sampling

strategies. All samples, except the Javanese, were taken at local medical centres, and represent

individuals who were diagnosed with haemoglobin-associated medical disorders. The Javanese

samples were collected from students in Jakarta. There are generally few samples from each

location, especially when compared to the census size of surrounding regions. Furthermore,

different sampling procedures were used during collection, and most samples came from indi-

1 URL: http://www.ensembl.org/Homo sapiens/
2 Weatherall Institute of Molecular Medicine, University of Oxford, United Kingdom.
3 Human Ethology Group, Max-Planck Institute, Andechs, Germany.
4 Department of Anatomy and Cell Biology, Monash University, Melbourne, Australia.
5 Queen Alexandra Hospital, Portsmouth, United Kingdom.
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Location Population Number Total

INDONESIA Ambon 24
Banjarmasin 23
Jakarta 107
Lombok 24
Manado 24 202

MADAGASCAR Betsileo 24
Bezanozano 17
Merina 24
Sihinaka 19 84

VANUATU Aniwa 50
Banks and Torres 18
Futuna 50
Lamen 50
Maewo 52
Malekula 54
Maskelynes 54
Nguna 49
Paama 56
Tanna 50 483

n 769

Tab. 3.1: Number of populations and individuals sampled.

viduals displaying symptoms putatively associated with haemoglobin disorders. It is unknown

whether this sampling strategy biases the range of genetic variation in the samples, or whether

the samples accurately reflect the genetic composition of the region from which they were taken.

All biological samples were received as pre-extracted aliquots of genomic DNA, of which most

were characterized by low quantity and poor quality DNA. This restricted the types of analysis

that could be undertaken. However, most Vanuatu samples had large amounts of high molecular

weight genomic DNA, on which the full range of analyses could be completed. The remaining

samples were small, much-diluted aliquots of DNA, which had been stored in a –20 �C freezer

for some years. As noted for old plasma samples, DNA stored even at –80 �C can degrade into

small pieces, most less than 400 bp long, even over a period of five years [Merriwether, 1999].

The only analyses that could be completed on such samples were those in which only small DNA

fragments were amplified.

All experimental and analysis work presented in this report is my own with three excep-

tions. Firstly, prior to commencing my research, Prof. Erika Hagelberg PCR amplified mtDNA

control region sequences for samples from Vanuatu (excluding Banks and Torres), Java, and

Banjamarsin (eleven only), and these were sequenced commercially by MWG Biotech (Ebers-

berg, Germany). Secondly, ∆9bp typing was completed on these samples by Prof. Hagelberg

(Java and Banjamarsin) and Ms. Melanie Pierson (Vanuatu). Thirdly, the accuracy of control

region sequences for Vanuatu was checked by Mr. Ian Frame. I have checked, and in places

corrected, these data myself.
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3.3 Experimental Analyses

Appendix A lists the reagents used in experimental procedures. Unless noted otherwise, DNA

fragments were amplified according to a general Polymerase Chain Reaction (PCR) protocol

given in table 3.2.

Reagent Final Concentration

Sample DNA, diluted 1:10 1 �l
Each oligonucleotide primer 1 pmol.�l−1

PCR buffer without Mg2+ 1×
MgCl2 stock solution 2.5 mM
Each dNTP 200 �M
BSA 160 ng.�l−1

Taq DNA polymerase 0.7 units

Volume 25 �l

Temperature Time

Initial denaturation 94 �C 120 s

Denaturation 94 �C 30 s e
Annealing primer specific 30 s 35 cycles
Extension 72 �C 60 s c

Final elongation 72 �C 180 s

Machine Perkin Elmer 480 DNA Thermal Cycler

Tab. 3.2: Parameters of general PCR protocol.

3.3.1 Amplification and Sequencing of the MtDNA Control Region

The mtDNA control region is a well-recognized source of polymorphisms [Vigilant et al., 1991],

and it is used commonly to determine maternal relationships between individuals. A portion

of the control region was amplified with primers HVM1 for and HVM4 rev (table 3.3). These

primers were designed by Dr. Mark Thomas 6. The 1239 bp DNA fragment (see figure 3.1)

contains a 5′ portion of the control region (nucleotides 16024 to 16569, and 1 to 418; 964 bp), as

well as a 3′ terminal portion of the cytochrome b gene (nucleotides 15749 to 15881; 133 bp), the

tRNAthr gene (nucleotides 15888 to 15953; 66 bp), and the tRNApro gene (nucleotides 15955 to

16023; 69 bp). The fragment was PCR amplified using the general protocol in table 3.2, and the

primer annealing temperature in table 3.3. Amplified products were electrophoresed at 4v.cm−1

on 2% w/v SeaKem agarose gels containing 0.2 ng.ml−1 ethidium bromide in 0.5× TBE buffer

to confirm specific amplification of the 1239 bp product. PCR products were sequenced com-

6 Center for Genetic Anthropology, Department of Biology, University College London, United Kingdom.
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Primer Name Size Sequence T†
a Binding Site‡

(bp) (5′–3′) (�C) 5′–3′

Control Region Sequencing Primers

HVM1 for 1239 CTAACCTGAATCGGAGGACAAC 50 15749 15770
HVM4 rev GCATACCGCCAAAAGATAAAA 418 398

∆9bp Test Primers

PrimerB for 121 ACAGTTTCATGCCCATCGTC 50 8196 8215
PrimerA rev ATGCTAAGTTAGCTTTACAG 8316 8299

Superhaplogroup M and N Test Primers

MNforward 178 TTATTATTTGATCTAGAAATTG 45 10245 10266
MNreverse TGTTTAAACTATATACCAATcC 10422 10401

Superhaplogroup L1 and L2 Test Primers

MtDNA L for 156 AAAACTCTTCACCAAAGAGCCCCTAA 56 3465 3490
MtDNA L rev ATAAATAGGAGGCCTAGGTTGAGGTc 3620 3595

RFLP Mapping Primers

Dloop2 for Fragment 1 1813 ccacctgcagCCGGGCCCATAACACTTGGG 60 16453 16472

12S rev ccacaagcttGGAGTGGGTTTGGGGCTAGG 1696 1677

1615 for Fragment 2 2488 AACACAAAGCACCCAACTTACACTTAGGA 60 1615 1643
4102 rev GAAGTAGGGTCTTGGTGAC 4102 4084

3816 for Fragment 3 1378 ACACCTCTGATTACTCCTGC 52 3816 3835
5193 rev GTGTTAGTCATGTTAGCTTG 5193 5174

5151 for Fragment 4 1788 CTACTACTATCTCGCACCTG 50 5151 5170
6938 rev GATGAATCCTAGGGCTCAG 6938 6920

6149 for Fragment 5 2330 AGTTCCCCTAATAATCGGTG 51 6149 6168
8474 rev GAGGGAGGTAGGTGGTAGTTTGTG 8474 8451

newF6 for Fragment 6 2090 AGTTTCATGCCCATCGTC 57 8198 8215
newF6 rev ATGGTAGGGGTAAAAGGAGG 10269 10287

ND3 for Fragment 7 2428 ccacctgcagCGAAGCCGCCGCCTGATACTGG 52 9911 9932

HinfPD rev ATTACTTTTATTTGGAGTTGCACCAAgATT 12338 12309

12,1 for Fragment 8 2196 ACGACCCCTTATTTACCGAG 51 12190 12209
14385 rev GCGATGGAGGTAGGATTCGT 14385 14366

14260 for Fragment 9 2284 ATCCTCCCGAATGAACCCTG 53 14260 14279
Dloop1 rev CGTGTGGGCTATTTAGGC 16543 16526

�
Temperature for primer annealing�
Primer binding site relative to mtDNA reference sequence

Tab. 3.3: Oligonucleotide primers for mtDNA experiments. Engineered (‘forced’) mismatches shown in
minuscules. Three primers (Dloop2 for, 12S rev, and ND3 for) have oligonucleotide tails intro-
duced for cloning purposes (prefixed underlined sequences), but these sequences are ignored in
annealing temperature calculations.
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mercially by MWG-Biotech (Ebersberg, Germany) using fluorescence-based DNA sequencing

technology. MWG-Biotech provided 400–500 bp of DNA sequence between nucleotides 15870

and 16450, and both forward and reverse strands were sequenced to ensure that control region

polymorphisms were identified accurately. DNA sequences from both strands were aligned by

eye, and checked stringently against the chromatographs.

Fig. 3.1: Diagram of the control region amplicon and sequenced region.

3.3.2 Testing for the Nine Base Pair Deletion (∆9bp)

MtDNA sublineage B4a is putatively associated with the spread of Austronesian speakers into

Oceania. An important marker of lineage B, and its sublineages, is a DNA deletion of nine

base pairs (∆9bp) between the genes for cytochrome oxidase and tRNAlys. Most non-B lineages

have two copies of this nine base pair sequence, but one copy is deleted in lineage B individu-

als [Wrischnik et al., 1987]. The nine base pair sequence is more rarely found in a triplicated

form [Alves-Silva et al., 1999].

Form Symbol Structure† Fragment Size (bp)

Deleted ∆9bp · · · CCCCCTCTA· · · 112

Undeleted · · · CCCCCTCTACCCCCTCTA· · · 121

Triplicated · · · CCCCCTCTACCCCCTCTACCCCCTCTA· · · 130

�
Sequence polymorphism is also recorded; Handoko et al. [2001]

PrimerB for and PrimerA rev (table 3.3) were used to PCR amplify a mtDNA fragment

containing this marker region [Wrischnik et al., 1987]. The general PCR protocol (table 3.2)

was used with two modifications: the reaction volume was reduced to 20 �l, and only 0.1 units

of Taq polymerase were added. The amplified product (8 �l) was electrophoresed at 4 v.cm−1

on 2.5% w/v 3:1 NuSieve:Agarose in 0.5× TBE buffer to determine their size. The gel was

stained with 100 �g.ml−1 ethidium bromide in 0.5× TBE, and photographed under ultra violet

illumination.
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3.3.3 High Resolution MtDNA RFLP Mapping

Polymorphisms occur right around the mtDNA genome [Brown, 1980], and these can be used

to clarify phylogenetic relationships that are uncertain from control region polymorphisms

alone [Finnilä et al., 2001]. Torroni et al. [1992] developed an RFLP mapping method in which

the entire mitochondrial DNA genome is amplified in nine overlapping fragments (figure 3.2),

and polymorphisms are detected by cutting each fragment with a standard set of restriction

endonucleases (see explanation in section 2.5.1). The oligonucleotide primers were published

previously [Torroni et al., 1992], but amplification of fragment six was known to be poor (An-

tonio Torroni 7, pers. comm. 2000). Therefore, I designed new primers to amplify fragment six

(table 3.3). Help with this methodology was kindly provided by Prof. Antonio Torroni and Mr.

Danielle Sellitto 7.

Fragments were amplified using the general PCR protocol (table 3.2) with three modifica-

tions: the reaction volume was 80�l in size, the Mg2+ concentration was 3.5mM, and each PCR

contained 2�l of undiluted template. The primer annealing temperatures and fragment sizes are

listed in table 3.3. PCR products were electrophoresed at 4 v.cm−1 on 2% w/v SeaKem agarose

gels to confirm amplification of appropriately sized products. Amplified DNAs were precipi-

tated in 95% ethanol at −80 �C, centrifuged to pellet form, and resuspended in 25 �l of ddH2O.

Each fragment (1 �l) was digested separately according to the manufacturer’s instructions with

3 units each of thirteen restriction endonucleases: AluI (a), AvaII (b), DdeI (c), HaeII (n),

HaeIII (e), HhaI (f), HincII (o), HinfI (g), HpaI (h), MspI (i), MboI (j), RsaI (k), and TaqI

(l). A 4 �l volume of each digest was electrophoresed on 2.5% w/v 3:1 NuSieve:Agarose in 0.5×

TBE buffer. The gel was stained with 100 �g.ml−1 ethidium bromide in 0.5× TBE, destained

in 0.5× TBE, and photographed under ultra violet illumination.

Fragments were restriction mapped using a sequence comparison method (see description in

section 7.3.2). The reference sequence [Andrews et al., 1999] corresponding to each fragment was

electronically ‘cut’ with the restriction enzyme recognition sequences using the programme MAP

(table 3.5). This generated a list of expected band sizes. Any deviation between the number of

observed and expected bands indicated a polymorphic site either gained or lost. Determination

of band sizes allowed the mutated sites to be mapped accurately on to the mtDNA reference

sequence.

3.3.4 Assigning MtDNA Genomes to Superhaplogroups

Human mtDNA genomes can be assigned to five broad classes, called superhaplogroups, using

four RFLP polymorphisms (see section 2.5.1 and figure 2.4). The RFLP polymorphisms, and

underlying nucleotide changes (brackets), are +3592h (C3594T), +10394c (A10398G), +10397a

(C10400T), and +16389g/–16390b (G16390A). The presence (+) of 3592h defines a basal African

7 Department of Genetics and Molecular Biology, University of Rome “La Sapienza”, Italy.
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Fig. 3.2: Nine overlapping fragments used for RFLP mapping mtDNA genomes. OH and OL denote the
origins of replication for the heavy and light DNA strands, respectively. Letters outside the mtDNA
are single letter codes for amino acids, each representing the respective tRNA gene. ‘Cyt b’ repre-
sents the cytochrome b gene, ‘N’ the NADH dehydrogenase subunit genes, ‘CO’ the cytochrome
oxidase subunit genes, ‘ATPase’ the ATP synthase gene, and ‘16S’ or ‘12S’ the 16S and 12S rRNA
genes, respectively. Figure modified from Stoneking and Wilson [1989].
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clade, which incorporates superhaplogroups L1 and L2. The absence (−) of 3592h defines a more

derived African clade, superhaplogroup L3. RFLP polymorphisms 10394c and 10397a define

two Asian clades, superhaplogroups M and N. Superhaplogroup M is defined by the presence

of both markers (+10394c, +10397a); superhaplogroup N by their absence (–10394c, –10397a).

The relationships between polymorphisms and superhaplogroups are:

Superhaplogroup +3592h +10394c +10397a +16389g/–16390b

(C3594T) (A10398G) (C10400T) (G16390A)

L1 X X · ·

L2 X X · X

L3 · X · ·

M · X X ·

N · · · ·

The character state of polymorphism G16390A can be determined by control region se-

quencing, and is not considered further here. The remaining markers are usually analyzed with

a mtDNA RFLP mapping approach as described above. However, RFLP mapping requires

high-quality, high-quantity DNA. Therefore, I developed two novel tests that could type 3592h,

10394c, and 10397a on small amounts of low quality DNA.

Assignment to L1 and L2: Testing for Polymorphism 3592h

Superhaplogroup L1 and L2 individuals carry polymorphism 3592h (C3594T). This is usually

typed with the restriction endonuclease HpaI (h), which cuts at the DNA sequence GTT/AAC.

I designed a new test so that a cheaper restriction enzyme could be used. TaqI cuts at the

DNA sequence T/CGA. A TaqI restriction site was forced into the PCR product by engineering

(‘forcing’) a single nucleotide T → C mismatch into the reverse primer (diagram below; mismatch

in lower case). DNA fragments amplified from L1 and L2 mtDNA genomes are not cut by TaqI.
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Original Test HpaI enzyme cuts at sequence GTT/AAC

L1/L2 · · · GTTAAC· · · Cut

L3/M/N · · · GTCAAC· · · Uncut

Forced RFLP Test TaqI enzyme cuts at sequence T/CGA

Genomic DNA · · · GTCAAC· · ·

cTGGAG· · · reverse primer

↓

PCR Product · · · GTCGAC· · ·

L1/L2 · · · GTTGAC· · · Uncut

L3/M/N · · · GTCGAC· · · Cut

Primers MtDNA L for and MtDNA L rev (table 3.3) amplify a 156 bp fragment. The general

PCR protocol (table 3.2) was used with four modifications: a reaction volume of 20�l, 0.1 units

of Taq polymerase, 3.5 mM of Mg2+, and 200 ng.�l−1 of BSA. The PCR product (3 �l) was

digested with 1 unit of TaqI according to the manufacturer’s instructions. Each digest (8 �l)

was electrophoresed on a 2.5% w/v 3:1 NuSieve:Agarose gel in 0.5× TBE buffer. The gels were

stained with 100 �g.ml−1 ethidium bromide in 0.5× TBE, and photographed under ultra violet

illumination. Individuals belonging to superhaplogroups L1 and L2 have the uncut fragment of

156 bp. Individuals belonging to superhaplogroups L3, M, and N have the fragment cut into

two pieces of 129 and 27 bp.

Assignment to M and N: Testing for Polymorphisms 10394c and 10397a

Superhaplogroup M individuals carry 10394c (A10398G) and 10397a (C10400T), while super-

haplogroup N individuals lack both polymorphisms. These markers are usually typed with

restriction endonucleases DdeI (c; cuts at C/TnAG) and AluI (a; cuts at AG/CT). However, the

recognition sites for these enzymes overlap — polymorphism at nucleotide 10398 (+10394c)

affects the RFLP typing of nucleotide 10400 (+10397a). Because each nucleotide position

has two known nucleotide states, there are four likely combinations of characters (figure 3.3).

M individuals can be differentiated from L1/L2/L3 individuals using just DdeI and AluI, but

the combination of 10398A and 10400T would be typed incorrectly to N. To distinguish all four

character combinations, I forced a single nucleotide G → C mismatch into the reverse primer’s

penultimate nucleotide (table 3.3, mismatch in lower case). This created a novel MspI restriction

site (i; cuts at C/CGG), and allowed all known 10398/10400 combinations to be distinguished.

The 178 bp fragment was PCR amplified using the same protocol as for polymorphism

3592h above. The annealing temperature of the primers, MNforward and MNreverse, is listed
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Fig. 3.3: Scheme of polymorphisms for superhaplogroups L1/L2/L3, M, and N. Possible character states
at nucleotide positions 10398 and 10400 (highlighted) are shown with the corresponding pres-
ence/absence of the AluI, DdeI, and MspI restriction sites, and superhaplogroup assignments.

in table 3.3. Aliquots of the PCR product (3 �l) were digested separately according to the

manufacturer’s instructions with 1 unit of AluI, DdeI, and MspI. Each digest (8 �l) was elec-

trophoresed on a 3.0% w/v SeaKem agarose gel in 0.5× TBE buffer. The gels were stained with

100 �g.ml−1 ethidium bromide in 0.5× TBE, and photographed under ultra violet illumination.

Restriction digest fragment sizes were evaluated as in the following table:

Restriction Enzyme Cleavage Fragment Sizes (bp)

AluI + 154, and 24

− 178

DdeI† + 112, 38, and 28

− 112, and 66

MspI + 155, and 23

− 178

�
A second DdeI cut site at +10356c is not known to be polymorphic



3. Materials and Methods 46

RFLP Test Marker Name n

Previously Available M9
M130
M230
92R7
Lly22g 5

Basic RFLP M60
M106
M122
M168
M177
M213 6

Forced RFLP M8
M11
M38
M96
M170
M207
M214
M217 8

Total 19

Tab. 3.4: Y chromosome polymorphisms and testing method. Further details in appendix B.

3.3.5 Assigning to Y Chromosome Haplogroups

The human Y chromosome phylogeny has been divided into eighteen haplogroups, which are

labelled A to R [Consortium, 2002]. I typed samples only to haplogroup level with two excep-

tions: haplogroup C individuals were typed to the subgroups C1, C2, and C3; and haplogroup O

individuals were tested for the O3 marker. Most research groups analyze Y chromosome SNPs

using a Denaturing High Performance Liquid Chromatography (DHPLC) approach. I did not

have access to the necessary equipment for DHPLC, so I developed new protocols for an RFLP

based approach (see section 2.5.1). Much Y chromosome marker information is unpublished

(e.g. location on the Y chromosome, ENSEMBL access code for DNA sequence). Therefore, I

have compiled information on each marker used in my research, and this is listed in appendix B.

RFLP based tests had already been developed for five markers (table 3.4). I developed RFLP

based tests for a further six markers, whose polymorphisms naturally changed a restriction

enzyme recognition site, as well as forced-RFLP tests for another eight markers, whose poly-

morphisms did not change an existing restriction enzyme recognition site. A total of nineteen

polymorphisms were analyzed using these three approaches. Unpublished protocols, and help

with both methodology and analysis, were kindly provided by Drs. Peter Underhill 8 and Chris

Tyler-Smith 9.

DNA fragments containing the markers were amplified with the primers listed in appendix B.

The general PCR protocol (table 3.2) was used with four modifications: 20 �l reaction volumes,

8 Human Population Genetics Laboratory, Stanford University, Stanford, U.S.A.
9 Department of Biochemistry, University of Oxford, Oxford, United Kingdom.
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0.1 units of Taq polymerase, and 0.8 �l of template diluted 1:10. Two PCR amplification

procedures were used: the basic amplification method given in table 3.2, and a novel method

called Touchdown PCR.

In Touchdown PCR, the annealing temperature is initially set about 10 �C above the melting

temperatures of the two primers. It is reduced by 1 �C every cycle, until the annealing temper-

ature is 5 �C below the primer melting temperatures [Don et al., 1991]. There are two benefits

of this procedure. Firstly, one does not have to test for the optimal annealing temperature of

the primers. The PCR product will begin to amplify as soon as the annealing temperature

reaches, and falls below, the optimum DNA:primer annealing temperature. Secondly, the signal

strength of unwanted amplicons is reduced significantly. The DNA:primer annealing tempera-

ture at incorrect (non-exact) binding sites is lower than the DNA:primer annealing temperature

at the correct binding site. Therefore, as the annealing temperature falls, the primers begin

to amplify at the correct binding site before amplifying at incorrect binding sites. The correct

PCR product always has a competitive advantage over incorrect products, which consequently

will be present in reduced amounts. The Touchdown PCR procedure had an initial denaturation

step at 95 �C for 3 minutes. Then there were 14 cycles of 94 �C (20 s), 63 �C (60 s), and 72 �C

(60 s), but the annealing temperature was decreased by 2 �C every two cycles. Following this

were 20 cycles using standard conditions (table 3.2), but with a constant annealing temperature

of 56 �C. A final elongation step of 72 �C lasted for 5 minutes. Whether each marker test used

the standard PCR protocol or Touchdown PCR is listed in appendix B.

PCR products were electrophoresed on a 2.0% w/v SeaKem agarose gel in 0.5× TBE buffer,

stained with ethidium bromide 100 �g.ml−1 in 0.5× TBE), and photographed under ultra violet

illumination to determine the presence of the correctly sized product (see appendix B). Each

product (4 �l) was digested according to the manufacturer’s instructions with 1 unit of the

appropriate restriction endonuclease (appendix B). An 8�l volume of digest was electrophoresed

on a 2.5% w/v agarose gel in 0.5× TBE buffer. The gels were stained with 100�g.ml−1 ethidium

bromide in 0.5× TBE, and photographed under ultra violet illumination.

Due to the low quantities of DNA available, Y chromosome markers were analyzed in a

hierarchical fashion according to the established Y chromosome tree. This procedure is widely

used, and accepted, in the field (e.g. Underhill et al. [2000], Hammer et al. [2001]). While it is

possible that some recurrent mutations may remain undetected with this strategy, the homoplasy

rate of binary polymorphisms on the non-recombining portion of the Y chromosome is so low

that undetected recurrent mutations are unlikely to affect phylogenetic or diversity analyses

seriously [Underhill et al., 2000]. Because published research indicated that haplogroup C is

common in the Indo-Pacific region (e.g. Capelli et al. [2001]), the haplogroup C marker was

analyzed first. Non-haplogroup C individuals were then tested for the K clade marker, M9. The

remaining markers were typed down the Y chromosome tree [Consortium, 2002]: from M9 along

the backbone of the tree towards the root (if M9−), and towards the terminal tips of the tree

(if M9+; see figure 2.6).
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3.4 Phylogenetic Analyses

Phylogenetic and population genetic programmes used in this research are listed in table 3.5.

Programme Version URL

Arlequin 2.0.1.1 http://lgb.unige.ch/arlequin/
Charstate appendix K.1
Compendium appendix K.2
Confint http://members.aol.com/johnp71/confint.html
Chromas http://www.technelysium.com.au/chromas.html
ClustalX ftp://ftp.ebi.ac.uk/pub/software/dos/clustalx/
Grass 5.0 http://grass.itc.it/
Mantel2 http://www.sci.qut.edu.au/NRS/mantel.htm
MAP, GCG Wisconsin Package http://www.accelrys.com/
MitoAnalyser http://www.cstl.nist.gov/biotech/strbase/mitoanalyser.html
MouseII http://www.burckhardt.de/gen-epi/mouse/
Network 3.1.1.1 http://www.fluxus-engineering.com/sharenet.htm
OpenOffice http://www.openoffice.org/
Poisson appendix K.4
R 1.3.1 http://www.R-project.org/
Variable appendix K.3

Tab. 3.5: List of programmes.

Sequence Manipulation and Alignment

DNA sequence chromatographs were viewed in Chromas, and checked thoroughly by eye. For-

ward and reverse DNA sequences were aligned manually. Sequence alignments were checked for

accuracy using the programme ClustalX.

Databases

MtDNA control region sequences were compared with sequences contained in the MouseII

database, which contains 10,672 human mtDNA control region sequences collated from ninety-

five publications. The database has good global coverage, and records linguistic and population

information for each sample. Sequences from publications too recent to be included in Mou-

seII were compared directly (e.g. the West New Guinea sequences of Tommaseo-Ponzetta et

al. [2002]). Sequence comparisons were checked against, and are cited back to, the original

publications.

I also collated a subset of mtDNA control region sequences (n = 5388), which are intended

to be representative of global mtDNA control region diversity (table 8.1). Most sequences were

taken from the original MouseI database. However, this data set also includes mtDNA control

regions that I sequenced, but had not included elsewhere in this report (e.g. Han Chinese,

Mongolians, Fijians, and Tongans). This data set was used in the computer simulation study
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of chapter 8. The data set is partially redundant, and the sequences are of variable length.

They start no earlier than 16001 and end no later than 16408. Individuals are classified into

one hundred geographically– or ethnically-distinguishable groups. These classification groups,

defined by the original authors, are of unknown validity, and have not been factored into any

analyses.

Programmes Written in PERL Script

I wrote two programmes in PERL script to facilitate searching of mtDNA control region se-

quence databases. Charstate (appendix K.1) inputs a DNA or RFLP data set in NEXUS for-

mat [Maddison et al., 1997], and returns a list of polymorphisms for each taxon in the form:

16189C. Compendium (appendix K.2) inputs the list from Charstate, and returns a compendium

of polymorphisms followed by the taxa that carry it.

Two further programmes were written to model the evolution of DNA following an assump-

tion of neutrality. Variable (appendix K.3) and Poisson (appendix K.4) are explained fully in

chapter 8.

Displaying Sequence Relationships

Relationships between DNA sequences are traditionally shown as phylogenetic trees. However,

intraspecific DNA data sets often do not fulfil the assumptions required by phylogenetic tree

methods. For instance, nodes may not bifurcate dichotomously, and ancestral nodes may be

represented in the data set [Posada and Crandall, 2001]. Such data are better shown graphically

using reticulate methodologies, such as networks [Bandelt et al., 2000] (for an example, see

appendix E). Furthermore, networks can display relationships between haplotypes even in

the presence of recombination or recurrent mutation. These processes are shown graphically

as ‘cycles,’ net-like patterns within the network (see section 8.1). Networks were constructed

using a median-joining algorithm [Bandelt et al., 1999], and were produced with the programme

Network. Network diagrams become difficult to interpret when too many sequences are plotted.

In such cases, the skeleton of the network can be inferred using the ‘star contraction’ algorithm

also implemented in Network, and described by Forster et al. [2001].

Networks consist of nodes (haplotypes) joined by lines (mutations). Each node (haplotype)

is depicted graphically by a circle, the diameter of which is proportional to the number of

individuals carrying that particular sequence. The line between nodes is labelled with the

mutations that differ between the two node sequences. For networks displaying mtDNA control

region variation, the mutation is traditionally labelled as in the reference sequence minus 16,000

(e.g. 247 represents position 16247). An asterisk is often used to indicate the root node of the

network.
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Genetic Dating using the Rho (ρ) Statistic

The ρ statistic is the average number of mutations from a specified root of a non-reticulate

network (i.e. a tree) to other specified node sequences [Saillard et al., 2000]. If a sample of n

sequences is used to infer a tree with a specific root and m links, an estimate of tiµ is given by

the number of observed mutations, li, from the root along link i. If multiple plausible trees exist

(e.g. in a reticulated network), a composite ρ is calculated as the average of all ρ statistics for

individual trees. The value ρ incorporates the frequency of sequences into its calculation, and

σ2(ρ) estimates its variance.

ρ =

∑m
i=1 nili

n
(3.1)

V (ρ) =

∑m
i=1 n2

i li
n2

(3.2)

The ρ statistic is not based on any particular model of evolution. If it is calibrated (e.g. by

“archaeologically datable founding events,” such as the expansion of people across the Beringian

Strait into Alaska 10), estimates can be generated of the time to the most recent common ances-

tor (TMRCA) for specific nodes. Demography (differential survival/extinction of haplotypes)

will influence the shape of the tree, but only affects the error of the time estimate rather than

systematically increasing or decreasing it. Although not stated specifically in the paper by Sail-

lard et al., ρ is incommensurable with standard estimates of mtDNA mutation rates, which are

independent of phylogenetic structure and sequence frequency. ρ seems to require the follow-

ing assumptions, of which assumptions three and four are also required by standard mutation

rate calculations. Firstly, the phylogenetic tree must be correctly inferred. Secondly, the tree’s

root must be accurately determined. Thirdly, mutations must approach clock-like regularity.

(Values of li must be normally-distributed, and preferably, have low variance). Fourthly, the

time of sequence divergence must be contemporary with the time of the dated archaeological

event. (This resembles the problem of the species tree/gene tree incompatibility). If only the

first three assumptions are made, ρ can simply represent differences in relative time estimates

between parts of a network.

Where absolute dates are given, they are calculated with ρ = 1 being equivalent to a cal-

ibrated value of 20,180 years for nucleotides 16090–16363 of the human mtDNA control re-

gion [Saillard et al., 2000], or 21,800 years for mtDNA genome RFLP data [Forster et al., 2001].

Confidence intervals are calculated using the normal approximation (equation 3.8), but these

do not consider uncertainty in the mutation rate, µ.

10 URL: http://www.fluxus-engineering.com/netwinfaq.htm
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Determining Mutations in MtDNA Coding Regions

Polymorphisms occurring within human mtDNA coding regions were examined using the pro-

gramme MitoAnalyser. This programme determines whether a nucleotide polymorphism alters

a protein, rRNA, or tRNA coding region. If a change occurs in a protein-coding region, the

programme reports the protein, the number of the changed amino acid, and the new amino acid

state.
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3.5 Population Genetic Analyses

Substitution Model of DNA Evolution

The model of evolution used in all studies is that of Hasegawa, Kishino, and Yano (HKY85)

[Hasegawa et al., 1985]. It accommodates unequal base frequencies, and divides the substitution

process into two components: a general substitution rate that can produce all types of substi-

tutions, and a within-group rate that produces only transitions. The instantaneous rate matrix

is:

Q =













−µ(κπG + πY ) µπC µκπG µπT

µπA −µ(κπT + πR) µπG µκπT

µκπA µπC −µ(κπA + πY ) µπT

µπA µκπC µπG −µ(κπC + πR)













(3.3)

The rows and columns of Q correspond to the bases A, C, G, and T. The factor µ represents

the instantaneous substitution rate, πX represents the nucleotide frequencies of each respective

base (πR for the purine frequency and πY for the pyrimidine frequency), and κ represents the

transition bias. The likelihood of changing from one character state to another is related to the

rate matrix Q by:

Pij(t) = eQt (3.4)

The substitution probability matrix corresponding to the HKY85 model, as presented by

Kishino and Hasegawa [Kishino and Hasegawa, 1989], is:

Pij(t) =















πj + πj

(

1
Πj

− 1
)

e−µt +
(

Πj−πj

Πj

)

e−µtA (i = j)

πj + πj

(

1
Πj

− 1
)

e−µt −
(

πj

Πj

)

e−µtA (i 6= j, transition)

πj (1 − e−µt) (i 6= j, transversion)

(3.5)

Where Πj = πR if base j is a purine, or πY if base j is a pyrimidine

A = 1 + Πj(κ − 1)

κ = the transition bias

µ = the substitution rate (nominally set to 1)

t = the duration of time (nominally set to 1)
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Mean Number of Pairwise Differences

The mean number of pairwise differences, Dxy, is an average of the number of observable sub-

stitutions between each unique, reversible, non-self pair of sequences [Tajima, 1983]. Calculated

with Arlequin.

Dxy =
2

n(n − 1)

n
∑

i=1

∑

j<i

dxy (3.6)

V (Dxy) =
2

n(n − 1)

n
∑

i=1

∑

j<i

dxy(Lxy − dxy)

Lxy

(3.7)

Where dxy = observed number of substitutions between sequences x and y

n = number of sequences

Lxy = number of nucleotides examined in sequences x and y

Confidence intervals (CI) were calculated with R using the normal approximation:

β ± tα,dfσβ (3.8)

Where σβ = the standard error of the parameter β, here Dxy

1 − α = the confidence level

df = the degrees of freedom associated with β

Mismatch Distributions

A mismatch distribution is a graphical representation of the observed number of nucleotide differ-

ences between pairs of haplotypes [Slatkin and Hudson, 1991]. The distribution is usually multi-

modal in samples drawn from populations at demographic equilibrium, in which the multimodal

distribution reflects the highly stochastic shape of gene trees [Rogers and Harpending, 1992].

Multimodal distributions may also result from recent ‘mixing’ of populations with unimodal mis-

match distributions. Unimodal distributions usually result from populations that have passed

through a recent demographic expansion [Excoffier and Schneider, 1999].

The probability of a demographic expansion can be tested by assuming a theoretical, equiv-

alent population that is currently stationary, but increased rapidly τ generations ago from a

population size of N0 to N1 [Schneider and Excoffier, 1999]. Mismatch distribution parameters

θ0 (= 2µN0), θ1 (= 2µN1), and τ (= 2µt) are estimated so that they minimize the sum of

square deviations (SSD) between the observed mismatch distribution and its expectation under

the sudden expansion model (see Schneider and Excoffier [1999] for details of this model). The

probability itself is calculated using a parametric bootstrap approach. B mismatch distribution
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samples are simulated under the hypothesis that the θ0, θ1, and τ values estimated above are

true. In each simulation, new θ∗0 , θ∗1 , and τ∗ values are estimated, and their associated sums of

squares (SSDsim) are computed. The probability values of the test is therefore approximated

by:

p =
n(SSDsim) ≤ SSDobs

B
(3.9)

95% confidence intervals can be constructed by determining the range that contains 95%

of the SSDsim replicates. The mismatch distribution and confidence intervals were calculated

with Arlequin.

Nucleotide Diversity

Nucleotide diversity, π̂, is defined as the mean number of nucleotide differences between all

pairs of haplotypes in a sample [Tajima, 1983, Tajima, 1993]. The equations assume selective

neutrality and no recombination between sites. Calculated with Arlequin. Confidence intervals

were calculated with R using the normal approximation (equation 3.8).

π̂ =

k
∑

i=1

∑

j<1

pipj d̂ij (3.10)

V (π̂) =
3n(n + 1)π̂ + 2(n2 + n + 3)π̂2

11(n2 − 7n + 6)
(3.11)

Where d̂ij = estimated number of mutations since the divergence of i and j

k = the number of haplotypes

pi = is the frequency of haplotype i

Test of Selective Neutrality

Tajima’s test of selective neutrality was used to determine the presence of selection [Tajima,

1989]. Based on an infinite-site substitution model without recombination, Tajima’s test com-

pares two estimates of the mutation parameter θ, where θ = 2Nµ in haploid populations of

effective size, N , and mutation rate, µ. In neutrally evolving systems, segregating sites, S,

should be proportionally equivalent to the mean number of pairwise differences, π̂, and conse-

quently, D should approach zero. In systems under selection, S should be proportionally greater

than π̂, and consequently, D should be positive or negative.

θ =

{

θ̂π ≡ π̂

θ̂S = S
∑n−1

i=0
( 1

i
)

(3.12)
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The test statistic is then defined as:

D =
θ̂π − θ̂S

√

V ar(θ̂π − θ̂S)
(3.13)

The significance of D is inferred using a parametric approximation of the p value [Tajima,

1989, p. 589]. It should be noted that significantly negative values can be due to factors

other than selective effects. These specifically include population expansion, population bot-

tlenecks, and heterogeneity of mutation rates [Tajima, 1993, Aris-Brosou and Excoffier, 1996,

Tajima, 1996]. Calculated with Arlequin.

Haplotype/Haplogroup Diversity

Haplotype or haplogroup diversity, Ĥ , is equivalent to the expected heterozygosity calculated

for diploid data [Nei, 1987, p. 180]. For the haploid data presented in this report, it is the

probability that two haplotypes chosen randomly from the sample are different. Calculated

with Arlequin. Confidence intervals were calculated using the exact binomial method in the

internet-based programme Confint (table 3.5).

Ĥ =
n

n − 1

(

1 −

k
∑

i=1

p2
i

)

(3.14)

V (Ĥ) =
2

n(n − 1)







2(n − 2)





k
∑

i=1

p3
i −

(

k
∑

i=1

p2
i

)2


+

k
∑

i=1

p2
i −

(

k
∑

i=1

p2
i

)2






(3.15)

Where n = the number of gene copies in the sample

k = the number of haplotypes

pi = the sample frequency

Genetic Distances between Groups

Genetic distances between groups (e.g. populations, or haplogroups) were calculated using two

methods: Wright’s fixation indices, and Nei’s DA values. Both values were calculated with

Arlequin, and their significance was tested using a permutation approach with 3,000 iterations.

The first measurement, Wright’s fixation indices [Wright, 1951, Wright, 1965], are AMOVA

variance values. Excoffier et al. [1992] developed an ANOVA-like method called AMOVA,

which accounts both for haplotype frequencies and for genetic distances between haplotypes.
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The AMOVA fixation indices, called ΦST, can be used as a measure of dissimilarity between

groups. The calculations are explained fully in Excoffier et al. [1992], and also see text below.

The second measurement, Nei’s DA values, are the net number of nucleotide differences

between populations [Nei and Li, 1979]. Nei’s DA values are used as a measure of dissimilarity

between groups.

D = π̂12 =

k
∑

i=1

k′

∑

j=1

x1ix2jδij (3.16)

DA = π̂12 −
π̂1 + π̂2

2
(3.17)

Where k and k′ = the number of haplotypes in groups 1 and 2

x1i = the frequency of the ith haplotype in group 1

x2j = the frequency of the jth haplotype in group 2

δij = nucleotide differences between haplotypes i and j

Tests of Goodness-of-Fit

Non-parametric goodness-of-fit tests determine whether observed distributions depart signifi-

cantly from expected distributions. Two such tests are used in this report: the χ2 test [Sokal

and Rohlf, 1995, p. 695 ff.] to determine differences between categorical variables, and the

Shapiro-Wilk normality test [Shapiro and Wilk, 1965] for determining the normality of observed

data. Both statistics were calculated with R.

Planned Comparisons Among Means

If the elements within test groups were independent, differences between means were tested for

significance with Student’s t-test. Calculated in R.

If the elements within test groups were non-independent genetic dissimilarity values, differ-

ences among sample means were calculated using an Analysis of Molecular Variance (AMOVA)

approach. Excoffier et al. [1992] developed AMOVA to determine whether haplotype frequen-

cies vary significantly between populations, and to take into account the number of mutations

between haplotypes. A standard ANOVA is not appropriate, because the values in a matrix of ge-

netic distances are not independent. (If one provides the distances A↔B and B↔C, the distance

A↔C automatically follows. Hence the distances A↔B, B↔C, and A↔C are not independent,

and independent values are a prerequisite of the ANOVA methodology [Sokal and Rohlf, 1995,
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p. 179 ff.]). AMOVA results resemble ANOVA results in most respects, although significance

values are evaluated using a permutation approach (3,000 iterations). A two-level hierarchical

AMOVA partitions the total genetic variance into within populations differences (ΦST values),

between populations differences (ΦSC values), and between groups differences (ΦCT values). ΦST

values are often used to compare genetic variation between populations, or to test for covari-

ance between genetic variation and, for instance, geographical distance. AMOVAs were run in

Arlequin.

Unplanned Comparisons Among Means

Differences in haplotype diversity (Ĥ), nucleotide diversity (π̂), and mean pairwise differ-

ences (Dxy) between groups should not be evaluated by direct comparison of confidence in-

tervals [Sokal and Rohlf, 1995, p. 240 ff.]. However, significance can be calculated in pairwise

fashion using the Tukey-Kramer procedure [Sokal and Rohlf, 1995, p. 247 ff.]. The pooled

variance (MSwithin) is determined for a set of a means, each of which is calculated from ni

observations with a variance of si:

MSwithin =

∑a(ni − 1)s2
i

∑a(ni − 1)
(3.18)

Each pairwise comparison of a means has a standard error of:

SEij =

√

MSwithin(
1
ni

+ 1
nj

)

2
(3.19)

Consequently, each pairwise minimum significant difference (MSDij) equals:

MSDij = Qα[k,v] × SEij (3.20)

Where Q = the inverse of the studentized range distribution

α = the intended significance value

k = the number of means, k ≡ a

v = the degrees of freedom of MSwithin, v =
∑

(ni − 1)

A pairwise comparison is considered significantly different at the level of α only if the absolute

difference of the means, |Ȳj − Ȳi|, equals or exceeds the critical difference, MSDij. Values of the

inverse of the studentized range distribution, Qα[k,v], were calculated with R. All other values

were calculated manually in an OpenOffice spreadsheet (table 3.5).
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Tests of Correlation

Two methods have been employed to test for correlation between two groups of paired ele-

ments. If the elements within each group were independent, correlation was determined using

standard methods [Sokal and Rohlf, 1995, p. 555]. If the elements within each group were

non-independent (as is the case with genetic or geographic dissimilarity values), the correla-

tion coefficient and its significance was determined using a permutation approach, the Mantel

test [Mantel, 1967]. Standard correlations were calculated with R. Mantel correlations were

calculated with Mantel2 (table 3.5), and significance was evaluated with 3,000 permutations.

Calculation of Geographical Distance

Geographic distances between sampling locations are recorded as geodesic distances in kilome-

tres. Values were calculated using the d.geo function of the Geographic Information System

programme Grass (table 3.5). Distances were taken either from stated geographical points (e.g.

the city of Banjarmasin in Borneo), or from the geographical center of small islands (e.g. Futuna

in Vanuatu).



4. INDONESIA

4.1 Introduction

Indonesia is the first geographical region studied in this report. The presence of Austronesian

languages, spoken widely across the archipelago (see figure 4.1), indicates that Indonesia had

some form of contact with Austronesian settlers. This is the link connecting Indonesia with Van-

uatu and Madagascar. Yet Indonesia differs from these other places in three respects. Firstly,

Indonesia was the first study region affected by the Austronesian expansion. Immigration of

Austronesian speakers has been associated archaeologically with the arrival of Neolithic cultural

items, and these first appeared in Indonesia about 4,000 years ago [Bellwood, 1997, pp. 219-236].

Secondly, the Indonesian archipelago is the largest geographical region under study. It comprises

nearly fourteen thousand islands, which are scattered in a broad east-west direction over one

eighth of the world’s circumference [Zainu’ddin, 1974, p. 3]. Austronesian settlers probably

required some time to settle such a large archipelago, and co-variation between genetic com-

position and geographical distance may be recorded more clearly in Indonesia than in smaller

regions. Thirdly, Indonesia is more densely populated than either Vanuatu or Madagascar, but

its peoples are also more unevenly distributed. Most of Indonesia’s two hundred million inhab-

itants [UN, 2000] live on the western islands of Java, Madura, and Bali [Handoko et al., 2001].

Conversely, Indonesia has broad similarity to Vanuatu in two respects: its linguistic and eth-

nic complexity. Indonesians speak over seven hundred indigenous languages [Grimes, 2000], and

self-identify to over three hundred ethnic groups in the non-Papuan provinces alone [Bellwood,

1978, p. 89]. This complex situation does not extend to Madagascar, whose inhabitants speak

only one language, and identify to only eighteen ethnic groups.

I have examined genetic variation in individuals (n = 144) from five geographical locations:

Jakarta (Java; n = 53), Banjarmasin (Borneo; n = 22), Lombok (n = 24), Manado (Sulawesi;

n = 22), and Ambon (n = 23) (figure 4.1). Only a few individuals were sampled from each lo-

cation, especially when compared to Indonesia’s census size of over two hundred million people.

In addition, collection methods differed between locations. Samples from Jakarta, Banjarmasin,

and Manado represent modern urban groups, which may incorporate individuals ultimately from

elsewhere in Indonesia. Furthermore, all the individuals, excluding Javanese, displayed symp-

toms putatively associated with haemoglobin disorders. If haemoglobinopathies are associated
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with specific genetic or ethnic groups, this could bias the range and frequency of the observed

genetic characters. It is unknown how closely the samples, or genetic parameters calculated from

them, represent the genetic composition at each geographical location. Therefore, my analysis

should be considered as providing a broad picture of genetic variation within Indonesia, but

with strong provisos.

4.1.1 Three Models for the Settlement of Indonesia by Austronesian Speakers

Homo erectus was the first of the human lineage to settle Indonesia, at least ca. 700,000 years

ago [van den Bergh et al., 1996]. But genetic evidence suggests that H. erectus did not contribute

biologically to modern H. sapiens sapiens populations [Hammer, 1995, Ingman et al., 2000], and

they will not be considered further. The earliest evidence of anatomically modern humans in

Indonesia occurs in Borneo. Human remains there date from 40,000 years ago, and osteologi-

cally, they have affinity with extant Melanesian peoples [Kennedy, 1977]. Modern Indonesians

are morphologically related to mainland Asian peoples, except in those regions immediately

adjacent to Melanesia [Bellwood, 1978, p. 30]. It is generally believed that populations from

mainland Asia replaced Melanesian-like groups in Indonesia sometime during the last 40,000

years [Coon, 1966, Forster et al., 2001]. Was this process associated with the introduction of

Austronesian languages into Indonesia?

Anthropologists have proposed three models for the incursion of Austronesian languages.

The first and most orthodox model, ‘Out of Taiwan,’ suggests that Austronesian languages

came to Indonesia about 4,000 years ago in association with a spread of Asian populations (see

section 2.1). Melanesian-like peoples were pushed by Austronesian settlers from Island Southeast

Asia into the more easterly parts of their previous range [Coon, 1966], and hence, genetic

markers of pre-Austronesian groups (namely, mtDNA lineages P and Q) should predominate in

eastern Indonesia. Genetic markers associated with the Austronesian movement (e.g. mtDNA

lineage B4a) increase in frequency from mainland Asia to Oceania [Merriwether et al., 1999],

and a similar west-to-east increase might be expected within Indonesia. Austronesian-associated

genetic characters should date to the mid-Holocene (∼5,000 BP).

A second model, ‘Out of Island Southeast Asia’ 1 [Oppenheimer and Richards, 2001], sug-

gests that Austronesian languages and associated genetic traits (e.g. B4a) already existed in

eastern Indonesia 14,000 years ago (see section 2.6). Sea levels were much lower then, and In-

donesia consisted of two continental landmasses [Wallace, 1869, Vol. I, p. 13 ff.]. The western

landmass, Sunda, was contiguous with the Asian mainland [Bellwood, 1997, p. 7]. The eastern

landmass, Sahul, joined Australia and New Guinea together. Sea gaps always existed between

Sunda and Sahul, even when the sea was 130 metres lower than present during a glacial maxi-

mum 16–18,000 years ago [Chappell, 1994]. This model suggests that Austronesian peoples and

1 These terms are my own. The two latter models were not given names originally, but I hope that my
nomenclature will simplify the following discussion.
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languages were dispersed from eastern Indonesia when the Sunda and Sahul continents were

drowned some 14,000 years ago. Therefore, Austronesian-associated genetic characters should

increase in frequency both towards the east (Oceania) and towards the west (western Indone-

sia). Genetic markers associated with the Austronesian expansion should date to the Pleistocene

(>10,000 BP).

A third model, ‘modified Out of Taiwan,’ blurs the chronological distinction of genetic lin-

eages dating either to the Holocene, or to the Pleistocene. Proposed as an extension of the ‘Out

of Taiwan’ model [Bellwood, 1997, p. 86], immigration from mainland Asia into Indonesia is

allowed prior to the Austronesian expansion. The possibility of a pre-Austronesian dispersal

from mainland Asia was suggested first by Jacob [1967, pp. 51–52]. One consequence of this

approach is that a cline of genetic characters might be expected within Indonesia. Austronesian-

associated traits should increase in frequency towards Oceania in the east, and they should date

to the Holocene. Other genetic traits may show affinity to modern mainland Asian populations,

but they should reach greatest frequency towards mainland Asia, i.e. western Indonesia, and

they may date to the Pleistocene.

The ‘Out of Taiwan’ model, and its alternatives, are distinguishable by two criteria. The

first criterion is the presence of genetic variation that changes with geographical distance; i.e.

is there a spread from East Indonesia towards Oceania and mainland Asia (‘Out of Island

Southeast Asia’), or from mainland Asia towards East Indonesia (‘modified Out of Taiwan’)?

Changes in genetic variation could take many forms, including genetic marker composition,

or genetic diversity, varying in frequency with geographical distance. The second criterion is

the age inferred for genetic lineages; i.e. do lineages date to the Pleistocene (‘Out of Island

Southeast Asia’), or to the Holocene (‘Out of Taiwan’)? My genetic analyses focus on these two

criteria.

4.1.2 Genetic Variation with Geographical Distance

Anthropologists have proposed three classification systems for Indonesia based on geographical

barriers, subsistence techniques, and major linguistic groups (figure 4.2). If genetic variation

does change across the Indonesian archipelago, does it coincide with these classifications?

The first classification system is based on a biogeographical divide. The Huxley-Wallace line

separates Indonesia into two halves [Wallace, 1869, Vol. I, p. 18 ff.], which correspond broadly

to the Sunda and Sahul continental shelves [Bellwood, 1989, p. 8]. Java and Borneo were once

part of the Sunda continent in the west, and New Guinea belonged to the Sahul continent in the

east. The intervening sea region, often termed Wallacea, contained the remaining three sampling

locations: the islands of Lombok, Sulawesi, and Ambon. This region was recognized initially by

the segregation of placental fauna to the west and marsupial fauna to the east [Wallace, 1869,

Vol. I, p. 18 ff.]. Although Wallace’s own classification of people into Malays and Papuans had
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its dividing line further east [Wallace, 1869, Vol. II, p. 452 ff], the Huxley-Wallace line has also

been suggested as a major barrier of human movement [Bellwood, 1997, p. 15].

The second classification system is based on methods of subsistence [Geertz, 1963]. The

western islands of Indonesia (Geertz’ ‘inner Indonesia’) generally have fertile, volcanic soils

that sustain high population densities [Bellwood, 1997, p. 12]. Wet-rice agriculture, which

predominates in Java and Lombok, can sustain populations in excess of 2,000 people per square

kilometre [Bellwood, 1978, p. 149]. Conversely, eastern (‘outer’) Indonesia, including Borneo,

Sulawesi and Ambon, is typified by shifting, dry-land swidden cultivation of rice and tubers.

Population densities are considerably lower than in the west [Bellwood, 1978, p. 148].

The third classification system is based on a linguistic division. Austronesian languages are

spoken throughout Indonesia, apart from Propinsi Papua (western New Guinea) and some few

islands in the far east of the Nusa Tenggeras [Bellwood, 1978, p. 119]. Individuals from all five

sampling locations speak Austronesian languages, but an important dividing line passes through

eastern Indonesia. West Malayo-Polynesian (WMP) languages are spoken in Sulawesi, Lombok,

and all the islands to the west, including Java and Borneo [Bellwood, 1989, p. 27]. Central

Malayo-Polynesian (CMP) languages are spoken in most of the islands to the east, including

Ambon. The derivation of CMP languages from a WMP precursor is considered an important

historico-linguistic event [Blust, 1988, Blust, 1995], which probably reflects the colonization of

eastern Indonesia by more westerly Austronesian-speaking groups. It is interesting to note that

this division coincides almost perfectly with the classification of Indonesian peoples proposed by

Wallace [1869, Vol. II, p. 439 ff]. Using superficial physical criteria, Alfred Wallace classified

Indonesians to the west of this line as Malay-like, and to the east as Papuan-like.

4.1.3 Potential Confounding Effects due to Historical Processes

Increasing contact with foreigners during the historical period may have modified genetic pat-

terns formed during the Austronesian settlement of Indonesia. Examination of historical sources

suggests four potentially confounding influences: Indians, Chinese, Arabs, and Europeans.

Contact between Indonesia and foreign sources are first recorded in Indian historical docu-

ments of the third century BC [Wheatley, 1961, pp. 181-2]. These contacts were not numerically

great, and probably had minimal effect on Indonesian populations. But from the fifth century

AD, India influenced Indonesian society more forcefully by stimulating the rise of city-states,

such as Śr̄ı Vijaya in Sumatra [Çoedes, 1968, Çoedes and Damais, 1992]. The prestige asso-

ciated with such places impelled the first urbanization in Indonesia. Furthermore, city-states

began structuring rural populations into economically-useful administrative units, probably dis-

turbing traditional demographic groupings in the process.

A trade route had been firmly established by the first century AD through the Strait of

Melaka, reaching as far west as East Africa, and as far east as China [Casson, 1989]. The
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Chinese traveler Fa-Hsien noted extensive Chinese populaces in Sumatra, Java, and Borneo in

AD 413–4 [Wheatley, 1961, p. 37]. However, Chinese contact with Indonesia was restricted

largely to the west of the archipelago. Chinese are a numerically important immigrant group.

Nearly three hundred thousand Chinese were living in Indonesia by 1900, and mixed marriages

between Chinese and Indonesians were so numerous that their offspring constituted a recognized

social class, the Peranakan [Zainu’ddin, 1974, p. 161 ff.]. Chinese immigration may well have

increased the proportion of Asian genetic markers in western Indonesia, particularly Java, where

their population is greatest. Intermarriage has probably occurred over nearly two millennia (80

to 100 generations).

Middle Eastern/Arab peoples first visited Indonesia in the mid-ninth century AD [Tibbetts,

1979, pp. 27–8]. Arab traders initially came only to western Indonesia (e.g. see Tibbetts [1979,

p. 217]). Internal east-west trade was controlled by local peoples [Bellwood, 1997, p. 276],

who were possibly descendents of Austronesian seafarers [Wolters, 1979, Hall, 1980, 1985]. The

introduction of Islam triggered the decline of important Hindu city-states during the fifteenth

century AD, and its rapid spread is supposed to have forced extensive population movements. For

instance, Javanese Hindu groups fleeing to Bali are one reason suggested for the genetic affinities

between Javanese and Balinese [Handoko et al., 2001]. However, mass movements of this sort

have little historical support [Ricklefs, 2001, p. 6 ff.]. Like Chinese, Arab Muslims also married

Indonesian locals. Ibn Mājid recorded this process at Melaka, a city in coastal Malaysia, in AD

1462 [Tibbetts, 1979, p. 206]: “. . . the infidel marries Muslim women while the Muslim takes

pagans to wife. You do not know whether they are Muslim or not.” Cultural destabilization

caused by European trading ventures [Ricklefs, 1993, p. 27] probably helped spread Islam into

East Indonesia, a process that is continuing to this day. However, the direct Middle Eastern

biological contribution to Indonesia is unclear, and was probably restricted mostly to the west.

Diogo de Sequiera led the first European expedition to Indonesia in 1509 [Zainu’ddin, 1974,

p. 46]. By the late sixteenth century, the Dutch had largely cornered Indonesian trade: they

formed the Dutch East India Company in 1602, and nationalized it in 1799. Indonesia had

become a colony of the Dutch, from whom they gained independence only in 1945. Although

Europeans quickly controlled trade, and later administration, of the Indonesian archipelago

[Zainu’ddin, 1974, p. 46], their biological contribution and effect on population patterns is un-

certain. Contrary to traditional historical thought [Zainu’ddin, 1974, p. 107], biological popu-

lation groups may not have changed radically during this time. Intermarriage “between people

from different islands and districts” was uncommon as late as 1974, and marriage within ethnic

groups and village communities appears to have been the norm throughout much of Indonesia’s

history [Zainu’ddin, 1974, p. 15]. Furthermore, Indonesia’s population was growing exponen-

tially. Reid has estimated that the population of the eastern Nusa Tenggeras grew from 5.8

million in 1600 to 7.9 million in 1800 [Ricklefs, 1993, p. 16]. The widespread destruction of

villages and island groups may have little influenced allele frequencies or distributions in an oth-

erwise expanding population. Although European enterprises certainly altered power structures

within Indonesia, they may not have changed genetic patterns in any significant manner.
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Allele Frequency (%)
n Ref

ABO*B MNS*M

Thailand 213 26 66 b

Java 103 20 61 c
Sulawesi 47 8 41 c
Ambon 43 8 48 c
Timor 38 16 38 c

Kerema (New Guinea) 104 16 16 a

a. Simmons et al. [1946]
b. Phansomboon et al. [1949]
c. Simmons and Graydon [1951]

Tab. 4.1: ABO*B and MNS*M frequencies from western (top) to eastern (bottom) Indonesia.

4.1.4 Genetic Research on Indonesians

Examination of genetic research on Indonesian peoples can be considered under three headings:

classical genetic markers, mtDNA, and the Y chromosome. Most genetic studies were limited

in scope: for example, examining only single populations (e.g. Lum et al. [1994]), or using

Indonesian data as an ‘outgroup’ for research on Oceanic populations (e.g. Sykes et al. [1995]).

This is the first report to examine mtDNA genetic variation across the Indonesian archipelago

in any detail, albeit at only five geographic locations.

Classical Genetic Marker Systems (Biparentally Inherited)

Most Indonesian classical genetic data have been summarized by Mourant et al. [1976], and

Cavalli-Sforza et al. [1994]. Early in the 1950s, a cline was recognised in the allele frequencies of

classical genetic markers [Simmons and Graydon, 1951]. The gradient stretched from mainland

Asia into the Pacific, incorporating the Indonesian archipelago. By the 1970s, it was realized that

the cline spread in a west-east direction across Indonesia [Mourant, 1974, Mourant et al., 1976,

p. 94 ff.]. The cline is seen most clearly in ABO*B and MNS*N allele frequencies (table 4.1).

Mourant [1974] attributed the west-east cline in Indonesia to:

. . . very old populations [having] interbred in the coastal areas with peoples coming,
possibly at one or more removes, from southeast Asia and Malaysia. The relatively
low [MNS*]M frequencies in eastern Indonesia thus appear to be the result of inter-
breeding of peoples of the Malay radiation with peoples related to the inland peoples
of New Guinea. . .

This explanation is effectively that by Coon [1966], in which populations with mainland

Asian affinity radiated into Indonesia, and pushed pre-existing Melanesian-like peoples towards
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the east. Mourant [1976, p. 98] also suggested that MNS*M frequencies decrease rapidly near the

Huxley-Wallace line, and proposed this region as a natural division of humans within Indonesia.

However, data from the region are sparse, and Mourant’s putative genetic division has not been

confirmed.

MtDNA Variation (Maternally Inherited)

Indonesian mtDNA variation has been reported in ten published studies, most of which examined

only nine base pair deletion (∆9bp) variation. ∆9bp carrier frequencies range from 16–60% in

Indonesia (table 4.2), but Handoko et al. [2001] found no evidence for a west-east cline in

their study of fifteen populations. ∆9bp, a marker of lineage B, is putatively associated with

the Austronesian expansion, and ∆9bp frequencies across the archipelago suggest a moderate

genetic contribution from Austronesian sources. However, lineage B subsumes several subgroups

(e.g. B4a, B5), of which only B4a has been associated with the expansion of Austronesian

speakers. Most published reports do not distinguish between these subgroups.

The ‘Polynesian motif’ is a series of four mtDNA polymorphisms, T16217C, A16247G,

C16261T, and ∆9bp, that are carried by most modern Polynesians [Lum et al., 1994]. Redd

et al. [1995] found this motif in six individuals from East Indonesia. The ancestral forms of the

haplotype, lacking A16247G and/or C16261T, were found in eighteen individuals from through-

out the archipelago. This restricted distribution of the ‘Polynesian motif’ in East Indonesia led

Richards et al. [1998] to propose that the motif evolved there. They calculated that it evolved

about 17,000 BP (95% CI [5,500;34,500]), and claim that such an old date is inconsistent with

the ‘Out of Taiwan’ model.

Examination of published control region sequences [Sykes et al., 1995, Handoko et al., 2001]

shows only three other identifiable mtDNA lineages in Indonesia: D4, M7c, and N9a. All three

lineages also occur in modern mainland Asian populations [Kivisild et al., 2002]. Due to the

paucity of DNA sequences, the distribution of these lineages within Indonesia could not be

determined. Ballinger et al. [1992a, 1992b], in the only published report of RFLP mapping

on Indonesian mtDNA genomes, identified representatives of superhaplogroups L3, M, and N.

However, no population information was available regarding their distribution.

Y Chromosome Variation (Paternally Inherited)

Several research groups have examined Y chromosome variation in the same Indonesian sam-

ples used for this report (e.g. Capelli et al. [2001], Kayser et al. [2001b]). Y chromosome

results broadly parallel findings from mtDNA studies. Y chromosome diversity varies with ge-

ographical distance across Asia and Oceania [Kayser et al., 2001b], but haplogroup frequencies

show few clear trends within Indonesia. Haplogroup M is found only in eastern Indonesia,
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and reaches higher frequencies in adjacent areas of Melanesia [Capelli et al., 2001]. M is a

putative marker of pre-Austronesian populations in the region. The remaining Indonesian Y

chromosome clades (e.g. the subgroups of haplogroup O) show affinity to mainland Asian popu-

lations [Su et al., 2000, Capelli et al., 2001]. Ages inferred for Y chromosome haplogroups seem

to agree best with the ‘Out of Taiwan’ model. For instance, sublineage O3 has been asso-

ciated with the Austronesian expansion [Capelli et al., 2001], and it has an inferred TMRCA

of 6,000 years BP (95% CI [2,700;14,500]). This genetically-inferred date is consistent with

archaeologically-attested dates for the arrival of Neolithic culture in Indonesia [Spriggs, 1989].
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Location n ∆9bp Frequency (%) Ref

Sumatra North 126 20 h

Borneo North 28 26 a, d
Central 10 60 b
South 194 30 c, h
Unknown 45 36 e, f

Java West 106 25 h
East 254 28 c, f, g, h

Sulawesi North 45 16 h
Central 250 28 h
South 80 25 h

Nusa Tenggeras 386 21 c, h

Maluku Islands 49 16 c

n 1573

a. Ballinger et al. [1992a, 1992b]
b. Lum et al. [1994]
c. Melton et al. [1995], Redd et al. [1995]
d. Sykes et al. [1995]
e. Hagelberg [1997]
f. Lum and Cann [1998]
g. Hagelberg et al. [1999b]
h. Handoko et al. [2001]

Tab. 4.2: Nine base pair deletion (∆9bp) frequencies from western (top) to eastern (bottom) Indone-
sia.

Haplogroup Frequency (%)
n Ref

M O3

South China 80 0 65 a

North Sumatra 45 0 21 a
Java 53 0 23 b
South Borneo 34 0 15 a
Central Sulawesi 52 6 15 a
Alor 50 22 14 a

Propinsi Papua 19 16 0 a

a. Capelli et al. [2001], and Cristian Capelli, pers. comm. 2002
b. Kayser et al. [2001b]

Tab. 4.3: Y chromosome haplogroup O3 and M frequencies from western (top) to eastern (bottom)
Indonesia.
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4.2 Results

4.2.1 Samples, Generation of Control Region Sequences, and Descriptive Statistics

Sampling Location n Control Region Census Region Population Size

Sequences (millions)†

Ambon 24 23 Maluku Islands 1.2
Banjarmasin (Borneo) 23 22 South Kalimantan 2.5
Jakarta (Java) 107 53 Jakarta 8.4
Lombok 24 24 West Nusa Tenggaras 4.0
Manado (Sulawesi) 24 22 North Sulawesi 2.0

n 202 144

�
BPS Statistics Indonesia; URL: http://www.bps.go.id/index.shtml

Tab. 4.4: Samples from Indonesia. Number of individuals, control region sequences generated, and esti-
mated population sizes from the year 2000 census of Indonesia.

MtDNA variation was examined in population samples (n = 144) from five locations:

Jakarta, Banjarmasin, Lombok, Manado, and Ambon (table 4.4). Control region sequences were

generated for eighty individuals using the method in section 3.3.1. Control region sequences for

a further sixty-four individuals (fifty-three from Jakarta, and eleven from Banjarmasin) were se-

quenced by Prof. Erika Hagelberg prior to the commencement of my research. These data were

combined to create a single data set (144 sequences). Sequences were cropped to nucleotides

16063–16390, so that no nucleotide positions had missing data. Poly-cytosine and poly-adenine

stretches between nucleotides 16180–16193, which are prone to length expansion and contrac-

tion [Bendall and Sykes, 1995, Thomas et al., 1998], were removed from the analysis. Such nu-

cleotides are poor markers for inferring phylogenetic relationships [Howell and Smejkal, 2000].

All remaining nucleotides (n = 314) were non-coding, and descriptive statistics of this data set

are listed in table 4.5. For the purposes of discussion, haplotypes are named after one of the

samples carrying the sequence. A table of variable sites is given in appendix E.

Many population genetic statistics (e.g. nucleotide diversity, π̂) assume that natural selection

has not acted on the loci under study. Tajima [1989] developed a test statistic, D, that can be

used to infer whether DNA haplotypes are under selection (see method in section 3.5). Tajima’s

D test indicated that selection has probably not been acting on this data set (Tajima’s D

= −1.50, ns).

4.2.2 Geographic Variation in ∆9bp Frequencies

Most ∆9bp carriers in Asia and Oceania belong to mtDNA lineage B, and B4a, a sublineage of

B, is putatively associated with the Austronesian expansion. Hence, ∆9bp typing is commonly

used as a substitute for mtDNA control region sequencing when examining the Austronesian
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Positions Variable 77 (24.5%)†

Non-Variable 237 (75.5%)
Total 314

Substitutions Transitions 73
Transversions 8
Recurrent A16220 → C and G

C16242 → A and T

A16265 → C and G‡

C16266 → A and T‡

Haplotypes One Individual Only 68 (72%)
Total 94

† Table of variable sites in appendix E
‡ Moderate rates of recurrent mutation recorded previously by

Wakeley [1993], Excoffier and Yang [1999], and Meyer et al. [1999]

Tab. 4.5: Descriptive statistics of control region sequences.

expansion. I tested all the sequenced samples for ∆9bp (see method in section 3.3.2), and a

representative gel photograph is shown in figure 4.3. There were two exceptions: Prof. Erika

Hagelberg typed eleven samples from Banjarmasin (BJM 1–4, 7, 10, 11, 14, 18, 19, 25), and Prof.

Antonio Torroni 2 typed seven samples from Jakarta (JAK 104, 125, 208, 217, 220, 230, 232)

prior to the commencement of my research. ∆9bp carrier proportions do not differ significantly

between the five sampling locations (χ2 = 5.28, df = 4, ns). This is consistent with negative

results obtained during a previous study of fifteen Indonesian locations [Handoko et al., 2001].

There is no evidence that ∆9bp frequencies, and therefore mtDNA lineage B carriers, vary in

frequency across Indonesia.

4.2.3 Geographic Variation in Control Region Haplotypes

Four population genetic parameters were calculated to determine whether mtDNA control region

variation changed across the Indonesian archipelago. These were haplotype, Ĥ, and nucleotide,

π̂, diversities, as well as AMOVA ΦST and Nei’s DA dissimilarity values.

Genetic diversity can vary with geographic distance (see Lum et al. [2002] for an example

in Oceania). Haplotype and nucleotide diversities were calculated for each Indonesian location

(see methods in section 3.5; values in appendix C). The Tukey-Kramer test was used to deter-

mine whether diversity values were significantly different between the sampling locations but no

differences were found at p < 0.05. There is no evidence that mtDNA haplotype and nucleotide

diversities vary across Indonesia.

Excoffier et al. [1992] modified Fischer’s ANOVA method to accommodate DNA sequence

frequencies, and dissimilarity values between DNA sequence pairs (see method in section 3.5).

The resulting Analysis of Molecular Variance (AMOVA) can be used to determine whether

2 Department of Genetics and Molecular Biology, University of Rome “La Sapienza”, Italy.
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Fig. 4.3: Photograph of nine base pair deletion (∆9bp) assignment. Seven Indonesian samples typed
for ∆9bp. Five individuals display 121 bp fragments, and are therefore ∆9bp−. Two individuals
display 112 bp fragments, and are therefore ∆9bp+. Known ∆9bp+ and ∆9bp− samples are run
as controls.

genetic samples taken at different geographical locations have genetic compositions that are

distinguishable statistically. The parameter calculated, ΦST, is equivalent to the F value of

a traditional ANOVA, with the exception that ΦST values are also generated for each pop-

ulation pairwise comparison. An AMOVA was run on the control region sequence data to

determine whether the five Indonesian locations have statistically significant differences in ge-

netic composition (ΦST values in appendix D). The five localities were significantly different

overall (ΦST = 0.017, p = 0.013), but the only significant ΦST pairwise population values were

the comparisons of Jakarta with Ambon (ΦST = 0.024, p = 0.049), and Jakarta with Manado

(ΦST = 0.055, p < 0.001). These populations are also the most distant geographically; Jakarta

lies 2,400 km from Ambon, and 2,200 km from Manado. Together these findings suggest that

genetic variation changes significantly in a general east-west direction across Indonesia.

Nei and Li [1979] proposed that the net number of nucleotide differences between geograph-

ical samples, DA, could be used as a measure of genetic dissimilarity between populations. The

results obtained for the Indonesian localities accord with the ΦST values (DA values in ap-

pendix D). Again, only the comparisons of Jakarta with Ambon (DA = 0.167, p = 0.033), and

Jakarta with Manado (DA = 0.389, p < 0.001), were significant.

To determine whether mtDNA control region variation forms a cline across Indonesia, I

looked for a correlation between genetic distances (ΦST and DA values) and geographical dis-

tances for the five sampled locations. Non-significant ΦST or DA values are not generally used

to reconstruct population history. However, sampling locations from opposite ends of a cline

may have significantly different ΦST or DA values, while locations closer together may not. Non-

significant ΦST or DA values should be used tentatively, and only if they are shown to co-vary

with another factor. The Mantel test is used to examine two matrices of distance values for sig-
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Fig. 4.4: Graph of correlation between genetic and geographical distances. Nei’s DA values shown
as squares (solid trendline); ΦST values as crosses (dashed trendline). Only Nei’s DA values are
significantly correlated with geographical distance (p < 0.05). Negative points are effectively
estimators of real zero values.

nificant co-variation (see method in section 3.5). Nei’s DA values are correlated positively and

significantly with geographical distance between sampling locations (r = 0.716, p = 0.048). ΦST

values are very nearly correlated with geographical distance (r = 0.716, p = 0.064). There is

weak evidence that mtDNA genetic variation between sampling locations increases with increas-

ing geographical distance (figure 4.4). This occurs in a general east-west direction. Although

the cline has only moderate statistical support, the Pearson correlation coefficient, r, is large

— much of the difference in mtDNA variation between sampling locations can be explained by

geographical distance alone.

4.2.4 Assigning Sequenced Samples to MtDNA Superhaplogroups

All human mtDNA genomes can be assigned to five broad classes, or superhaplogroups, on the

basis of four RFLP polymorphisms (see section 2.5.1 and figure 2.4). The RFLP polymorphisms,

and their corresponding nucleotide sequence polymorphisms, are:
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RFLP Polymorphisms (Nucleotide Polymorphisms)

Superhaplogroup +3592h +10394c +10397a +16389g/–16390b

(C3594T) (A10398G) (C10400T) (G16390A)

L1 X X · ·

L2 X X · X

L3 · X · ·

M · X X ·

N · · · ·

The gain (+) of 3592h relative to the reference sequence defines a basal African clade, which

incorporates L1 and L2. L2 is distinguished from L1 by the nucleotide polymorphism G16390A.

The loss (−) of 3592h defines the derived African clade, L3. Polymorphisms 10394c and 10397a

define two Asian superhaplogroups, M and N, which occur on an L3 background. M is defined

by the gain of both markers (+10394c, +10397a); N is defined by their loss (–10394c, –10397a).

These markers are usually analysed using an RFLP mapping approach (see method in sec-

tion 3.3.3). This method requires large amounts of high quality DNA, so I developed two

PCR-based tests that can be used on small amounts of low quality DNA (see method in sec-

tion 3.3.4). One test detects the character state at 3592h; the other test detects the character

states at 10394c and 10397a. These tests can assign mtDNA genomes to superhaplogroups

L1/L2, L3, M, and N. The control region polymorphism G16390A distinguishes between super-

haplogroups L1 and L2.

To classify the sequenced samples into smaller phylogenetic groups, I tested samples for the

markers 10394c and 10397a. Individuals with both markers were classified into M; individuals

lacking both markers were classified into N. Samples that did not classify to M or N were tested

for the marker 3592h. All these individuals lacked 3592h, and were therefore classified into L3.

Seven individuals from Banjarmasin (BJM 1–3, 10, 11, 18, 19), sequenced previously by Prof.

Erika Hagelberg, could not be located for RFLP typing. The remaining individuals (n = 137)

were all classified to L3, M, or N. Proportions did not differ significantly between sampling

locations (χ2 = 6.84, df = 8, ns), and there is no evidence that mtDNA superhaplogroup

frequencies vary across Indonesia.

4.2.5 Assigning Sequenced Samples to MtDNA Haplogroups

MtDNA haplotypes can be assigned to more refined groups than superhaplogroups L3, M,

and N. To help determine more detailed relationships between haplotypes, three median-joining

networks (see method in section 3.4) were constructed for the haplotypes assigned to each super-

haplogroup (figures in appendix E). Sixty, or 64% of, haplotypes could be tentatively classified

to eleven known mtDNA lineages on the basis of particular control region polymorphisms (ta-

ble 4.6). Eight lineages have close affinity with modern Asian populations, two lineages (P

and Q) relate to extant Melanesian populations, and one lineage (W) probably represents Eu-
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ropean introgression. The networks also contained twenty-five individual haplotypes (isolates)

that could not be assigned to known mtDNA lineages. Few haplotypes belong to superhap-

logroup L3 (n = 12), as would be expected from its usual prevalence in central and north-

ern Africa [Fox, 1997, Watson et al., 1997, Krings et al., 1999]. The Asian superhaplogroups M

(n = 39) and N (n = 37) are more common, and are represented in roughly equal proportions.

Eight L3 haplotypes form a tree-like cluster that is characterized by T16140C, T16189C, and

∆9bp (see figure in appendix E). JAV321 was found in South China [Vigilant and Stoneking,

1991] and Timor [Redd et al., 1995], and related haplotypes, differing by no more than two

DNA substitutions, were found in Japan [Horai and Hayasaka, 1990], Korea [Lee et al., 1997],

and Taiwan [Vigilant et al., 1991]. Despite the prevalence of L3 in Africa, these haplotypes show

strong Asian affinity. They seem to be related specifically to lineage B5 in superhaplogroup

N, which is characterized by the same control region polymorphisms. These eight haplotypes

probably belong to N, but were mistyped to L3 due to recurrent mutation at the L3/N diagnostic

site, A10398G (see section 7.4.2). A similar process has been postulated for mtDNA genomes

from Borneo [Ballinger et al., 1992a] and southern China [Kivisild et al., 2002], and this is a

warning that typing to superhaplogroup level provides only a tentative system of classification.

4.2.6 Cline in Lineage B4a, B5 and D4 Frequencies

The cline in mtDNA variation proposed above from statistical considerations can be observed

as changing frequencies across sampling locations of lineages B5 and D4, and to a lesser extent,

B4a and P (figure 4.5). D4 becomes more prevalent from west to east (Jakarta 4% to Ambon

30%), as does B4a (Jakarta 2% to Ambon 13%). B5 decreases in frequency (Jakarta 25% to

Ambon 4%). 87% of the N9a carriers also occur in the three westernmost populations, further

suggesting an east-west trend.

4.2.7 Geographic Variation in Mismatch Distributions

If the numbers of polymorphisms differing between all DNA sequence pairs are plotted, the

resulting graph is called a mismatch distribution (see method in section 3.5). Mismatch dis-

tributions are unimodal in populations that expanded recently, while multimodal distributions

may indicate populations that have recently fused. Mismatch distributions can be used to as-

sess population structure, although they may be highly dependent on sample size and sampling

methods. The results should be considered cautiously.

Mismatch distributions appear to change in form across Indonesia (figure 4.6). Jakarta’s mis-

match distribution approximates a unimodal normal distribution (Shapiro-Wilk’s normality test;

W = 0.974, p < 0.001), whereas Ambon’s distribution is essentially bimodal. This bimodality

is a function of the interaction between two mtDNA lineages: M7c, and the Austronesian-



4. Indonesia 76

Freq Haplotypes Polymorphisms

Superhaplogroup (Sub)Lineage Affinity§ Ref

(%) (n) Primary† Secondary‡

L3 putative B5 9 8 T16140C Southern Chinese; 1/69 q
T16189C Southern Chinese d
∆9bp Taiwanese Aboriginals; 3/28 k

Timor g
Japanese a, l
Koreans j

M D4 15 8 T16362C C16291T Southern Chinese; 5/69 q
Taiwanese Aboriginals; 1/28 k
Inuit e
Native Americans n

G2 3 5 C16278T T16189C Southern Chinese; 1/69 q
Japanese c

M7b 2 2 G16129A Southern Chinese; 6/69 q
T16297C Taiwanese Aboriginals; 1/28 k

Japanese c

M7c 13 11 T16362C C16295T Southern Chinese; 1/69 q
Taiwanese Aboriginals; 1/28 k
Filipinos p

Q 1 2 G16129A Melanesia h, l

N B4a 6 5 T16217C Polynesia h
C16261T Southern Chinese; 10/69 q
∆9bp Chinese b

Koreans n
Japanese f

B5 7 7 T16217C Southern Chinese; 1/69 q
C16261T Taiwanese Aboriginals; 3/28 k
∆9bp Japanese o

N9a 10 9 T16172C Southern Chinese; 1/69 q
T16304C Taiwanese Aboriginals; 3/28 r

Japanese c

P 1 2 C16176T Melanesia h, l
C16266T

W 1 1 C16111T Western Eurasia i, m, p
T16172C
T16362C

Total 68 60

† Polymorphisms that are diagnostic of the lineage
‡ Polymorphisms that occur in some terminal branches of the lineage
§ Frequency of lineage in sample, where known

a. Horai and Hayasaka [1990] j. Lee et al. [1997]
b. Yoneda et al. [1990] k. Melton et al. [1998]
c. Ozawa et al. [1991] l. Hagelberg et al. [1999b]
d. Vigilant and Stoneking [1991] m. Macaulay et al. [1999a]
e. Jun et al. [1994] n. Ingman et al. [2000]
f. Ozawa [1995] o. Shin et al. [2000]
g. Redd et al. [1995] p. Maca-Meyer et al. [2001]
h. Sykes et al. [1995] q. Kivisild et al. [2002]
i. Torroni et al. [1996] r. Unpublished data

Tab. 4.6: MtDNA lineages identified in Indonesia. Unassigned haplotypes excluded from table; percent-
ages do not sum to 100%.
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Fig. 4.5: Cline of mtDNA lineage frequencies across Indonesia.

associated lineage, B4a. The multimodal (e.g. Ambon) or unordered (e.g. Manado) mismatch

distributions of the eastern islands, and the more unimodal distributions of the western islands,

may be a further sign of changing population structure across the Indonesian archipelago.

4.2.8 Inferred Ages of MtDNA Lineages

Saillard et al. [2000] suggested a novel method for dating DNA lineages using network diagrams

and ρ (see method in section 3.4). The ρ statistic is the average number of mutations from

observed DNA sequences to a defined root. If such mutations are assumed to occur with a

Superhaplogroup (Sub)Lineage ρ ± SD BP 95% CI (BP)

M D4 0.818 0.43 16,500 0 33,600
G2 2.20 0.72 44,400 16,000 72,800
M7c 1.22 0.57 24,600 2,100 47,100

N B 2.82 0.92 56,800 20,500 93,100
B4a 1.00 0.56 20,200 0 42,300
B5 3.29 1.3 66,300 15,300 117,300
N9a 1.87 0.75 37,700 7,900 67,500

Tab. 4.7: Inferred ages of mtDNA lineages.
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Fig. 4.6: Nucleotide mismatch distributions across Indonesia. Observed mismatch distributions are shown as bars. Expected distributions (solid line) and 95%
confidence interval (dotted lines) are superimposed. Generation of confidence intervals described in section 3.5.
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certain known regularity, the TMRCA of DNA lineages can be inferred. Some researchers do

not believe these assumptions hold, and consequently, they do not infer TMRCA ages for mtDNA

lineages. Other researchers (e.g. Harding et al. [1997]) infer ages using different methods, such

as coalescence theory [Tavaré et al., 1997]. Nevertheless, the ρ statistic is now used widely for

genetic dating (e.g. Richards et al. [1998], Forster et al. [2001]), although methods for inferring

TMRCA dates are still in their infancy, and it is reasonable to assume that they will change

over the next few years. In particular, dates inferred using ρ generally have large variances, and

are only useful for distinguishing between models with very broad chronologies. Given these

provisos, the inferred ages of mtDNA lineages should be treated with some caution.

Using the ρ statistic, I estimated TMRCA dates for seven mtDNA lineages (table 4.7). My

aim was to determine whether these lineages had a common ancestor during the Pleistocene

(>10,000 BP) or Holocene (<10,000 BP). Only lineages containing five or more haplotypes were

dated, as accuracy of ρ is reliant on correct inference of the network topology and the number

of haplotypes. Most inferred dates occur within the Pleistocene, although lower 95% confidence

bounds fall within the Holocene for lineages D4, M7c, B4a, and N9a.

The ‘Polynesian motif’ is a specific haplotype of sublineage B4a, which has been associated

with the expansion of Austronesian speakers into Oceania. Consequently, under the ‘Out of

Taiwan’ model for the settlement of Indonesia by Austronesian speakers, the motif is predicted

to date to the mid-Holocene. However, Richards et al. [1998] inferred that the ‘Polynesian

motif,’ and descendent haplotypes, evolved about 17,000 years ago (95% CI [5,500;34,500]),

and this date is not consistent with the ‘Out of Taiwan’ model. The calculation was based on

only six control region sequences, and I wanted to determine whether the inferred age of the

motif would change substantially with additional sequences. Three ‘Polynesian motif’ sequences

(LOM8, LOM12, MND21) were found in this study, as well as one derived sequence (AMB39)

that differed only by a transition at G16274A. These data were combined with the six sequences

of Redd et al. [1995] to make a composite data set (n = 10), and a median-joining network was

built. The network had a calculated ρ value of 0.600 (± SD 0.28), which gives a TMRCA date

of 12,000 BP (95% CI [900;23,300]). Although this date still falls within the Pleistocene, the

lower bound of its 95% confidence interval is consistent with the ‘Out of Taiwan’ model, but is

also consistent with the two alternative models.
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4.3 Discussion

The discussion examines mtDNA variation in Indonesia from four perspectives. Firstly, to

which surrounding populations do the mtDNA lineages found in Indonesia today show affinity?

Secondly, does mtDNA variation change across the archipelago? And if so, does it coincide with

the proposed anthropological divisions of modern Indonesians? Thirdly, do the mtDNA lineages

date from the Pleistocene or the Holocene? Fourthly, does the ‘Out of Taiwan’ model for the

settlement of Indonesia by Austronesian speakers best fit the available genetic data, or is an

alternative model better? As noted earlier, only a few Indonesian samples were analysed, and

it is unclear how well they represent real-world genetic variation in Indonesia. The following

discussion should be treated with appropriate reserve.

4.3.1 Affinity with Surrounding Regions

Three mtDNA lineages are important for understanding human population movements in the

Indo-Pacific region (see section 2.5.2). B4a is putatively associated with the dispersal of Aus-

tronesian speakers through Island Southeast Asia and Oceania [Merriwether et al., 1999]. Al-

ternately, lineages Q and P are thought to predate the Austronesian expansion, thereby being

representative of pre-Austronesian peoples [Forster et al., 2001]. Unexpectedly, lineages B4a

(n = 8), Q (n = 2), and P (n = 2) were uncommon in the data set — even combined, they

comprise no more than 8% of individuals.

Lineage B4a was found at every sampling location throughout Indonesia, contrary to pre-

vious reports that placed it only in eastern Indonesia [Richards et al., 1998]. The spread of

Austronesian peoples was seemingly not restricted to any one area of Indonesia. Even the

‘Polynesian motif’ occurs as far west as Lombok, and this weakens the argument for an origin of

the motif haplotype in East Indonesia [Richards et al., 1998]. B4a individuals are often detected

by testing for ∆9bp, a diagnostic marker of all B sublineages. B5 individuals, who have not

been associated with the Austronesian dispersal, also carry ∆9bp. B5 occurs frequently in this

Indonesian data set (16% including putative B5 lineages; table 4.6), and B5 individuals have

probably been confounded with B4a individuals in previous studies of Indonesia (e.g. Handoko

et al. [2001]). ∆9bp is not by itself a useful marker of the Austronesian dispersal in Island

Southeast Asia. Consequently, maps of ∆9bp frequencies in Island Southeast Asia may be mis-

leading (e.g. figure 2.5), and the putative genetic contribution of the Austronesian spread may

have been overestimated.

Lineage Q is even rarer in this data set (∼1%), but was detected in nearly 15% of one East In-

donesian sample [Redd and Stoneking, 1999]. Western New Guineans, who live immediately ad-

jacent to East Indonesia carry lineage Q at a frequency of 64% [Tommaseo-Ponzetta et al., 2002].

The distribution of this lineage fits well with an interpretation of Q being a marker of Melane-

sian populations [Forster et al., 2001]. In similar fashion, high ABO*B frequencies in Timor
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were attributed to contact with nearby Papuan sources [de Almeida, 1955, de Almeida, 1958, de

Castro e Almeida, 1968]. It is interesting to speculate that lineage Q may form a link between

the ancestral populations of Island Southeast Asia and modern Melanesian groups. The earliest

modern humans in Indonesia were found in Borneo and the Philippines, and show osteologi-

cal affinity to modern Melanesians [Kennedy, 1977, Bellwood, 1997, p. 85]. Similarly, beyond

eastern Indonesia and Melanesia, Q individuals are found only in Borneo (this report) and the

Philippines [Sykes et al., 1995], although this may be nothing more than a coincidence.

Lineage P is also rare in the data set (∼1%), and occurs only in East Indonesia. P was

found in 3% of East Indonesians by Redd and Stoneking [1999], but occurs in 24% of West

New Guineans [Tommaseo-Ponzetta et al., 2002]. As with lineage Q, this distribution is consis-

tent with lineage P being a marker of Melanesian populations [Forster et al., 2001], who were

pushed into eastern Indonesia by the immigration of peoples with Asian affinity [Coon, 1966].

The restriction of P and Q to East Indonesia provides a good fit to Wallace’s classification

of Indonesian peoples into Malay-like (West Indonesia) and Papuan-like (Maluku Islands and

eastern Nusa Tenggeras) [Wallace, 1869, p. 452 ff.].

The remaining mtDNA lineages detected in Indonesia have affinity with modern Eurasian

populations. Many Indonesian lineages (e.g. B5, G2, M7b, and N9a) were found in a southern

Chinese sample [Kivisild et al., 2002], but most have a broader affinity to Asia, occurring also

in Koreans, Japanese, and the Aboriginals of Taiwan [Ozawa et al., 1991, Melton et al., 1998,

Shin et al., 2000]. Therefore, Indonesians seem to have their closest relationship with modern

Asian peoples. Lineage W is practically absent from East Asia, and the sole individual carrying

this lineage is probably of European descent [Macaulay et al., 1999a, Maca-Meyer et al., 2001].

This person provides the only evidence of European introgression recorded in the data set.

4.3.2 MtDNA Variation Across Indonesia

Mourant et al. [1976, p. 94 ff.] proposed that genetic variation, specifically ABO*B and MNS*M

allele frequencies, change from west to east across Indonesia. The division between areas of high

and low MNS*M frequencies was believed to correspond roughly with a known biogeographical

divide, the Huxley-Wallace line [Mourant et al., 1976, p. 98]. Mourant [1974] thought the cline

could be explained by the movement of mainland Asian populations into Indonesia. Lum et

al. [2002] also noted that autosomal genetic variation changes with geographical distance across

Southeast Asia and Oceania, but Handoko et al. [2001] found no correlation between ∆9bp

frequencies and geographical distance within Indonesia. Conversely, a cline of mtDNA variation

was found in this report, and it appears that Handoko et al. [2001] simply lacked sufficient

mtDNA data to detect the cline.

I found weak evidence that mtDNA variation does change with geographical distance through

Indonesia. Nei’s DA values, which measure genetic dissimilarity between populations, are cor-
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related positively with geographical distance (r = 0.716, p = 0.048). The westernmost sample,

Jakarta, differs significantly from the easternmost samples, Ambon and Manado. MtDNA varia-

tion changes in a broad east-west direction, and this can be observed as a cline in the frequencies

of lineages B4a, B5, and D4 across the sampling locations (figure 4.5). B5 is more prevalent

in the west; B4a and D4 are more prevalent in the east. As further evidence of an east-west

division, 87% of N9a carriers occur in the three westernmost samples, and all P carriers occur

in the two easternmost samples.

Lineages B4a, B5, D4, and N9a all show affinity to modern mainland Asian populations, so

it is unclear how the cline should be interpreted. High B5 and N9a proportions in the west could

conceivably be due to the historical movement of Chinese into west Indonesia, but this would

not explain high D4 frequencies in the east. The most parsimonious explanation is that the

cline formed during a substantial prehistoric movement of people into Indonesia from mainland

Asia. The cline would be consistent with two routes of movement: one from southern Southeast

Asia introducing B5, and a later movement from the north introducing B4a in association with

the Austronesian expansion. This genetic pattern would fulfil one prediction of the ‘modified

Out of Taiwan’ settlement model.

East-west variation of Indonesian populations is also shown by mismatch distributions (fig-

ure 4.6), although these differences may be due in part to different sampling strategies or unequal

sample sizes. Mismatch distributions from west of the Huxley-Wallace line (Jakarta and Ban-

jarmasin) are basically unimodal. Mismatch distributions from Lombok, Manado, and Ambon

are multimodal or irregular in form.

Proposed Anthropological Divisions of Indonesians

Three anthropological divisions of Indonesians have been proposed based on biogeographical

barriers, modes of subsistence, and linguistic groups. Only a division at the biogeographical

Huxley-Wallace line has received support previously from genetic data [Mourant et al., 1976,

p. 98]. The mtDNA data set analysed here shows no obvious line of demarcation at the Huxley-

Wallace line. The trend of increasing genetic divergence with increasing geographical distance

(figure 4.4) is approximately linear in Indonesia, and this suggests that genetic variation changes

as a gentle cline through the Indonesian archipelago rather than having distinct breaks. A rapid

increase in D4 frequencies eastward of Lombok may be evidence for a genetic break (figure 4.5),

but further sampling from regions immediately surrounding the Huxley-Wallace line would be

required to confirm this finding.

There is little evidence for any genetic distinction between populations with different modes

of subsistence. Jakarta and Lombok are in areas of high population density with dependence on

intensive wet-rice agriculture. Banjarmasin, Manado, and Ambon are in an area of much lower

population density, in which a swidden agricultural economy was traditionally practiced. The



4. Indonesia 83

genetic data do not reflect this distinction. Mismatch distributions for Jakarta and Banjarmasin

are similar, suggesting similar demographic histories for the two regions; and more haplotypes

are shared between Jakarta and Banjarmasin, and Lombok and Banjarmasin (four each), than

between other pairs of sampling locations. Therefore, subsistence seems not to have been a

significant factor in the formation of genetic patterns in modern-day Indonesia.

There is little evidence for any genetic distinction between the West Malayo-Polynesian

speaking communities (Jakarta, Banjarmasin, Lombok, and Manado) and the sole Central

Malayo-Polynesian speaking community (Ambon). Only Ambon shows a bimodal mismatch

distribution, but what this means in culture-historical terms is unclear. Possibly B4a individ-

uals, who half contribute to the bimodal distribution, are only recent arrivals on the island,

whereas M7c may be associated with an older movement of people from Asia. However, Jakarta

is statistically different from both Ambon and Manado — not Ambon alone. The lack of a

linguistic division reflected in the genetic record is consistent with a previous study from In-

donesia [Handoko et al., 2001].

Effects of Historical Processes on Indonesian Genetic Variation

Contrary to expectation, there was little evidence that historical era processes affected mtDNA

variation noticeably in Indonesia. Four groups of people had historically important contact

with Indonesia: Indians, Chinese, Middle Easterners/Arabs, and Europeans. No mtDNA lin-

eages identified in Indonesia have affinity with modern Indian or Middle Eastern populations,

and this suggests that any direct biological contribution from these groups was small. Only

mtDNA lineage W, and only one individual at that, can reasonably be associated with Euro-

pean introgression in Indonesia.

The introduction of mtDNA lineages via Chinese populations seems more likely. Chi-

nese immigrant groups have co-existed with Indonesian populations for eighty to one hun-

dred generations, at times intermarrying among them. MtDNA lineages B5 and N9a reach

greatest frequency in western Indonesia, where Chinese immigrants are also most prevalent.

B5 and N9a do occur in southern Chinese populations, but not at particularly high frequen-

cies [Kivisild et al., 2002]. It seems most likely that B5 and N9a lineages were introduced mainly

as part of a more substantial prehistoric movement of Asian peoples into Indonesia, but some

limited biological contribution from China during the historical period may well have occurred.

Although the Indianization of western Indonesia, the spread of Islam, and European colonial

activities undoubtedly impacted on the Indonesian people, this seems to have left little evidence

in the genetic record. Ricklefs [1993, p. 16] has suggested that the Indonesian population was

growing exponentially by the seventeenth century, and population genetic theory shows that it

is difficult to change gene frequencies significantly in growing populations. Haploid alleles are

expected to be lost or fixed randomly in 2Ne generations; that is, as the number of individuals
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(Ne) increases, so too does the time to loss or fixation of alleles [Maynard Smith, 1989, p. 149].

In other words, allele frequencies change very slowly in large or growing populations. It is not

clear that processes of the historical era were sufficiently disruptive to change genetic patterns

significantly in the growing populations of Indonesia. This idea may be contentious. European

colonists are usually blamed for having “destroyed the traditional way of life, the population

and. . . the living standards of the survivors” [Zainu’ddin, 1974, p. 107]. Traditional ways of life

and living standards were undoubtedly devastated, but I believe that an examination of whether

European genes or activities significantly altered the genetic constitution of the Indonesian

population would reward further study. In large part, the population patterns observed today

more likely date from the prehistoric settlement of the Indonesian archipelago.

4.3.3 Inferred Ages for the Evolution of MtDNA Lineages

Methods of dating using genetic data are still in their infancy, and should be treated with some

caution. Yet many TMRCA dates inferred with genetic methods approximate dates from non-

genetic sources of data. For instance, the distribution of Y chromosome haplogroup O3 led

to its association with the spread of Austronesian speakers into Island Southeast Asia. This

process has been dated archaeologically to about 4,000 BP [Bellwood, 1997, p. 219 ff.]. Similarly,

O3 individuals had an inferred most recent common ancestor 6,000 BP (95% CI [2,700;14,500])

[Kayser et al., 2000, 2001b]. The inferred dates for the expansion of Austronesian-associated

lineage B4a through Vanuatu are also broadly consistent with archaeologically-attested dates

(see section 6.2.1). Nevertheless, TMRCA dates often have large variances; for instance, a 95%

confidence interval of 11,800 years for the O3 date calculated above. Therefore, they can only

be used to distinguish between models with very broad chronologies, and they do not approach

the precision of radiocarbon dating.

Seven mtDNA lineages were dated using the ρ statistic. Mean inferred times to the most

recent common ancestor fell within the Pleistocene for all seven lineages. If the lower bounds of

95% confidence intervals are considered, only lineages B4a, D4, and M7c could have expanded

around 4,000 BP — the timeframe indicated by the ‘Out of Taiwan’ model for the settlement of

Indonesia by Austronesian speakers. B4a has previously been associated with the Austronesian

expansion through Island Southeast Asia and Oceania [Merriwether et al., 1999, and works

cited]. Although D4 has not been similarly associated, it also forms a cline through Indonesia

like B4a, reaching its greatest frequency in East Indonesia. D4 has been found in Taiwanese

aboriginals [Melton et al., 1998] and 7% of a southern Chinese sample [Kivisild et al., 2002]. To

put this in perspective, Austronesian-associated B4a is only twice as frequent among southern

Chinese [14%; Kivisild et al., 2002]. Genetic diversity decreases as one moves east from Island

Southeast Asia toward Oceania, which indicates that genetic lineages were probably lost through

bottlenecks and/or founder events. It is interesting to speculate that lineage D4 may also

have been associated with the Austronesian expansion, but was one of the markers lost before

Austronesian populations dispersed into Oceania. This would start to address the puzzling
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finding that lineage B4a individuals constitute such a small proportion of the modern Indonesian

population (only 6%). To test for a D4 cline similar to that of B4a, more mtDNA control region

sequences would be required from Island Southeast Asia. ∆9bp typing, traditionally the genetic

test of choice, is simply not sufficient for this purpose.

The inferred age of lineage B4a, and more specifically, the ‘Polynesian motif’ and derivatives,

is also relevant to the proposed settlement models. Richards et al. [1998], in support of the

‘Out of Island Southeast Asia’ settlement model, presented evidence that the Polynesian motif

evolved well prior to the dispersal of Neolithic peoples through Indonesia. The inferred age

for the motif was 17,000 BP. This date, and even its lower confidence interval of 5,500 BP, is

inconsistent with the ‘Out of Taiwan’ model, which predicts the spread of Austronesian speakers

through Indonesia about 4,000 BP. Richards et al. [1998] inferred their date using only six East

Indonesian B4a sequences, the total number then available. Dates inferred with the ρ statistic

are probably unreliable for small sample sizes, and the addition of even four new sequences (this

study) decreased the inferred age to 12,000 BP (95% CI [900;23,300]). Although an ancestry

of 12,000 BP is still not expected under the ‘Out of Taiwan’ model, the lower confidence limit

is more consistent with its prediction. This finding should certainly not be taken as strong

evidence for the ‘Out of Taiwan’ model, but it is a clear warning that dates estimated from only

a few sequences may be unreliable.

Nevertheless, most mtDNA lineages, excluding B4a and D4, are inferred to date from the

Pleistocene. This is contrary to the orthodox ‘Out of Taiwan’ model, and it is a problem that

must be examined further.

4.3.4 Models for the Settlement of Indonesia by Austronesian Speakers

Three models have been proposed for the settlement of Indonesia by Austronesian speakers.

These can be broadly differentiated by chronological and geographical criteria:

Predictions

MtDNA Lineage Ages Direction of Movement

Out of Taiwan Holocene From Asia

Out of Island Southeast Asia Pleistocene Towards Asia and Oceania

Modified Out of Taiwan Holocene and Pleistocene From Asia

MtDNA lineages uniformly have inferred ages of origin that date back to the Pleistocene

(>10,000 BP). The mean TMRCAs range from 66,300 years ago (B5) to 16,500 years ago (D4).

Lineages B4a, D4, M7c, and N9a could have evolved during the Holocene (<10,000 BP), if lower

95% confidence limits are considered. Only lineages B4a and D4 have confidence intervals that

incorporate the very recent past (see table 4.7). B4a has been associated with the introduction
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of Austronesian languages into Indonesia previously, and a case was made in the last section for

D4 being similarly associated.

However, it seems reasonable that the remaining mtDNA lineages really do date from the

Pleistocene. It is interesting to speculate that their arrival may be associated with the spread

of the Hoabinhian stone tool complex from mainland Asia into Sumatra from ca. 13,000

BP [Bellwood, 1978, p. 64 ff.]. However, Hoabinhian sites in Indonesia have a restricted dis-

tribution in northeastern Sumatra [Spriggs, 2000, p. 56], and they are probably not associated

with a cline that stretches right across the Indonesian archipelago.

The Pleistocene-aged lineages may possibly have been introduced into Indonesia more re-

cently, long after their most recent common ancestor evolved on the Asian mainland. Bellwood

[1997, pp. 236–241] suggested that a second cluster of Neolithic peoples entered Island Southeast

Asia via the Malay peninsula, because early Neolithic assemblages in western Borneo have some

affinity with Malaysian and southern Thai assemblages. Furthermore, Austronesian languages

in Borneo may contain a substratum from Austroasiatic languages [Spriggs, 2000], which are

spoken today across mainland Southeast Asia [Higham, 2002, p. 15]. This archaeological hy-

pothesis is largely untested, because there are no dated Neolithic assemblages from Sumatra and

Java [Spriggs, 2000, p. 67]. Nevertheless, a secondary Neolithic incursion carrying old mtDNA

lineages into western Indonesia from the mainland would fit well with the observed genetic cline

across the archipelago.

There seems no obvious way to test either scenario. Nevertheless, those lineages whose geo-

graphical distributions are associated with anthropological processes (e.g. Y chromosome hap-

logroup O3, or mtDNA lineage B4a) have inferred ages that are consistent with archaeologically-

attested dates, and lacking alternative evidence, it has been assumed that the genetic dates are

accurate. Whether they reflect the settlement of Indonesia, however, is not clear.

The dating of most Indonesian mtDNA lineages to the Pleistocene best fits the ‘Out of Island

Southeast Asia’ model, although the finding of two lineages that date to the Holocene is also

consistent with the ‘modified Out of Taiwan’ model. The ‘Out of Taiwan’ model, which predicts

that most mtDNA lineages date to the Holocene, has little support from the genetic data.

The ‘Out of Island Southeast Asia’ model suggests that the Polynesian motif haplotype could

not have spread through East Indonesia during the mid to late Holocene, because the motif

originated more than 5,500 years ago. Combining these data with newly available sequences has

reduced the antiquity of this date — the latest estimate puts the lower 95% confidence interval

at only 900 BP. Consequently, dates inferred from Polynesian motif sequences cannot distinguish

between the ‘Out of Island Southeast Asia’ and ‘modified Out of Taiwan’ models.

The three settlement models predict that some mtDNA lineages found in Indonesia should

form a cline either to or from mainland Asia. All Indonesian lineages, except Melanesian P

and Q, have relatives on mainland Asia. Some lineages are segregated geographically within
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Indonesia: B5 and N9a individuals are more likely to be found in the west; B4a and D4 are more

likely found in the east. All four lineages also occur on the Asian mainland, including south-

ern China [Kivisild et al., 2002], Taiwan [Melton et al., 1998], and Japan [Ozawa et al., 1991,

Shin et al., 2000]. The presence of B5 and N9a on mainland Asia, their higher frequencies in

western Indonesia, and their much lower frequencies in eastern Indonesia, are highly suggestive

of a population spread eastward from Asia. The widespread distribution of these groups seems

to preclude associating their spread with historical-era processes, such as Chinese immigration,

or the spread of Islam, and a prehistoric movement from mainland Asia best fits the ‘modified

Out of Taiwan model’.

Furthermore, Melanesian-associated lineages P and Q, currently most prevalent in eastern

Indonesia and Melanesia, are not found in western Indonesia. This contradicts the ‘Out of Island

Southeast Asia’ model, which proposes an expansion of people from East Indonesia towards the

west. Under this model, P and Q might be expected to have spread west along with other

mtDNA lineages occurring in East Indonesia, but this process is not observed. The ‘modified

Out of Taiwan model’ predicts a spread of people from west to east, by which P and Q would

have been pushed eastward toward Melanesia, and their current distribution.

In summary, mtDNA variation forms a linear cline in a broadly east-west direction through

Indonesia. There is no evidence for distinct breaks in the cline at the Huxley-Wallace line, at

regions of changing modes of subsistence, or at major linguistic divisions. The lineages forming

the cline have affinity with those in extant Asian populations, and the cline seems to represent

immigration into Indonesia from the Asian mainland. Most mtDNA lineages in Indonesia are

inferred to date from the Pleistocene, although two lineages, including Austronesian-associated

B4a, probably date from the Holocene. Lineages dating both from the Pleistocene and the

Holocene, and a cline from mainland Asia, best fit the ‘modified Out of Taiwan’ model for the

settlement of Indonesia by Austronesian speakers.
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5.1 Introduction

Madagascar is the second geographical region studied in this report. A single Austronesian

language is spoken almost exclusively on the East African island (figure 5.1), which indicates

some level of contact with Austronesian settlers. The presence of Austronesian languages links

Madagascar with Indonesia and Vanuatu. Yet Madagascar differs from these other regions

in three respects. Firstly, Madagascar was seemingly the last study region reached by the

Austronesian expansion. The arrival of Austronesian speakers is associated archaeologically

with the first substantial settlement of Madagascar, and this occurred from the sixth century

AD [Vérin and Wright, 1999], placing Madagascar among the last places on Earth to be inhab-

ited. Secondly, the individuals examined come from small, contiguous areas of the Madagascan

highlands, and this geographical region is the smallest area under study. Madagascar itself com-

prises only a single island, albeit the fourth largest in the world [Dahl, 1991a]. Consequently,

the coincidence of genetic and spatial variation may not be evident to the same extent as in

Indonesia. Thirdly, Madagascar is the least ethnically– and linguistically-diverse of the three

study regions. The people of Madagascar self-identify to only eighteen ethnic groups (fuko),

and speak only a single language. Both people and language are denoted by the same term,

Malagasy.

Two points of similarity relate Madagascar to the other study regions. Like Indonesia,

Madagascar’s population is large — the island hosts over fifteen million inhabitants, whose

number is increasing rapidly [UN, 2000]. Like Vanuatu, Madagascar is seemingly a cultural blend

of two main influences: in this case, African and Asian [Ferrand, 1908, Dewar and Wright, 1993].

I have examined genetic variation in individuals (n = 74) from four ethnic groups: Betsileo

(n = 23), Bezanozano (n = 15), Merina (n = 19), and Sihanaka (n = 17). I refer to sam-

ples by their ethnic affiliation (fuko), but they might be considered more correctly as sample

collections at four geographical locations in the highlands of Madagascar (see figure 5.1). Few

individuals were sampled at each location, especially when compared to the census population

of Madagascar. It is not known how closely samples, and genetic parameters calculated from

them, represent the genetic composition either at each geographical location, or within each

fuko. My analysis should be considered as providing only a broad picture of genetic variation
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Model Genetic Predictions
mtDNA Y chromosome

Out of Historical Indonesia Indonesian lineages O1, O2, O3

Out of Polynesia mainly B4a, some P, Q C2, M, O3

Out of Prehistoric Indonesia mainly B4a, some Indonesian lineages mainly O3, some O1, O2

Tab. 5.1: Models for Austronesian settlement in Madagascar.

within the highland region of Madagascar. Nevertheless, this study is the first to examine

both mtDNA and Y chromosome variation among Malagasy, and even such small samples are

therefore informative.

5.1.1 Three Models for the Settlement of Madagascar by Austronesian Speakers

Three models have been proposed to explain the arrival of Austronesian peoples in Madagascar.

The first model is based largely on archaeological and linguistic evidence, whereas two other

models were proposed solely on genetic grounds and by the same authors [Soodyall et al., 1995].

I hope to show that a synthesis of archaeological, linguistic, and genetic evidence would give a

more balanced approach to model construction. All three models recognize significant biological

contribution from African populations, and their genetic predictions are discussed below and

more succinctly in table 5.1.

The first model, ‘Out of Historical Indonesia’ 1, has broad support from archaeological and

linguistic data. It proposes that Madagascar was settled from western Indonesia during the era

of the first Indianized city-states. First settlement is dated more specifically between the sixth

and ninth centuries AD [Dewar, 1996, Dewar, 1997]. If Madagascar’s settlement is this recent,

it falls within the historical period, for which written records may hold important information.

From a genetic perspective, the model predicts that Malagasy should carry a subset of genetic

lineages found in Indonesians. These might include mtDNA lineages B4a, D4, M7b, and M7c

(see table 4.6), and the three subgroups of Y chromosome haplogroup O [Capelli et al., 2001].

The second model, ‘Out of Polynesia,’ is based primarily on genetic evidence. Soodyall et

al. [1995] found mtDNA lineage B4a, and particularly the ‘Polynesian motif’ haplotype, at

high frequency in Malagasy. Therefore, the authors proposed that “the original colonists of

Madagascar. . . came directly from Polynesia.” The model predicts that Malagasy should carry

a subset of genetic lineages found in Polynesians. Thus B4a should be very common, and only

those Y chromosome haplogroups found in Polynesia (e.g. C2, M, and O3) should be found in

Malagasy men.

1 The terms are my own. These models were not originally given names, but I hope that my nomenclature
will simplify the following discussion.
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Fig. 5.1: Map of Madagascar. Geographic distribution of sampled ethnic groups (fuko) are shaded, and
names highlighted. Important clusters of archaeological sites are shown as crosses.



5. Madagascar 91

The third model, ‘Out of Prehistoric Indonesia,’ is also based on genetic evidence, and its

predictions fall between the extremes of the other two models. Soodyall et al. [1995] pro-

posed that “the original colonists of Madagascar. . . came. . . from an Indonesian population who

eventually colonized the Pacific islands.” This model seems chronologically implausible, as it

presupposes one of two scenarios. Firstly, that Madagascar was settled during the era of Polyne-

sian colonization (ca. 4,000 BP; Bellwood [1997, p. 219 ff.]). In other words, two thousand years

before the earliest proposed date of settlement in Madagascar (ca. AD 100; MacPhee and Bur-

ney [1991]). Or secondly, that an Austronesian population in Indonesia split in two, one part of

which left to settle Polynesia, while the other remained genetically unchanged in Indonesia until

Madagascar’s settlement two thousand years later. Disregarding such chronological objections,

the model predicts that Malagasy should carry Austronesian-associated lineages (e.g. B4a and

O3) at high frequency, and Indonesian-associated lineages at lower frequencies.

5.1.2 Non-Genetic Evidence

Historical Records

Cultural similarities between Madagascar and Indonesia presuppose contact across the vast

Indian Ocean. Historical records mention the Indian Ocean, and its growing network of trade

relationships, from the third century BC [Winteritz, 1971], and a trade route between East Africa

and Indonesia is known with certainty from AD 70 [Casson, 1989]. The Periplus maris Erythræi,

written in that year, describes a series of trading stations extending from China to the middle

reaches of the East African coast. Arab populations had spread far down Africa by this time,

and the southernmost point of the trade network, an Arab metropolis called Rhapta, was sited

just a few hundred kilometres north of Madagascar. Surprisingly, there seems to have been no

permanent settlement in Madagascar for another five centuries.

The first historical reference to Madagascar was made by Idr̄ıs̄ı in AD 1165 [Tibbetts, 1979,

p. 85]. The island’s Arabic name, al-Qomr, survives today as the word ‘Comoro’, an island

cluster just north of Madagascar. Subsequently, Madagascar was mentioned with increasing

frequency; by Yāqūt in AD 1224, by Ibn al-Mujāwir in the thirteenth century, and by Ibn Mājid

in AD 1462 [Tibbetts, 1979, p. 85]. But even as late as the fifteenth century, Ibn Mājid described

Madagascar as “bordering on the inhabited regions of the world” [Tibbetts, 1979, p. 218]. Con-

tact between Madagascar and Indonesia seems never to have been substantial. Yet Madagascar

had even come to the attention of Europeans during this period. Marco Polo described it in

AD 1299, although he never travelled there [Masefield, 1927, Lanza, 1982]. In AD 1497, the Por-

tuguese explorer Vasco da Gama led the first Europeans past Madagascar [Ravenstein, 1898],

and his fellow countryman, Diogo Dias, landed there in AD 1500 [Ravenstein, 1890], thereby

ushering in an era of European exploitation.
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Linguistic Data

Although van Houtman described the Malagasy language in 1603 [Houtman, 1603], in 1614

Mariano became the first European to connect Malagasy explicitly with the languages of In-

donesia [Mariano, 1904]. Mariano heard two languages being used: an African Bantu language

spoken in trade along the coast, and a Malay-like language spoken among the natives. Simi-

larly, Idr̄ıs̄ı had noted a relationship between Malagasy and the languages of Indonesia during

the twelfth century [Tibbetts, 1979, p. 51, my italics]:

The Zanj [East Africans] have no ships of their own in which to travel, so they
board the boats of the land of Oman and others destined for the islands of Zābaj
[Indonesia]. . . [they] profit by selling their goods since they understand each other’s
language.

Dahl [1951, 1977] discovered that Malagasy is most closely related to Maanyan, a language

spoken in the Barito River valley of southeast Borneo. Over 90% of Malagasy vocabulary is

shared with languages currently spoken there [Vérin et al., 1970]. Other languages also influ-

enced Malagasy, most notably Malay, Old Javanese, and through them, Sanskrit [Adelaar, 1989,

Adelaar, 1995b]. Consequently, Adelaar [1995b] proposed that Madagascar must have been set-

tled following the rise of the first Indianized city-states in Indonesia, during which time Sanskrit

was first used in official and religious capacities.

The earliest city-state in Indonesia was Śr̄ı Vijaya [Çoedes and Damais, 1992], a domin-

ion centred on Sumatra whose political influence stretched to Thailand and Borneo. Dat-

ing from the seventh to thirteenth centuries AD, Śr̄ı Vijayan power revolved around control

of the lucrative trading corridor through the Strait of Melaka. Maritime capabilities during

this era were advanced 2. It seems most likely that Madagascar was settled from the general

West Indonesian area, rather than specifically from southeastern Borneo, because the major

maritime powers of the age were located in Sumatra and Java. Alternately, trade internal

to Indonesia may have been controlled by small groups of people [Bellwood, 1997, p. 276],

who were possibly descendents of Austronesian seafarers [Wolters, 1979, Hall, 1980, 1985].

An exact Indonesian source for the Malagasy, assuming there is one, has not been identi-

fied. Intriguingly, the language in a rare inscription from Bangka Island, off the southeast

coast of Sumatra [Çoedes, 1930, Casparis, 1956], may be ancestral to both Manyaan and Mala-

gasy [Aichele, 1936, Dahl, 1991b]. However, the inscription is not dated, and its significance is

not clear.

Malagasy contains Arabic words, modified by Malay usage, that denote Islamic practices.

This suggests that contact between Madagascar and Indonesia continued until the spread of

Islam through Island Southeast Asia [Adelaar, 1995a] beginning in the thirteenth century [Rick-

lefs, 2001, chapter 1]. Evidence of such contact is patchy: Bozorg Ibn Shamriyar’s Kitab ‘Aja‘ib

2 For example, see depictions of ships at Barabudhur, Java during the ninth century AD [Chihara et al., 1971].
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al-Hind [Vérin, 1986, p. 42] may record a voyage from Indonesia to East Africa from AD 945–

946, and Ibn al-Mujāwir’s Ta’r̄ıkh al-mustabs. ı̄r [Vérin, 1986, p. 44] probably records a return

voyage in AD 1228. However, I can find no further evidence of such contact.

Archaeological Data

Environmental changes suggest that the earliest settlement in Madagascar occurred along the

southwest coast (figure 5.1), and dates from 60 BC – AD 210 [Burney, 1993]. The first di-

rect archaeological evidence is contemporary [MacPhee and Burney, 1991], although the earliest

habitation sites in the north date from slightly later; a rock-shelter on the far northern tip of

Madagascar was inhabited around AD 250 – 590. These early settlements contain few artefacts

and little pottery, and their culture-historical affinities are not clear. Current evidence is com-

patible with non-resident visitors, most likely from Africa, stopping there for short periods of

time [Wright and Rakotoarisoa, 1997].

The first permanent habitation occurs on the northeast coast between the sixth and ninth

centuries AD [Dewar, 1996, Dewar, 1997]. These settlements are characterized by iron smithing,

pottery, and distinct village sites [Vérin and Wright, 1999]. East Asian rice was grown in the

Comoro Islands from the eighth century [Wright, 1984, Allibert, 1989]. Pottery forms, iron

working, and the cultivation of rice strongly suggest contact with Southeast Asia [Vérin and

Wright, 1999]. Although Madagascar may have been “visited several times before a perma-

nent residential base was established” [Dewar and Wright, 1993, p. 431], the first peoples of

Southeast Asian origin seem to have arrived in Madagascar no earlier than the sixth century

AD.

Madagascar’s Central Highlands, the geographic region under study, supported widespread

settlement only from the thirteenth century AD [Burney, 1987, p. 137]. Ceramics from the

highland sites differ from contemporary assemblages along the coastal regions [Dewar and

Wright, 1993, p. 439], and this may indicate divergent cultural affinities. Certainly cattle

husbandry suggests contact with African societies at this time [Clutton-Brock, 1987]. Dur-

ing the fourteenth century, the highlands developed in complexity; growing from small villages

to hierarchically-organized settlement clusters [Dewar and Wright, 1993, p. 447]. Many tra-

ditions of migration within the highland region date to this period [Dewar and Wright, 1993,

p. 448]. Small polities formed during the seventeenth and eighteenth centuries, often follow-

ing European models and encouraged by European armaments [Kottak, 1980]. The Malagasy

fuko, and their defining cultural characteristics, may have crystallized only in the eighteenth

century [Dewar and Wright, 1993, p. 454]. The greatest population density and organizational

complexity centred around the Merina fuko [Dewar and Wright, 1993, p. 455 ff.], which came

eventually to control Madagascan politics absolutely. But the French, growing in numbers

and power, finally seized Madagascar as a colony in 1895 [Wright, 1991]. However, following
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a short period of French colonial rule, the Malagasy proclaimed an independent Republic in

1960 [Kelly et al., 2002].

5.1.3 Potential Confounding Effects due to Historical Processes

Following Madagascar’s settlement, contact may have continued with Indonesia [Adelaar, 1995a],

although historical records suggest that this was limited. Yet there was probably more substan-

tial interaction with three other sources: Middle Easterners/Arabs, Africans, and Europeans.

The East African coast hosted Arab colonies from the first century AD, and their inhabitants

were assimilated into local regions through “continual intercourse and intermarriage” [Casson,

1989, section 16]. Contact with Arab traders increased when Islamicized ports were founded

along Madagascar’s northwest coast during the twelfth to fourteenth centuries [Radimilahy,

1997]. Although Madagascar’s coastal population was in part Moslem, indicated by the ruins

of fourteenth century mosques [Vérin, 1986, pp. 150–151], Islam did not spread widely as it

did in Indonesia. (Over half of modern Malagasy follow indigenous beliefs; Kelly et al. [2002]).

Intermarriage, and a biological contribution from Middle Eastern sources, might therefore be

quite limited.

The shared presence of cattle farming [Clutton-Brock, 1987] and Bantu languages [Mariano,

1904] suggest contact between Madagascar and Africa. Although there seem to be few writings

on this topic, there may have been extensive contact with the eastern coast of Africa following

the eleventh century AD (Henry Wright 3, pers. comm. 2000). Some evidence for intermarriage

between Malagasy and Africans has been determined genetically (see following section).

Although there is little evidence that Europeans directly contributed to Malagasy, they

may have induced demographic changes just before, and during, the colonial period. The re-

structuring of highland peoples by the Merina fuko appears to have been based on European

models [Kottak, 1980], and the development of fuko as ethnic units may have been part of this

restructuring [Dewar and Wright, 1993, p. 454]. As a consequence, fuko may turn out to have

little meaning in a biological classificatory sense.

5.1.4 Genetic Research on Malagasy

As few studies have examined genetic variation in Malagasy, relationships within the island and

beyond its shores are still only broadly defined. The clearest signs of affinity point to Southeast

Asia and Africa. MtDNA variation has been examined in one study, but Y chromosome variation

has not been researched previously.

3 Department of Anthropology, University of Michigan, Ann Arbor, U.S.A.
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Biparentally-Inherited Genetic Systems

The Human Leukocyte Antigen (HLA) system contains a series of genes involved in immune

defence [Fischer and Mayr, 2001]. Although HLA variation is almost certainly under selec-

tion [Geraghty et al., 1999, Suzuki and Gojoburi, 1999], the sheer extent of HLA diversity makes

it useful for inferring phylogenetic relationships [Muro et al., 2001]. Individuals (n = 50) from

the Merina fuko carried a diverse range of alleles [Migot et al., 1995], of which DRB1*1202 (29%)

marks affinity to the Indo-Pacific region. DRB1*1202 is most frequent in Java (51%; Gao et al.

[1992]), but is common in Nauru, Micronesia, New Caledonia, and Melanesia [Kohonen-Corish

and Serjeantson, 1986]. The HLA-DRB1*1202-DQA1*0601-DQB1*0301 haplotype is unique to

Madagascar and Southeast Asia; it forms a cline from Japan (infrequent) to Java (common)

[Gao and Serjeantson, 1992, Migot et al., 1995]. Therefore, Malagasy HLA data indicate a link

to Southeast Asia, and perhaps more specifically, to western Indonesia.

The HLA-DRB1*0701-DQA7*0301-DQB1*0201 haplotype, which is moderately common in

Madagascar [Migot et al., 1995], is a marker of African populations [Fernandez-Viña et al.,

1991]. Its presence in Madagascar is corroborated by a tangential study of two Malagasy twins

in which the corresponding HLA serological type, DRw12-DQw7, was detected [Sjöberg et al.,

1992]. This haplotype indicates some contact between Malagasy and unspecified African groups.

Conversely, β globin variation shows considerable African input [Fourquet et al., 1974, He-

witt, 1996]. β S, the allele responsible for sickle cell anaemia, was detected in a study of Malagasy

individuals (n = 1425) from all eighteen fuko [Hewitt et al., 1996]. Although it has probably

evolved on multiple occasions [Kulozik et al., 1986, Flint et al., 1993], β S is most common in

Africa [Ramsay and Jenkins, 1985, 1987]. Allelic variants found in Malagasy can be traced ge-

ographically: β SBantu occurs throughout Africa, whereas other alleles trace more specifically

to the Central African Republic, Senegal, and South Africa [Pagnier et al., 1984].

Studies of β A globin [Hewitt et al., 1996], transferrin, haptoglobin, and ceruloplasmin vari-

ants [Buettner-Janusch and Buettner-Janusch, 1964, Buettner-Janusch et al., 1973] were largely

uninformative. No study detected any genetic affinity with Middle Eastern or European popu-

lations.

Maternally-Inherited MtDNA

MtDNA variation in Malagasy has been studied once [Soodyall et al., 1995, 1996a]. ∆9bp

variation and twenty-four control region polymorphisms were examined using an SSO probe

approach (see section 2.5.1). Only polymorphisms at twenty-four control region positions were

examined, and the probes used were biased heavily towards polymorphisms found in Indo-Pacific

populations [Stoneking et al., 1991, Melton et al., 1995]. This may have led to non-detection of
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other biological contributors, such as Africans and Middle Easterners, and the study probably

present an Asian-biased account of Malagasy mtDNA affinities.

∆9bp occurs most commonly in the highlands of Madagascar and along the eastern coast

facing the Indian Ocean (sometimes approaching 50%). Based on the available data, High-

land Malagasy do not seem to deviate genetically from other Malagasy populations. Highland

Malagasy carried both the deletion and diagnostic markers of the ‘Polynesian motif’ at a fre-

quency of 27% [Lum et al., 1994]. Considered a marker of expanding the Austronesian pop-

ulations [Merriwether et al., 1999], this haplotype occurred at unexpectedly high frequencies.

Alternately, many coastal individuals carried ∆9bp in association with control region poly-

morphisms that Soodyall and her colleagues considered African (e.g. C16223T and C16278T),

although they occur commonly in many non-African populations (for example, see this study’s

Indonesian data set in appendix E). The authors concluded that the highland region had a

greater biological inheritance from Asia, whereas individuals of African descent had tended to

settle coastal regions. There is little discussion of regional affinities, aside from noting a close

relationship with modern Polynesians.
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5.2 Results

5.2.1 Determining MtDNA Variation

Samples, Generation of Control Region Sequences, and Descriptive Statistics

Sampling Location n Control Region Y chromosome Population Size

(fuko) Sequences Lineages (millions)†

Betsileo 24 23 15 1.8
Bezanozano 17 15 6 0.15
Merina 24 19 8 3.9
Sihanaka 19 17 4 0.3

n 84 74 33

�
Estimated population sizes from Kelly et al. [2002, p. 2]

Tab. 5.2: Samples from Madagascar. Number of individuals, control region sequences generated, and Y
chromosomes typed.

MtDNA variation was examined in population samples (n = 74) from four locations: Bet-

sileo, Bezanozano, Merina, and Sihanaka (table 5.2). Control region sequences were gener-

ated for seventy-four individuals using the method in section 3.3.1. Sequences were cropped

to nucleotides 16024–16392, so that the character state was known at all nucleotide posi-

tions. Poly-nucleotide stretches between positions 16180–16193 were removed from the anal-

ysis, because they are prone to length expansion and contraction [Bendall and Sykes, 1995,

Thomas et al., 1998]. Such nucleotides are poor markers for inferring phylogenetic relation-

ships [Howell and Smejkal, 2000]. All remaining nucleotides (n = 355) were non-coding, and

descriptive statistics of this data set are listed in table 5.3. For the purposes of discussion, hap-

lotypes are named after one of the samples carrying that sequence. The haplotype, Ĥ = 0.902

(95% CI [0.81;0.96]), and nucleotide, π̂ = 0.261 (95% CI [0;0.53]), diversities of the Malagasy

data set were among the lowest of any population in this report (see appendix C).

Many population genetic statistics (e.g. nucleotide diversity, π̂) assume that natural selection

is not acting on the loci under study. Tajima [1989] developed a test statistic, D, that can

indicate whether DNA haplotypes are under selection (see method in section 3.5). Tajima’s D

test indicated that this data set is probably not being selected (Tajima’s D = −0.075, ns).

Geographic Variation in ∆9bp Frequencies

Most ∆9bp carriers in Asia and Oceania belong to mtDNA lineage B, of which sublineage

B4a is putatively associated with the Austronesian expansion. Hence, ∆9bp typing is a com-

monly used substitute for mtDNA control region sequencing when examining the Austronesian
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Positions Variable 27 (7.6%)†

Non-Variable 328 (92.4%)
Total 355

Substitutions Transitions 25
Transversions 3

Recurrent A16265 → G and T‡

Haplotypes One Individual Only 7 (41%)
Total 17

† Table of variable sites in appendix F
‡ Moderate rates of recurrent mutation recorded previously by

Excoffier and Yang [1999], and Meyer et al. [1999]

Tab. 5.3: Descriptive statistics of control region sequences.

expansion. ∆9bp is probably a recurrent polymorphism, and has been observed on several

African control region backgrounds [Soodyall et al., 1996b]. ∆9bp typing results must therefore

be treated with caution. I tested all sequenced samples for ∆9bp (see method in section 3.3.2),

and a map of ∆9bp frequencies is shown in figure 5.2. Note that most ∆9bp+ individuals

also carry control region polymorphisms of the ‘Polynesian motif.’ Three individuals carried

∆9bp on alternative control region sequence backgrounds (see upcoming sections): one indi-

vidual with the MER22 haplotype (superhaplogroup L3), and two individuals with the BET9

haplotype (superhaplogroup M). The finding of ∆9bp on three superhaplogroup backgrounds

further implies that it is a recurrent marker, which is consistent with previous findings from

Madagascar [Soodyall et al., 1995, Soodyall et al., 1996a]. ∆9bp carrier proportions do not dif-

fer significantly between the four fuko (χ2 = 1.61, df = 3, ns), and there is no evidence that

∆9bp frequencies vary between groups in the Madagascan highlands.

Geographic Variation in Control Region Haplotypes

Four population genetic parameters were calculated to determine whether mtDNA control re-

gion variation changes between Malagasy highland fuko. These were haplotype and nucleotide

diversities, and AMOVA ΦST and Nei’s DA dissimilarity values.

It is known that genetic diversity can vary with geographic distance [Lum et al., 2002]. Hap-

lotype and nucleotide diversities were calculated for each fuko (see methods in section 3.5; values

in appendix C). The Tukey-Kramer test was used to determine whether diversity values differed

significantly between locations, but no differences were found at p < 0.05. There is no evidence

that genetic diversity varies among groups in the Madagascan highlands.

Excoffier’s Analysis of Molecular Variance, AMOVA, can be used to determine whether

population samples have genetic compositions that are distinguishable statistically (see method

in section 3.5). An AMOVA was run on the control region sequence data to determine whether
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Fig. 5.2: Frequencies of mtDNA markers in Malagasy fuko. ∆9bp (left) and superhaplogroup (right) frequencies in four fuko regions. Pie charts are proportional
to the number of sampled individuals (brackets).
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the four fuko have statistically significant differences in genetic composition (ΦST values in

appendix D). The fuko did not differ significantly overall (ΦST = 1.42× 10−3, ns), and no ΦST

pairwise population values were significantly different (p < 0.05). Nei and Li [1979] proposed

that the net number of nucleotide differences between geographical samples, DA, could be

used as a measure of genetic dissimilarity between populations (see method in section 3.5). In

accordance with the ΦST values, no DA values for pairwise comparisons between fuko were

significant (p < 0.05; values in appendix D).

There is no evidence that mtDNA variation differs among the highland fuko. Therefore, the

four fuko samples are treated as a single sample unit for the remaining analyses.

Assigning Sequenced Samples to MtDNA Superhaplogroups

All human mtDNA genomes can be assigned to five broad classes, called superhaplogroups,

on the basis of four RFLP polymorphisms (see section 2.5.1 and figure 2.4). The RFLP poly-

morphisms, and their corresponding nucleotide sequence polymorphisms (brackets), are 3592h

(C3594T), +10394c (A10398G), +10397a (C10400T), and +16389g/–16390b (G16390A). Super-

haplogroups L1, L2, and L3 are found predominantly in African groups [Watson et al., 1997],

whereas superhaplogroups M and N occur mainly in non-African groups [Ingman et al., 2000].

These RFLP markers are usually analyzed using an RFLP mapping approach (see sec-

tion 3.3.3), but this method requires high-quantity, high-quality DNA. I developed two forced-

RFLP tests that can be used on small amounts of low quality DNA (see method in section 3.3.4).

One test detects the character state at 3592h; the other test detects character states at 10394c

and 10397a. These tests can assign mtDNA genomes to superhaplogroups L1/L2, L3, M, and

N. The control region polymorphism G16390A can distinguish between superhaplogroups L1

and L2.

To help classify control region sequences into smaller phylogenetic groups, I tested sequenced

samples for markers 10394c and 10397a. Individuals with both markers were classified into M;

individuals lacking both markers were classified into N. +10394c/–10397a samples were tested

for marker 3592h. All but two individuals lacked 3592h, and were classified into L3. The two

+3592h samples both carried the control region polymorphism G16390A, and were thus classified

into superhaplogroup L2. No L1 mtDNAs were detected. The distribution of superhaplogroup

proportions among the highland fuko is shown in figure 5.2. Superhaplogroup proportions did

not differ significantly between sampling locations (χ2 = 3.74, df = 9, ns), and there is no

evidence that mtDNA superhaplogroup frequencies vary among the highland fuko.

Traditionally, the character states at 10394c and 10397a are tested with the restriction

endonucleases DdeI and AluI, respectively. However, only two of four possible polymorphism

combinations can be typed ambiguously with these two restriction enzymes (see scheme in
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Fig. 5.3: Photograph of superhaplogroup L1/L2/L3, M, and N assignment. Gel photographs showing
representative results of assigning Malagasy individuals to superhaplogroups L1/L2/L3, M, and
N. PCR amplified DNA fragments from five Malagasy are digested with DdeI, AluI, and MspI
according to methods in section 3.3.4. The DdeI gel photograph is shown in negative to facilitate
viewing of the smallest fragments. Different ionic strengths of restriction enzyme buffers make
DNA fragments run at different rates. Therefore, note that fragments digested with AluI run more
slowly than expected, and consequently, appear larger than they are. Fragment sizes given in base
pairs. ‘L’ denotes the DNA sizing ladder.
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figure 3.3). M individuals (10398G and 10400T) can be differentiated from L1/L2/L3 individuals

(10398G and 10400C), but the combination of 10398A and 10400T would be typed incorrectly

to N (10398A and 10400C). I wanted to determine whether the 10398A/10400T combination

existed, but had usually been typed incorrectly to superhaplogroup N. I introduced a third

restriction enzyme, MspI, that would allow this distinction to be examined (see method in

section 3.3.4). The results of the test on five representative Malagasy samples is shown in

figure 5.3. The 10398A/10400T combination was not observed in the Malagasy data set (n = 74).

Determining Affinities of MtDNA Control Region Sequences

Affinities of control region sequences were determined by searching one-by-one for each haplo-

type, and closely related haplotypes, in previously published articles and the MouseII database

(method described in section 3.4). The programmes Variable (appendix K.3) and Compendium

(appendix K.2) were useful tools for this searching process. Furthermore, mtDNA haplotypes

can often be assigned to more refined groups than superhaplogroups L2, L3, M, and N. To

help determine relationships between haplotypes, four median-joining networks (see method in

section 3.4) were constructed for the haplotypes assigned to each superhaplogroup. These hap-

lotypes were combined into one figure by joining at their common root (figure in appendix F).

Most haplotypes could not be assigned to known mtDNA lineages, although three were iden-

tified: B4a, D4, and M7c. Because lineages were represented by so few haplotypes, genetic

dating using the ρ statistic (described in section 3.4) was not attempted. A list of haplotypes

is presented in appendix F, and a list of haplotype affinities is given in table 5.4.

Superhaplogroup L2 occurs commonly in southern Africa [Watson et al., 1997], whereas L3

predominates in central and northern Africa [Fox, 1997, Watson et al., 1997, Krings et al., 1999].

Therefore, Malagasy L2 and L3 individuals probably trace their ancestry to the East African

coast, although source populations cannot be identified definitively. Superhaplogroups N and

M, excepting subgroup M1 [Quintana-Murci et al., 1999], are almost absent from African groups

[Passarino et al., 1998]. Therefore, Malagasy M and N individuals probably trace their ancestry

to Eurasia, and clear pointers exist to populations in Island Southeast Asia (e.g. BET11 and

BET21 in lineage D4, BET16 in lineage M7c). No individuals carry markers associated with

Middle Eastern populations. The presence of Malagasy haplotypes in the United States, Brazil,

and Europe is probably a result of the African slave trade, and one European haplotype, BZO17,

is the only recorded indicator of European introgression in the Malagasy.

5.2.2 Determining Y Chromosome Haplogroups

The human Y chromosome phylogeny has been divided into eighteen classes [Consortium, 2002].

Labelled A to R, these haplogroups can be further subdivided, and are then labelled in the

form, C2 or O3. Y chromosome variation is explained more fully in section 2.5.3. I examined Y
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Superhaplogroup Haplotype† Affinities Ref

Identical Similar‡

L2 BZO3 Zimbabwe a

L3 BET18 Brazil§ l
Kenya k
Nigeria b, k

BET2 Kenya k
Nigeria b, k

MER22 Mali k
Nigeria k
Democratic Republic of Congo a
Guinea i
Senegal d

BET25 Mali k
Nigeria k
Democratic Republic of Congo a
Guinea i
Senegal d

BET6 Nigeria k
BZO13 Nigeria k

Sudan o
Guinea i
Canary Islands i

Portugal§ h

M BET11 Indonesia a
Philippines g
North Borneo g

BET21 Indonesia a
Philippines g
North Borneo g

BET9 United States§ q
Borneo g
Korea m

BET4 ?
BET16 Borneo g

Indonesia c, n, p
Philippines g, q
Micronesia n
Fiji n

United States§ q

N BET22 Polynesia c, g
Madagascar f, j
Indonesia e

BET24 Polynesia c, g
Madagascar f, j

BET12 Philippines g
BET1 ?
BZO17 Spain h, i

Hispanic Americans q

�
Variable positions listed in appendix F�
Differing by fewer than three control region polymorphisms�
Probably attributable to the slave trade from Africa to Europe and America

a. Horai and Hayasaka [1990] i. Pinto et al. [1996]
b. Vigilant et al. [1991] j. Soodyall et al. [1996]
c. Lum et al. [1994] k. Watson et al. [1996]
d. Graven et al. [1995] l. Bortolini et al. [1997b]
e. Redd et al. [1995] m. Lee et al. [1997]
f. Soodyall et al. [1995] n. Lum et al. [1998]
g. Sykes et al. [1995] o. Krings et al. [1999]
h. Corte-Real et al. [1996] p. Redd and Stoneking [1999]

q. United States Armed Forces Institute of Pathology database; URL: http://www.afip.org/

Tab. 5.4: Affinities of Malagasy mtDNA haplotypes.
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Frequency of Y chromosome haplogroups (%)
Fuko n

B E I L O R

Betsileo 15 7 53 33 7

Bezanozano 6 17 17 17 33 17

Merina 8 38 13 50

Sihanaka 4 50 50

Total 33 6 39 6 3 39 6

Fig. 5.4: Frequencies of Y chromosome haplogroups in Malagasy fuko. Y chromosome haplogroup
frequencies in four fuko regions. Pie charts are proportional to the number of sampled individuals
(brackets).
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chromosome variation in Malagasy men (n = 33), the largest number available for analysis. Y

chromosome polymorphisms were analyzed one-by-one following methods in section 3.3.5. All

men could be assigned to one of six haplogroups: B, E, I, L, O, and R (figure 5.4). Although the

small number of samples should be kept in mind, the proportions of haplotypes among highland

fuko are displayed in figure 5.4.

Haplogroups B and E, markers of African populations [Cruciani et al., 2002], comprise nearly

half the data set. Haplogroup O, common in East Asia [Capelli et al., 2001], makes up about

40% of the data set. Asian and African contributions to modern Malagasy seem to have been

similar in terms of male lineages. Haplogroups I and R, markers of European populations [Under-

hill et al., 2001b, Zerjal et al., 2001], comprise 12% of the data set. Haplogroup L was identified

in one individual, and is a common marker in Middle Eastern populations [Qamar et al., 2002].

This analysis therefore provides the first probable evidence of contact with Middle Eastern and

European sources.

All haplogroup O individuals in Oceania belong to the O3 subgroup [Capelli et al., 2001],

whereas O individuals in Indonesia carry a range of subgroups. To help clarify origins of the

haplogroup O carriers, I typed O individuals for the O3 marker. None of thirteen Malagasy

men carrying haplogroup O belonged to the O3 subgroup, and therefore, they show little affinity

with modern Polynesians.

Y chromosome haplogroup proportions do not differ significantly between the four fuko

(χ2 = 14.8, df = 15, ns). An AMOVA approach also detected no significant differences between

fuko (ΦST = 2.04 × 10−2, ns). These statistical tests may have limited power, because the

number of samples is small. However, there is no other clear evidence that Y chromosome

haplogroups vary in any regular manner between fuko groups in the highlands of Madagascar.
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5.3 Discussion

The discussion examines mtDNA and Y chromosome variation in Madagascar from four per-

spectives. Firstly, to which surrounding populations do Malagasy mtDNA and Y chromosome

lineages show affinity? Secondly, does mtDNA and Y chromosome variation point to sex-specific

historical processes for men and women? Thirdly, does the mtDNA and Y chromosome compo-

sition vary geographically, or between Malagasy ethnic groups? Fourthly, what model for the

settlement of Madagascar by Austronesian speakers best fits the genetic data? As noted previ-

ously, few Malagasy samples were analyzed, and it is unclear how well they represent real-world

genetic variation in the highlands of Madagascar. The following discussion should therefore be

treated with appropriate restraint.

5.3.1 Affinity with Surrounding Regions

MtDNA

Three mtDNA lineages are important for understanding human population movements in the

Indo-Pacific region (see section 2.5.2). B4a is putatively associated with the dispersal of Aus-

tronesian speakers through Island Southeast Asia and Oceania [Merriwether et al., 1999], and

Q and P are believed to have been markers of pre-Austronesian peoples [Forster et al., 2001].

Lineage B4a occurs in 19% of the Malagasy data set. Soodyall et al. [1995] detected ∆9bp in

27% of Malagasy, but this value conflated Asian B4a individuals, and ∆9bp carriers of African

and non-B4a Asian descent. Surprisingly, all the B4a individuals carried polymorphisms of

the ‘Polynesian motif,’ although one person had a derivative form (see appendix F). Although

this haplotype is common in Polynesia, it is rare in Indonesia (see appendix E), and almost

absent elsewhere [Sykes et al., 1995]. Lineages Q and P were not detected. Q and P are

rare in Indonesia today, although they reach higher frequencies in the east of the archipelago

(see section 4.2.6). Evidence for the role played by eastern Indonesia in the settlement of

Madagascar therefore seems to be contradictory. B4a, Q, and P only reach their greatest

frequencies in East Indonesia, but B4a alone occurs in Madagascar. Two scenarios would be

consistent with this finding. Firstly, B4a frequencies may initially have been low in Madagascar,

but increased in frequency through genetic drift and/or bottleneck effects. (Conversely, B4a

frequencies could have decreased in frequency in western Indonesia via the same processes). A

bottleneck effect might explain why one B4a haplotype, the Polynesian motif, predominates

in Malagasy. Or secondly, B4a lineages may have been introduced from elsewhere than East

Indonesia — presumably a region in which Q and P frequencies are low; for instance, West

Indonesia or Polynesia would fulfil this requirement.

The remaining mtDNA haplotypes can be assigned to two broad groups: African, and Asian.

L2 and L3 haplotypes carry combinations of control region polymorphisms that are prevalent
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in modern African groups [Watson et al., 1997]. The maternal ancestry of these individuals is

probably of African derivation, and they comprise 28% of the data set. L2 and L3 haplotypes

have close sequence relatives right across Africa, even including the west coast region (e.g.

Guinea and Nigeria), and this precludes African source populations from being specified more

accurately. The apparent ‘mixing’ of haplotypes across geographically-dispersed African groups

may be a function of limited sampling, or it may reflect some broad, shared historical process

(e.g. the expansion of Bantu languages; Diamond and Bellwood [2003]). If B4a is considered a

marker of the Austronesian spread to Madagascar, it appears that African peoples have provided

a larger biological contribution (L2 and L3 haplotypes; 28%) to Malagasy than did Austronesian

settlers.

One novel finding is that many M and N haplotypes in Malagasy have close affinity to

haplotypes in Island Southeast Asian populations. For instance, BET11 and BET21 belong to

lineage D4, which also occurs in Indonesia (see section 4.2.6). Yet the distribution of haplotype

BET16 provides the clearest evidence for such contact. Over 10% of Malagasy carry BET16, and

the haplotype is found in every fuko except Sihanaka. However, BET16 has a restricted global

distribution — it is found only in Island Southeast Asia, western Oceania, and Micronesia

(figure 5.5). At least some Malagasy must come from the vicinity of Island Southeast Asia.

BET16 is not found in Polynesia, which seems to rule out the possibility that Malagasy derive

wholly from that region. M and N lineages with Asian affinity (excluding B4a) incorporate

53% of Malagasy, and this shows clearly that Asia has contributed a large proportion of genetic

lineages to modern Malagasy. However, this contribution need not necessarily be associated

with the Austronesian expansion.

BZO17 provides the first evidence of European introgression into the Malagasy mtDNA

pool, as it matches sequences from Hispanic individuals from Spain and the United States

Army (table 5.4). Some European mtDNA haplotypes are distributed widely in Europe, others

are more limited in distribution [Torroni et al., 1998]. Therefore, BZO17 might not be restricted

geographically to Spain, but could potentially occur throughout the whole Iberian and southern

France region. Consequently, BZO17 may be attributable either to early Portuguese voyagers,

or to more recent French colonists. However, a French connection seems more probable. Men

comprised the bulk of workers on Portuguese voyages (H. Wright, pers. comm. 2000), but

women were more common in Madagascar during the French colonial period. No mtDNA

markers of Middle Eastern populations were detected in this study, which suggests that Middle

Eastern/Arab women did not contribute substantially to the biological history of the Malagasy.

Y Chromosome

Three Y chromosome lineages are important for understanding human population movements

in the Indo-Pacific region (see section 2.5.4). Haplogroups C2 and O3 have been associated with

the dispersal of Austronesian speakers, and M is a putative marker of pre-Austronesian peoples.
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Fig. 5.5: Global distribution of mtDNA haplotype BET16. Excludes one African American individual in the U.S. Army.
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However, C2, O3, and M were not detected in the Malagasy data set, although six other lineages

were identified.

Haplogroup O is found across mainland and Island Southeast Asia. O frequencies are high

in Indonesia; they range from 83% in Kota Kinabalu (North Borneo) to 22% in Alor (East

Indonesia) [Capelli et al., 2001]. Although O is a common lineage in Polynesia, Indonesians have

all known three subgroups, whereas Polynesians carry only subgroup O3 [Capelli et al., 2001].

39% of Malagasy men carry the marker of haplogroup O, but none belong to the O3 subgroup,

and this makes Polynesia an unlikely source population for modern Malagasy men.

Haplogroups B and E, markers of African populations [Cruciani et al., 2002], incorporate

45% of highland Malagasy men. B and E are distributed widely in Africa, and therefore, source

populations cannot be identified more accurately.

Two further source populations were detected for the first time: Europeans, and Middle

Easterners. Three individuals carry haplogroups I and R, and provide the first evidence of

probable European introgression among Malagasy [Zerjal et al., 2001]. One Bezanozano man

carried haplogroup L, which reaches moderate frequencies in the Middle East, South India, and

Central Asia [Wells et al., 2001]. However, there is little historical record of contact between

Madagascar, and South India or Central Asia; and so in this geographical context, L is probably

a marker of Arab contact. This finding constitutes the first probable evidence that Middle

Easterners contributed biologically to Malagasy, despite historical records and archaeological

research that postulate a far greater role [Vérin, 1986, pp. 150–151, Radimilahy, 1997]. The

paucity of Middle Eastern markers in Malagasy is a warning that historical and archaeological

records may not be accurate guides for inferring historical biological processes.

5.3.2 Sex-Specific Genetic Variation

Inferring the proportions of a modern population that derive from particular geographical

sources is always problematic. For instance, it assumes that the effects of genetic drift are

negligible, and that the affinities of lineages are correctly assigned. The method also assumes

that it is meaningful to describe a population as, say, 70% African and 30% Asian. Neverthe-

less, the method has been used previously (e.g. Soodyall et al. [1996a]), and the exercise is an

interesting one, if its results are treated with appropriate caution.

Three main points are reflected by the data (table 5.5). Firstly, the contribution attributable

to the Austronesian expansion does not exceed 20%; and for Austronesian men, there was

apparently no contribution at all. Non-Austronesian people have obviously played important

roles in the biological history of modern Malagasy. Secondly, the Y chromosomes that derive

from African and Asian sources are present in roughly equal numbers. Thirdly, the mtDNA

contribution from Asia exceeded that from Africa. However, the relative contributions from
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Source Frequency (%)
MtDNA Y chromosome

African 28 45
Asian 53 39
Austronesian 19 0
Other 0 16

Tab. 5.5: Proportions of sex-specific contributions to Malagasy.

African and Asian sources have been debated in the literature: Soodyall et al. [1996a] suggested

an Asian/Austronesian mtDNA contribution of 83% in the Madagascan highlands, but Singer

et al. [1957] suggested only one-third contribution based on classical blood group systems and

β S frequencies.

Nevertheless, these data imply that the settlement of Madagascar was not effected merely

by groups of male traders from Island Southeast Asia — colonization must have involved both

men and women. Presumably, the Austronesian settlement of Madagascar was a well-structured

cultural process (for examples, see Antony [1990]). However, Madagascar’s initial settlement

may have been part of the Austronesian expansion only in its broadest sense. Austronesian-

associated markers are present at low frequency, and the settlement of Madagascar may have

been largely an Asian affair.

5.3.3 Genetic Variation and Historical Confounds

Geographic and Ethnic Groups

There is no evidence that mtDNA or Y chromosome composition varies between the four sam-

pling units (fuko). Two reasons could explain this finding. Firstly, the sampling may simply

have been insufficient to detect genetic variation across the region. Secondly, highland fuko

really may have similar genetic constitutions. Most evidence supports the latter conjecture.

Hewitt et al. [1996] found that β S frequencies in the Malagasy highlands do not differ signif-

icantly between fuko. Furthermore, historical records suggest that Malagasy fuko may largely

be products of eighteenth century politics [Dewar and Wright, 1993, p. 447, H. Wright, pers.

comm. 2000]. Were the Malagasy ethnic structures only a few centuries old, it would seem un-

likely that genetic differences could have accumulated sufficiently to distinguish between them.

No variation against geographical distance was noted with haplotype and nucleotide diversities,

ΦST and DA values, or with Y chromosome haplogroup and ∆9bp frequencies. Therefore, it

seems most likely that genetic variation really does not vary with geography in the highlands of

Madagascar.
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Effects of Historical Processes on Malagasy Genetic Variation

An analysis of historical records suggests that three groups had the bulk of contact with Mala-

gasy: Middle Easterners/Arabs, Africans, and Europeans. Except for the African contribution,

these historical processes left few signs in the genetic record, although sampling may have been

too limited to detect them.

Historical and archaeological records imply that Middle Eastern peoples had widespread and

long-term contact with Madagascar [Vérin, 1986, pp. 150–151, Radimilahy, 1997]. However,

Middle Eastern alleles are uncommon in highland Malagasy, and this suggests that intermar-

riage with Arab peoples did not occur to any great extent. However, Arab influence was focused

along the coasts [Radimilahy, 1997], and contact may have been greater there than in the Mada-

gascan highlands. European alleles are similarly infrequent in the Malagasy data set. Whereas

European Y chromosome haplogroups reach high frequency in some native peoples (e.g. 40%

in New Zealand Maori; Underhill et al. [2001a]), European introgression among Malagasy was

apparently not as common.

Nevertheless, there is evidence for a large genetic input from Africa. Indeed, the first settlers

in Madagascar may well have been African [Wright and Rakotoarisoa, 1997], and if so, Asian

peoples must then have interacted with them from a very early period. Conversely, the sex-

specific imbalance of genetic lineages attributable to Africans, particularly high Y chromosome

contributions, may indicate that African men came to Madagascar more frequently than women

following the island’s settlement. These settlers would probably have been traders or slaves

(H. Wright, pers. comm. 2000), and the resulting imbalance in power might explain why the

Malagasy language, with its Asian origin, came to predominate on the island.

This study also produced an unexpected snapshot of the African slave trade. BET18 is a

Malagasy mtDNA control region haplotype that is shared with individuals in Brazil, to where

over six million Africans were shipped from ca. AD 1530 onwards [Bortolini et al., 1997a]. BET6

occurs in both Madagascar and Portugal, and it is a probable signal of the less well-known trade

in African slaves to Europe [Walvin, 2000]. Even BET16, which most likely originated in Island

Southeast Asia (see figure 5.5), occurs in one African American from the United States Army.

This man’s maternal ancestry must trace a circuitous route: from mainland Asia, thence to

Island Southeast Asia, to Madagascar, to the East African coast, and ultimately to North

America as part of the slave trade. The unusual distributions of these haplotypes emphasize

the need to account for historical processes before settlement histories can be reconstructed

accurately.
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5.3.4 Models for the Austronesian Settlement of Madagascar

Three models have been proposed to account for the settlement of Madagascar by Austronesian

speakers. Each model makes specific genetic predictions (see table 5.1), in addition to which

they all accept some level of gene flow from African sources.

The ‘Out of Polynesia’ model predicts that Malagasy should carry a subset of the genetic

variation found in Polynesia. Although the high frequency of mtDNA lineage B4a in Malagasy

and Polynesians conforms to this pattern, B4a occurs elsewhere at lower frequencies (e.g. In-

donesia; see figure 4.5). The only indigenous Y chromosome haplogroups in Polynesia are C2,

M, and O3 [Capelli et al., 2001] — none of these were detected in Malagasy men. Consequently,

it seems that shared, high frequencies of B4a are a red herring, and in general, the ‘Out of

Polynesia’ model ill fits the genetic data.

The ‘Out of Prehistoric Indonesia’ model predicts that Malagasy should carry moderate

frequencies of B4a and O3, because Madagascar was settled from an Indonesian population

that “eventually colonized the Pacific islands” [Soodyall et al., 1995]. Other mtDNA and Y

chromosome variants found in Indonesia may also occur. As considered above, although B4a

is common in this data set (19%), O3 is completely absent. Yet other Asian lineages reach

high frequencies: 53% for mtDNA, and 39% for the Y chromosome. The proportion of Asian-

associated markers is considerably greater than that of Austronesian-associated markers, and

consequently, the ‘Out of Prehistoric Indonesia’ model does not seem to fit particularly well

with the genetic data.

The ‘Out of Historical Indonesia’ model predicts that Malagasy should carry a subset of the

genetic variation found in Indonesia. MtDNA lineages that are found both in Malagasy and

Indonesians include B4a, D4, and M7c, and Malagasy share 53% of their mtDNA variants with

Indonesians. Furthermore, 40% of Malagasy men carry subgroups of Y chromosome haplogroup

O, which are ubiquitous in Island Southeast Asia. Therefore, the ‘Out of Historical Indonesia’

model seems to fit best with the genetic data.

As examined previously, the settlement of Madagascar during Indonesia’s historical period

is also supported by archaeological and linguistic evidence (see section 5.1.2). The earliest

archaeological dates for persistent settlement in Madagascar occur between the sixth and ninth

centuries AD [Dewar, 1996, Dewar, 1997], and the first Malagasy smelted iron and grew rice, both

of which were unknown in the prehistoric Pacific [Bellwood, 1978, p. 148, Spriggs, 1997, p. 163].

Linguistically, the Sanskrit, Malay, and Old Javanese loan-words seem to link Malagasy with

the Indianized city-states of western Indonesia [Adelaar, 1989, Adelaar, 1995b]. Some authors

have suggested that Austronesian crews controlled much of the shipping in the early Indonesian

empires, a legacy of their own water-borne spread [Wolters, 1979, Hall, 1980, 1985]. Although

this would be hard to confirm, a wide-spread Austronesian-based trading culture would account

well for an obscure language from Borneo coming to predominate in Madagascar.



5. Madagascar 113

Although the Malagasy genetic data contain clear links to the populations of modern Indone-

sia, the frequency of Austronesian-associated markers is low. Consequently, it is not clear that

the settlement of Madagascar should properly be viewed as part of the Austronesian expansion,

but perhaps rather as an historical contribution from mid-first millennium AD Indonesia. Never-

theless, the fact remains that a significant biological contribution to modern highland Malagasy

came from non-Austronesian sources.
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6.1 Introduction

Vanuatu is the third geographical region studied in this report. Vanuatu comprises an archi-

pelago of some eighty islands in the western Pacific Ocean [Dahl, 1991a], and is demarked by

sizeable sea gaps from the Solomon Islands to the northwest, New Caledonia to the south, and

the islands of Fiji to the east (see figure 6.1). Only languages of the Austronesian family are

spoken in the archipelago, which indicates that Vanuatu once had contact with Austronesian

peoples. This link connects Vanuatu with Indonesia and Madagascar. Yet Vanuatu differs

from these other places in two respects. Firstly, the population of Vanuatu is small — it

numbers fewer than two hundred thousand individuals, of whom more than 80% still live in

small habitation groups [UN, 2000]. Secondly, the archipelago’s inhabitants, called ni-Vanuatu,

are both ethnically and linguistically diverse. Most ethnological studies have failed to cate-

gorize the archipelago, and its external relations, in any consistent manner [Codrington, 1891,

Rivers, 1914, Buxton, 1926, Deacon, 1934]. Furthermore, modern ni-Vanuatu speak over one

hundred endemic languages [Wurm, 1994, pp 94 ff.] — Malekula alone hosts twenty-three lan-

guages, making it the most diverse linguistic region on earth. The apparent unity fabricated by

Vanuatu’s current borders thus obscures a diverse range of biological, linguistic, and cultural

variation.

Nevertheless, similarities exist with the other study regions. In size, Vanuatu falls between

the extremes of the Indonesian archipelago and the highland region of Madagascar. Additionally,

Vanuatu was first settled shortly after 3,000 years ago [Bedford et al., 1998] — about a thousand

years after the arrival of Neolithic culture in Indonesia, and about a thousand years before the

earliest settlement of Madagascar.

I have examined genetic variation in individuals (n = 342) from ten geographical locations:

Aniwa (n = 47), Banks and Torres (n = 18), Futuna (n = 49), Lamen (n = 41), Maewo

(n = 26), Malekula (n = 18), Maskelynes (n = 38), Nguna (n = 41), Paama (n = 15), and

Tanna (n = 49) (figure 6.1). Unlike in previous chapters, these samples often represent a sizable

proportion of many populations; for instance, samples from Aniwa and Futuna represent one-

fifth of each island’s population. Consequently, the results obtained from the following analyses

should represent genetic variation among ni-Vanuatu quite accurately.



6. Vanuatu 115

Fig. 6.1: Map of Vanuatu. Places named in the text are labelled; sampling locations are highlighted.
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6.1.1 Settlement Models

Archaeology has largely established the process by which Vanuatu was first settled, and this

model remains generally uncontested. (For older arguments against the model, see section 2.6).

However, unanswered questions still revolve around my central thesis. What is the contribution

from Austronesian and non-Austronesian sources to modern ni-Vanuatu? And when were these

contributions made?

Vanuatu was probably a staging-ground for the settlement of Polynesia. Central Pacific

languages (e.g. Fijian, and the Polynesian subgroup) have their closest relatives in central Van-

uatu [Spriggs, 1997, p. 98], and the Polynesian ‘Eastern Lapita’ style of pottery has closest

affinity to pottery from Malo, central Vanuatu [Anson, 1986]. Genetically, modern Polynesian

populations are relatively homogeneous — they carry Southeast Asian markers at high fre-

quency, such as mtDNA lineage B4a, and Y chromosome haplogroups O3 [Sykes et al., 1995,

Capelli et al., 2001]. Conversely, modern ni-Vanuatu seem firmly part of Melanesia, whether

considering superficial physical appearance [Buxton, 1926], morphology [Howells, 1970], or ge-

netic variation (upcoming sections).

Melanesian affinity is often attributed to secondary immigration following Vanuatu’s initial

settlement by Austronesian peoples (S. Bedford 1, pers. comm. 2002). However, another

possibility is that Austronesian and Melanesian peoples colonized Vanuatu contemporaneously.

If Austronesian peoples settled Vanuatu primarily due to the demographic growth associated

with agricultural practices [Green, 1991a], then Renfrew [1987, pp. 150–151] predicts that

local (here, Melanesian) populations “would undergo much the same increase in population

density”. Such population expansions usually leave clear markers in the genetic record, including

disproportionate numbers of low-frequency mutations [Fu and Li, 1993, Fu, 1997], and star-

shaped phylogenies [Slatkin and Hudson, 1991]. Such phylogenies can be dated genetically using

novel dating methodologies [Saillard et al., 2000], and thereby, a major question of this chapter

can be addressed. When did peoples of Melanesian affinity enter Vanuatu?

6.1.2 Lines of division

Vanuatu can be partitioned along two lines of division: geographical and linguistic boundaries.

Based on larger-than-average sea gaps between islands, the Vanuatu archipelago forms three ge-

ographical groups: Northern, Central, and Southern Vanuatu (see figure 6.2). The geographical

groups correspond roughly to cultural divisions [Rivers, 1914, Speiser, 1923], and few ethnolog-

ical accounts record inter-group movement prior to the nineteenth century. (For a rare example

of movement from Maewo (Central) to Banks Islands (Northern), see Rivers [1914, p. 25]).

1 New Zealand Historic Places Trust, Auckland, New Zealand.
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The boundaries of four broad linguistic groups form the second division, and although linguis-

tic and geographical divisions resemble each other, they are not identical (figure 6.2). Lynch

[1994] proposed a general tri-partite classification of indigenous Vanuatu languages. (Wurm

[1994] has advanced a similar classification). Current evidence suggests that modern Vanu-

atu languages are derived from three proto-languages: proto-Northern Vanuatu (PNV), proto-

Central Vanuatu (PCV), and proto-Southern Vanuatu (PSV). In addition, the languages of

Aniwa and Futuna belong to the Polynesian Outlier subgroup [Kirch, 1984, Lynch, 1994]. Re-

lated closely to languages spoken by Polynesians today, Polynesian Outlier languages probably

result from a recent back-colonization process from Polynesia [Spriggs, 1997, p. 187].

6.1.3 Archaeological History of Vanuatu

Archaeological research in the Vanuatu archipelago is surprisingly sparse [Garanger, 1972, Ward,

1979, Garanger, 1982], although a major programme of research has now been instigated [Bed-

ford et al., 1998]. Enough archaeology is known to divide the history of Vanuatu into five major

phases.

Phase 1: Initial settlement. The first occupants of Vanuatu inhabited sites belonging

to the Lapita Cultural Complex [Spriggs, 1997, p. 70], and their earliest settlement dates

from 3,000–2,700 cal BP [Bedford et al., 1998; S. Bedford, pers. comm. 2002]. There is no

archaeological evidence that humans inhabited Vanuatu prior to this time, and a lack of surface

archaeological finds, common in western Melanesia, may indicate there is no archaeology to be

found [Spriggs, 1997, p. 42]. Moreover, Green [1991a] has raised doubts that Vanuatu could be

settled without resort to agriculture, which first appears in Island Melanesia with the Lapita

Complex.

Phase 2: Long-distance interaction. Following Vanuatu’s settlement, long-distance

trade and interaction characterized Island Melanesia for a short period of ca. 500 years (to 2,500–

2,200 BP) [Green, 1987, Spriggs, 1997, p. 154]. The settlement of Fiji, and thence Polynesia,

occurred during this time. Vanuatu and Fiji were still in contact about 2,000 years ago, as is

evidenced archaeologically by traded pottery [Spriggs, 1997, p. 175].

Phase 3: Interaction sphere collapse. Following ca. 2,200–2,000 BP, the Melanesian

interaction sphere collapsed [Spriggs, 1997, p. 136], and the remaining history of Vanuatu is

characterized by local innovation and adaptation [Green, 1991b, Green, 1992]. The loss of Lapita

pottery at this time, or its reinvention in other forms, marks the end of the Lapita period in

Vanuatu [Bedford et al., 1998].

Phase 4: Localization. Non-Lapita cultural elements, endemic to more westerly parts of

Melanesia, began to predominate “as the largely South-East Asian features of Lapita became

attenuated over time” [Spriggs, 1997, p. 151]. The cultural unity of the Lapita period was
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increasingly replaced by cultural diversification, and Spriggs [1997, p. 162] has postulated that

the ethnographic diversity for which Melanesia is justly famous [Codrington, 1891] “may well

turn out to be largely a product of the last 1500 years.”

Phase 5: Polynesian return migration. The next sign of unified cultural change

in Vanuatu occurred from ca. 750 years ago in the form of return-migration from Polyne-

sia [Spriggs, 1997, p. 187]. This was probably due in part to an escalation of warfare among the

chiefdoms of Tonga and Samoa [Kirch, 1984, 1985], and in part to the contemporary devastation

of central Vanuatu by a volcanic eruption in AD 1452 [Robin et al., 1994]. The disruption of

Vanuatu society, accompanied by land made vacant by the eruption, probably assisted the colo-

nization of Polynesian migrants. The influx from Polynesia is evidenced archaeologically by the

first appearance of pig tooth beads [Firth, 1961, Spriggs, 1997, p. 203], changes in agricultural

patterns [Kirch and Yen, 1982, p. 352], and large burials associated with high-ranking individ-

uals [Garanger, 1972, 1982]. The movement is also known ethnographically from differences in

kava usage [Rivers, 1914, p. 244 ff.], which suggests that Polynesian contact was greatest in

the north and south of the Vanuatu archipelago. Linguistically, evidence for contact is clear-

est on the Polynesian Outlier islands of Aniwa and Futuna [Bayard, 1966, Kirch, 1984], whose

inhabitants still speak Polynesian languages today.

6.1.4 Historical Era Processes in Vanuatu

The Vanuatu archipelago has a patchy historical record. Although Europeans first landed there

early in the seventeenth century, only the last two hundred years have seen regular commerce.

Ni-Vanuatu were subjected to major changes during this time, which may be divided into six

chronological periods.

Period 1: Early European exploration. The Spanish expedition of Pedro Fernandez de

Quiros in 1606 established first contact between Europeans and ni-Vanuatu [Markham, 1904].

On first sailing to Santa Cruz in the southern Solomon Islands, the natives there described a

large country to the south called Mallicollo, modern Malekula [Deacon, 1934, p. 3]. Although

archaeological evidence suggests that contact between Vanuatu and surrounding regions was

reduced following ca. 2,200–2,000 BP, some exchange must have continued into the second

millennium AD. Following Quiros, European contact with Vanuatu ceased for 162 years. Louis-

Antoine de Bougainville resumed contact in 1768 [Proust, 1982], closely followed by James Cook

in 1774 [Beaglehole, 1961]. The cultural effects of the early voyagers were minimal [Spriggs, 1997,

p. 227], and biological contact was most likely negligible as well.

Period 2: Whaling. After Cook’s reports were published in 1784–1785, Vanuatu came into

increasing prominence as a landing place in the western Pacific. Whaling fleets began entering

the Pacific Ocean after 1789 [Webb, 1988, p. 6]. Whalers called often at unspecified islands

to obtain fresh food and water, and they probably did so in southern Vanuatu [Murray, 1863].
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Furthermore, genetic evidence suggests that European men fathered children in parts of Island

Melanesia [Hetherington and Wechsler, 1942, Scrimgeour, 1980, 1982, 1983].

Period 3: Sandalwood trading. Dillon [1829] stimulated a greater social upheaval in

Vanuatu by advertising the extent of sandalwood trees on Erromango. English traders quickly

scoured Vanuatu for cheap supplies of the wood, which had become highly profitable in the

English-Chinese trade [Lockerby, 1925, Shineberg, 1967]. In contrast to whalers, sandalwood

traders had extensive, widespread, and constant contact with ni-Vanuatu. Bad business dealings

made interaction progressively more violent, and trade brought guns to the islands, leading to

greater fatality in traditional warfare.

Period 4: Blackbirding. When the whaling and sandalwood trades declined in the 1850s,

local traders turned to more profitable practices. The transport of native workers to Australia,

New Caledonia and Fiji, variously called ‘blackbirding’ or ‘indentured labouring,’ was in prac-

tice a form of slavery [Palmer, 1871, Dunbabin, 1935, Wawn, 1973, Carter, 1999]. Thousands

of men and women were shipped abroad; less than a fifth made it back. While the practice

declined in the later years of the nineteenth century, it did not end completely until the Aus-

tralian Government passed the Pacific Islands Labour Bill of 1901, effectively preventing the

immigration of non-whites. In an ironic reversal of events, many ni-Vanuatu settled in Australia

were forced to return to the islands [Buxton, 1926, p. 428], thereby breaking down traditional

cultural structures of Vanuatu society still further [Rivers, 1914, volume I, p. 3]. Blackbirding

contributed to a declining population (period 5), and it is not clear that ni-Vanuatu returned

to the same islands from which they came.

Period 5: Population collapse. With the arrival of novel diseases (e.g. measles, in-

fluenza), Vanuatu’s population declined rapidly during the nineteenth century [Buxton, 1926,

Deacon, 1934, p. 18]. The populace fell by over 90% — from ca. 500,000 people in 1830 to less

than 45,000 in 1947 [Spriggs, 1997, p. 261] — and this trend has been reversed only within the

last fifty years. There has been no examination of how fluctuation in the Vanuatu population

has affected allele frequencies in extant ni-Vanuatu.

Period 6: Increasing mobility. As the population of Vanuatu was declining, it was

also becoming more mobile. The English-based pidgin language Bislama developed during the

nineteenth century. Initially only a means of communication with traders [Crowley, 1990],

the emerging lingua franca was soon being spoken between natives [Rivers, 1914, volume II,

p. 466], and thus overcame the communication barriers imposed by mutually incomprehensi-

ble languages. Together with the greater mobility afforded by trading ships, contact increased

dramatically between islands that were previously quite isolated [Buxton, 1926, Bedford, 1973].

An ever-increasing sphere of contact is a trend that has continued into the twentieth cen-

tury [Trease, 1995].
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6.1.5 Genetic Research on ni-Vanuatu

The first genetic analysis of ni-Vanuatu was conducted on blood protein polymorphism by Sim-

mons et al. [1954]. Subsequent work, for which no review has been published, focused on three

areas of study: classical and autosomal genetic markers (10 studies), mtDNA (3 studies), and

the Y chromosome (3 studies). Few studies examined variation within Vanuatu, and most data

sets are not useful for this purpose, as samples are generally combined from several geographical

locations (see tables 6.2 and 6.3).

Classical genetic data suggest that ni-Vanuatu are closely related to surrounding popula-

tions in Melanesia (sixteen alleles; table 6.1), but show little affinity with Polynesians (one

allele; table 6.1). These data are difficult to summarize, but the sharing of rare alleles (e.g.

ALB*NG, G6PD*Vanua Lava) between Vanuatu and Melanesia suggests that this relationship

is strongest. This relationship was similarly inferred by an analysis of human morphological

variation [Howells, 1970].

Studies of deleted α globin genes, the genetic cause of α thalassaemia, are informative re-

garding contact between Austronesian and non-Austronesian peoples. The –α3.7 allele occurs

at high frequency in Vanuatu [Bowden et al., 1987] and throughout Island Melanesia [Oppen-

heimer et al., 1984]. Conversely, the –α4.2 allele predominates along the northern coast of New

Guinea [Oppenheimer et al., 1984] — the proposed route of Austronesian immigration into Ocea-

nia [Bellwood, 1978, p. 125]. Interaction between Austronesian and non-Austronesian peoples

seems therefore to have occurred within Island Melanesia, and not along coastal New Guinea

[Serjeantson and Hill, 1989, p. 185]. Moreover, the –α3.7 variants of Polynesia most likely orig-

inated within Vanuatu [Martinson, 1989, p. 185], providing genetic support for Vanuatu as a

staging ground for Polynesia’s settlement.

The maternal affinities of ni-Vanuatu were examined in three mtDNA studies (table 6.2),

all of which focused on broader relationships among Oceanic populations. Lineages B4a (16%),

Q (31%), and P (24%) can be identified in control region sequences (n = 51) from Espiritu

Santo, Maskelynes, Maewo, Nguna, and Tanna [Sykes et al., 1995]. However, data from all

islands were combined, and it is not possible to examine variation within the archipelago. Only

two of the thirty-two haplotypes (6%) were shared with populations outside Vanuatu, and

as both belong to lineage B4a, they are probably associated with the Austronesian dispersal.

Lum and Cann [1998] and Merriwether et al. [1999] detected ∆9bp, effectively a B4a marker

within Oceania, at varying frequencies in Vanuatu, but there is no evident trend (table 6.2).

55% of ni-Vanuatu carried lineages Q and P, which implies a significant input from Melanesian

sources [Forster et al., 2001].

Of three reports on ni-Vanuatu Y chromosome variation [Su et al., 2000, Capelli et al., 2001,

Hurles et al., 2002], none analyzed a full range of haplogroup markers [Consortium, 2002]. All

three studies detected C, K*, and M at high frequency (table 6.3), which led Capelli et al.
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[2001] to suggest that ni-Vanuatu paternal lineages were contributed largely by “indigenous”

Melanesian groups. Haplogroup O, of which subgroup O3 is putatively associated with the

Austronesian expansion, was detected in only 6% of ni-Vanuatu [Capelli et al., 2001]. Neither

Su et al. [2000] nor Hurles et al. [2002] tested for haplogroup O markers.

Affinity
of Genetic System Allele Frequency Ref
Ni-Vanuatu

Melanesia ABO ABO*A Low a, b, d, h
ABO*B High a, b, d, h

MNS MNS*M Low a, b, d
MNS*S Low a, b, d

RH RH*cDE High a, b, d
RH*cDE Low a, b, d

FY FY*A High a, b
GPT GPT*1 High g, h
P1 P1*1 Low a, b
LE LE*Le(a+) Low a, b
GE GE*Ge(+) High i
TF TF*D1 Rare b, c, h

TF*BLae Rare b, c, h
PGK PGK*4 Rare h
ALB ALB*NG Rare h
G6PD G6PD*Vanua Lava Rare j

Polynesia PGK1 PGK1*2 Rare e, f

Europe TF TF*B2 Rare h

a. Simmons et al. [1954]
b. Douglas et al. [1964]
c. Kirk et al. [1964]
d. Simmons and Gajdusek [1966]
e. Chen et al. [1971]
f. Chen and Giblett [1972]
g. Blake [1976]
h. Blake et al. [1983]
i. Brindle et al. [1995]
j. Ganczakowski et al. [1995]

Tab. 6.1: Frequencies of classical genetic system alleles in ni-Vanuatu. Alleles shared by ni-Vanuatu and
Melanesian, Polynesian, or European populations. Abbreviations for the genetic blood systems
are: ABO, ABO blood group; ALB, Albumin; FY, Duffy blood group; GE, Gerbich blood group;
GPT, Glutamic-Pyruvate Transaminase; LE, Lewis blood group; MNS, MNS blood group; P1,
P1 blood group; PGD, 6-Phosphogluconate Dehydrogenase; PGK, Phospho-Glycerate Kinase;
RH, Rhesus blood group; TF, Transferin. Allelic variants follow standard abbreviations for this
field [Cavalli-Sforza et al., 1994], and are written following an asterisk (e.g. ABO*A represents
allele A of the ABO blood group system).
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Location n ∆9bp/B4a Frequency (%) Ref

Malo 15 49 c
Malekula 154 13 c
Tanna 72 19 c

Unspecified Islands 51 16 a
25 12 b

169 46 c

Total 486

a. Sykes et al. [1995]
b. Lum and Cann [1998]
c. Merriwether et al. [1999]

Tab. 6.2: Frequencies of mtDNA lineage B4a in Vanuatu.

Location n Haplogroup Frequencies (%) Ref

C J§ K∗ M O

Unspecified Islands 92 18 0 60† 15 6 b
20 10 0 60 15 15 a

55 16 2 75‡ 7 — c

Total 167

�
Haplogroup J is common in Central Asia and Korea; Wells et al. [2001]�
Could not distinguish between haplogroups L and N�
Could not distinguish between haplogroups K∗, L, N, and O

a. Su et al. [2000]
b. Capelli et al. [2001]
c. Hurles et al. [2002]

Tab. 6.3: Frequencies of Y chromosome haplogroups in Vanuatu.
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6.2 Results

6.2.1 Determining MtDNA Variation

Samples, Generation of Control Region Sequences, and Descriptive Statistics

MtDNA variation was examined in population samples (n = 342) from ten locations: Aniwa,

Banks and Torres, Futuna, Lamen, Maewo, Malekula, Maskelynes, Nguna, Paama, and Tanna

(table 6.4). MtDNA control regions were PCR amplified by Prof. Erika Hagelberg prior to

the commencement of my research, and sequenced commercially by MWG Biotech (Ebers-

berg, Germany). Sequences were cropped to nucleotides 16101–16386, so that character states

were known for all nucleotide positions. Poly-nucleotide stretches between positions 16180–

16193 were removed from the analysis, because they are prone to length expansion and con-

traction [Bendall and Sykes, 1995, Thomas et al., 1998]. Such nucleotides are poor markers

for inferring phylogenetic relationships [Howell and Smejkal, 2000]. All remaining nucleotides

(n = 272) were non-coding, and descriptive statistics of this data set are listed in table 6.5.

For the purposes of discussion, haplotypes are named after one of the samples carrying that

sequence.

Geographical Group Island(s) n Control Region Y chromosome Population Size
Sequences Haplotypes

North Vanuatu Banks and Torres 18 18 3 5,700

Central Vanuatu Lamen 50 41 27 � 750
Maewo 52 26 20 1,000
Malekula 54 18 23 17,100
Maskelynes 54 38 22 1,200
Nguna 49 41 28 � 1,000
Paama 56 15 36 2,600

Southern Vanuatu Aniwa 50 47 27 250
Futuna 50 49 23 250
Tanna 50 49 25 21,200

Total 483 342 234

Tab. 6.4: Samples from Vanuatu. Number of individuals, mtDNA control regions and Y chromosomes
typed, and estimated population sizes from a census of languages [Wurm, 1994].

Many population genetic statistics (e.g. nucleotide diversity, π̂) assume that natural se-

lection has not acted on the loci under study. Tajima [1989] developed a test statistic, D,

that can indicate whether DNA haplotypes are under selection (see method in section 3.5).

Although Tajima’s D test suggests that selection probably has not acted on the entire Vanu-

atu data set (Tajima’s D = −0.661, ns), a significant D value was calculated for lineage B4a

haplotypes (Tajima’s D = −1.76, p = 0.028). Even so, factors other than selection can lead

to significant Tajima’s D values, such as population expansion and bottlenecks [Tajima, 1993,

Aris-Brosou and Excoffier, 1996, Tajima, 1996]. Lineage B4a is putatively associated with the
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Austronesian expansion, and probably underwent population expansion(s) with bottlenecks

[Sykes et al., 1995, Hagelberg, 1997, Merriwether et al., 1999]. Because the data set showed no

further evidence of selection, the significant Tajima’s D value for B4a is treated as evidence of

this lineage’s recent expansion.

Positions Variable 55 (20.2%)†

Non-Variable 217 (79.8%)
Total 272

Substitutions Transitions 53
Transversions 6

Recurrent C16111 → A, T and G‡

A16171 → T and G‡

A16265 → C and G‡

Haplotypes One Individual Only 33 (45%)
Total 73

† Table of variable sites in appendix G
‡ Moderate rates of recurrent mutation recorded previously by

Excoffier and Yang [1999], and Meyer et al. [1999]

Tab. 6.5: Descriptive statistics of control region sequences.

Geographic Variation in ∆9bp Frequencies

Most ∆9bp carriers in Asia and Oceania belong to mtDNA lineage B, of which sublineage B4a

has been associated with the Austronesian expansion [Merriwether et al., 1999]. Hence, ∆9bp

typing is a commonly used substitute for mtDNA control region sequencing when examining the

Austronesian dispersal. Ms. Melanie Pierson tested the Vanuatu samples for ∆9bp prior to the

commencement of my research. The results for some individuals were unexpected (e.g. ∆9bp−

haplogroup B4a samples, or ∆9bp+ haplogroup P samples), and I re-tested the deletion status

in these individuals (table 6.6).

There are highly significant differences in ∆9bp frequencies between sampling locations (χ2 =

58.2, df = 9, p � 0.001). This appears to be dictated largely by the distribution of lineage B4a

frequencies, which comprise the majority of ∆9bp+ individuals. ∆9bp/B4a frequencies reach

Haplogroup n ∆9bp Haplotype(s)

B4a 57 57 All B4a haplotypes
Q 196 1 AN835
P 60 7 AN731, AN744, AN833, TA462, TA466, TA475, TA487
Other 29 8 AN796

Total 342 73

Tab. 6.6: Distribution of ∆9bp haplotypes among mtDNA lineages.
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highest frequency in the easternmost islands of the archipelago (see figure 6.3), and this may be

an indicator of back-migration from Polynesia (discussed in section 6.3.3).

Assigning Sequenced Samples to MtDNA Haplogroups

Oceanic mtDNA haplotypes fall mainly into three lineages: B4a, Q, and P (see section 2.5.2

and figure 2.4). Over 92% of ni-Vanuatu carried one of these lineages (figure 6.3). Chapter 7

examines the relationships between B4a, Q and P, and therefore it was unnecessary to classify

haplotypes into superhaplogroups using the forced-RFLP approach of previous chapters (see

section 3.3.4). Instead, individual sequences were assigned to haplotypes based on the following

diagnostic polymorphisms:

Haplogroup Name Polymorphisms Putative Ref

Newd Old Primary† Secondary‡ Association

B4a I T16217C, ∆9bp T16189C, A16247G, C16261T Austronesian a, b, c

Q II G16129A T16144C, C16148T, A16241G, T16362C Non-Austronesian b, c

P III C16176T, T16357C C16266T Non-Austronesian c

�
Polymorphisms that are diagnostic of the lineage

�
Polymorphisms that occur in some terminal branches of the lineage

a. Lum et al. [1994]

b. Sykes et al. [1995]

c. Hagelberg et al. [1999a]

d. Forster et al. [2001]

The haplotypes do not occur with equal frequency. Haplogroup Q (57.3%) is over three times

as common as haplogroups B4a (16.7%) and P (17.5%), and there are highly significant differ-

ences in haplogroup frequencies between sampling locations (χ2 = 234, df = 45, p � 0.001).

B4a is more common on the easternmost Vanuatu islands, Q is quite evenly distributed, and P

is found more frequently in the central parts of Vanuatu (figure 6.3). The dispersal of Austrone-

sian peoples into Oceania is supposed to have been accompanied by population bottlenecks,

and a corresponding decline in genetic diversity [Lum et al., 2002]. Concordantly, B4a hap-

lotype diversity (values in appendix C) is significantly lower than those of lineages Q and P

(Tukey-Kramer test; p < 0.01).

Nine haplotypes in twenty-nine individuals could not be assigned to B4a, Q, or P. Two

haplotypes reach moderate frequency: AN796 and FU28 (figure 6.3).

AN796 is found only on Aniwa (n = 8), and belongs to lineage B5 (see characteristic markers

in appendix G). B5 is an Asian lineage, and there are related individuals among Japanese

[Horai and Hayasaka, 1990], Koreans [Lee et al., 1997], Han Chinese from southern China and
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Frequency of mtDNA haplogroups (%)
Geographical Group Island(s) n

B4a Q P B5 319A Unassigned

North Vanuatu Banks and Torres 18 6 72 17 6

Central Vanuatu Lamen 41 27 49 24
Maewo 26 15 81 4
Malekula 18 28 61 11
Maskelynes 38 3 76 21
Nguna 41 7 66 24 2
Paama 15 20 33 47

South Vanuatu Aniwa 47 13 60 9 17 2
Futuna 49 47 31 22
Tanna 49 55 31 14

Total 342 16.7 57.3 17.5 2.3 3.2 2.9

Fig. 6.3: Frequencies of mtDNA lineages. Pie charts are proportional to the number of sampled individuals
(brackets).
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Taiwan [Vigilant et al., 1991, Kivisild et al., 2002], Taiwanese aboriginals [Melton et al., 1998],

and Timorese Indonesians [Redd et al., 1995]. AN796 is most closely related to an Indonesian

haplotype, BJM6 (see section 4.2.5). Close affinity with an Indonesian sequence, and localization

of AN796 to Aniwa, suggests that this haplotype may be a recent, historical-era introduction

from Indonesia.

FU28 is found only on Futuna (n = 11), but also occurs in one West New Guinea high-

lander [Tommaseo-Ponzetta et al., 2002]. FU28 cannot be assigned to a known lineage, and

therefore, I have called the group G16319A after its sole diagnostic polymorphism. FU28 prob-

ably represents contact with New Guinea, but whether this contact was prehistoric or whether

it occurred during the historical era is unknown.

The remaining haplotypes are less common (appendix G), and only one is phylogenetically

informative. TA470 was identified in Germany [Richards et al., 1996] and Benin [Lum et al.,

1994], a former French colony. Sykes et al. [1995] recorded TA470 previously in Vanuatu, and

this haplotype likely represents the sole case of European mtDNA introgression observed in

ni-Vanuatu.

Identifying Subgroups of MtDNA Lineages

Although the three Oceanic lineages are now well recognized [Forster et al., 2001, Kivisild et

al., 2002], the subgroups of Q and P are poorly documented. To determine whether subgroups

exist, I constructed a median-joining network that would show relationships between haplotypes

in a graphical form (see method in section 3.4). Individuals assigned to mtDNA lineages fell

naturally into their lineage clusters (see figure in appendix G). The point at which the lineages

meet forms the root of the network (confirmed by RFLP mapping; see chapter 7), and this is

also the branch-point for superhaplogroups M and N.

Examination of the network shows that lineage Q can be divided into four subgroups, and

lineage P into two subgroups. The names given to these subgroups are my own, but they follow

the standard nomenclature as used, for instance, by Kivisild et al. [2002]. The major subgroups

of Q and P, their diagnostic polymorphisms, and the locations in which they are found are

shown in figure 6.4.
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Q1 G16129A A16241G — — — — —
Q G16129A — — — — — —

Q2a G16129A — C16148T T16362C — T16144C A16265C
Q2 G16129A — C16148T T16362C — — —

Q2b G16129A — C16148T T16362C A16318T — —

Subgroup Location Comments Ref

Q1 West New Guinea e
Papua New Guinea a, b
Solomon Islands d

Q2 Vanuatu c
Philippines Rare c
Marshall Islands Rare c
West New Guinea e
Solomon Islands d

Q2a Vanuatu c
West New Guinea e
Papua New Guinea a, b, c
Solomon Islands d
Samoa Rare c
Tonga Rare c
Tahiti Rare c
Australes Rare c
Cook Islands Rare c
New Zealand Rare c

Q2b Solomon Islands d

P1 C16176T T16357C — C16270T
P C16176T T16357C — —

P2 C16176T T16357C T16209C —

Subgroup Location Comments Ref

P Vanuatu c
West New Guinea e
Papua New Guinea a, b
Solomon Islands d

P1 Vanuatu c
West New Guinea e
Papua New Guinea b

P2 Vanuatu c
West New Guinea e

a. Vigilant et al. [1991]
b. Redd et al. [1995]
c. Sykes et al. [1995]
d. Friedlaender et al. [2002]
e. Tommaseo et al. [2002]

Fig. 6.4: Subgroups of lineages Q and P, and their distributions.
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Inferred Ages of MtDNA Lineages

Saillard et al. [2000] suggested that the TMRCA of a lineage could be calculated using network

diagrams and the ρ statistic (see method in section 3.4). The ρ statistic assumes that mutations

occur with a certain regularity, and some researchers do not believe this assumption holds (e.g.

Harding et al. [1997]), while others (e.g. Richards et al. [1998], Forster et al. [2001]) use

the ρ statistic widely for genetic dating. Inferred dates should thus be treated with caution.

Nevertheless, many dates seem to be proportionally accurate. For instance, B4a haplotypes

differ by no more than four mutations, whereas Q haplotypes differ by no more than fourteen

mutations (about four times more). Similarly, the inferred age for lineage Q is about four times

that of lineage B4a (table 4.7).

Using the ρ statistic, I estimated the TMRCA for eleven mtDNA lineages and sublineages

(table 4.7). My aim was to determine whether these lineages had evolved during the Pleistocene

(>10,000 BP) or Holocene (<10,000 BP), and whether the Melanesian lineages P and Q dated

contemporaneously to the Austronesian-associated expansion of B4a.

The B4a expansion from AN821, the ‘Polynesian motif’ haplotype, is dated to 4,100 BP (95%

CI [300;7,900]). Although the 95% probable date range is large, the expansion of haplotypes

from the ‘Polynesian motif’ still likely occurred during the mid– to late-Holocene. This is

consistent with the ‘Out of Taiwan’ model, which details an expansion of Austronesian peoples

during the mid-Holocene (see chapter 2). Only four other sublineages probably date from the

Holocene: the Q2 expansion, Q2b, P1, and P2. The expansion of the Q2 starlike cluster (minus

the Q2a and Q2b off-shoots) is dated particularly closely to the B4a expansion (6,400 BP; 95%

CI [300,12,600]). As Q2 is a marker of Melanesian populations (see figure 6.4), this implies that

Melanesian peoples may have been expanding contemporaneously with Austronesian peoples.

(Sub)Lineage Node Sequence ρ ± SD BP 95% CI (BP)

B4a LA55 1.04 0.86 20,900 0 55,000
AN821 0.204 0.096 4,100 300 7,900

Q AN829 3.97 0.46 80,100 27,200 133,000
Q1 LA79 1.33 0.46 26,900 8,600 45,300
Q2 AN798 2.30 0.72 46,500 18,100 74,800
Q2 (excluding Q2a & Q2b) AN798 0.319 0.16 6,400 300 12,600
Q2a PA2 3.09 1.3 62,300 9,800 114,800
Q2b ME17 1.00 0.58 20,200 0 43,000

P MO334 2.30 1.0 46,400 5,800 87,100
P1 NG11 0.467 0.29 9,400 0 20,900
P2 ME36 0.643 0.28 13,000 2,000 23,900

Tab. 6.7: Inferred TMRCA dates for mtDNA lineages.
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6.2.2 Determining Y Chromosome Haplogroups

The human Y chromosome phylogeny has been divided into eighteen haplogroups: A to R

[Consortium, 2002]. Haplogroups can be further subdivided, and are then labelled in the form,

C2 or O3. Y chromosome variation is explained more fully in section 2.5.3. I examined Y

chromosome variation in ni-Vanuatu men (n = 234) by analyzing polymorphic markers one-by-

one (methods in section 3.3.5). All men could be assigned to one of five haplogroups: C, K*,

M, O, and R (figure 6.5).

Haplogroup C carriers comprise 18% of ni-Vanuatu men. Haplogroup C has three sub-

groups, of which C2 alone occurs in Polynesia [Redd et al., 2002]. I typed all C carriers to

determine whether they belonged to the Polynesian C2 group. All C carriers (n = 41) lacked

the diagnostic markers for C1, C2, and C3, and therefore type to C*. Paraphyletic haplogroup

C* is found at low frequencies across Island Southeast Asia and Melanesia [Redd et al., 2002].

Haplogroup K* is a paraphyletic group — a cluster of sequences descended from a com-

mon ancestor, but containing only some of the daughter sequences and not others. K* individ-

uals carry the polymorphism M9 (appendix B), which characterizes the parent group, super-

haplogroup K. However, K* individuals lack the polymorphisms of known superhaplogroup K

daughter groups. It is not known whether K* represents a single, closely-related group of men,

a marker for which is not yet known; or whether many different groups of unrelated men are

subsumed under the heading of K*. Dr. Peter Underhill 2 (pers. comm., 2002) emphasizes that

“M9* is potentially a paraphyletic cluster of lineages of only remote common ancestry,” and

advises against referring to this group as monophyletic. As over half the men in some popula-

tions type to K*, these individuals could not be excluded from further analysis. Therefore, I

have treated K* as a single ‘group’ for statistical purposes, while recognizing that it may not

be evolutionarily monophyletic.

K* is carried by 47% of ni-Vanuatu men. Dr. Peter Underhill (pers. comm., 2002) kindly

provided information regarding marker M230 (appendix B), which characterizes a subgroup of

K* individuals. K-M230 has recently been recognized as an important cluster of Melanesian

men, and is found in 52% of New Guinea highlanders [Kayser et al., 2003]. One man on Lamen

and fourteen men on Futuna were detected with M230 (14.2% of K* individuals). Although

these individuals suggest a biological connection with New Guinea, the paternal ancestry of

most K* individuals remains to be determined.

Haplogroup M is believed to be marker of Melanesian populations prior to the Austronesian

expansion [Capelli et al., 2001]. M is carried by 30% of ni-Vanuatu men, which suggests a

moderate contribution from Melanesian sources. This proportion is greater than that detected

in previous studies [Su et al., 2000, Capelli et al., 2001, Hurles et al., 2002].

2 Human Population Genetics Laboratory, Stanford University, U.S.A.
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Frequency of Y chromosome haplogroups (%)
Geographical Group Island(s) n

C K∗ M O R

North Vanuatu Banks and Torres 3 33 33 33

Central Vanuatu Lamen 27 26 59 15
Maewo 20 40 25 25 10
Malekula 23 17 83
Maskelynes 22 5 96
Nguna 28 54 46
Paama 36 61 17 22

South Vanuatu Aniwa 27 74 11 4 11
Futuna 23 4 78 13 4
Tanna 25 40 60

Total 234 17.5 47.0 29.5 4.3 1.7

Fig. 6.5: Frequencies of Y chromosome haplogroups. Pie charts are proportional to the number of sampled
individuals (brackets), with the exception of the Banks and Torres Islands sample.
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Haplogroup O is an Asian marker, and its O3 subgroup is believed to characterize the

Austronesian expansion. However, haplogroup O is carried by only 4% of ni-Vanuatu men. I

typed all O carriers (n = 10) to determine whether they belonged to the Austronesian O3 group.

All haplogroup O men carried the O3 marker. As O3 lineages occur only on the eastern islands

Maewo and Paama, they may be attributable to back migration from Polynesia.

Haplogroup R is a common marker in European populations, and probably represents

male European introgression into the Vanuatu population. Only 2% of ni-Vanuatu men trace

their paternal ancestry to a European source, which is considerably less than the 40% of New

Zealand Maori [Underhill et al., 2001a]. Haplogroup R is found only on the Polynesian Outliers

of Aniwa and Futuna, where early European contact was greatest [Buxton, 1926].

Y chromosome haplogroup proportions differ significantly between sampling locations (χ2 =

226, df = 32, p � 0.001). However, with the exceptions of K-M230, O3 and R, the distributions

of haplogroups show no clear trends. Compared to mtDNA variation (Ĥ = 0.931; 99.9% CI

[0.877;0.969]), Y chromosome variation (Ĥ = 0.661; 99.9% CI [0.555;0.760]) is highly signifi-

cantly less diverse (Tukey-Kramer test; p < 0.001).

6.2.3 Analysis of Variation

Sex-Specific Variation

To determine whether patterns of mtDNA variation mirror those of the Y chromosome, I tested

for a correlation between the mtDNA and Y chromosome population ΦST values (values in

appendix D). Using the Mantel test (methods in section 3.5), no significant correlation was de-

tected (r = −0.005, ns). Furthermore, the mtDNA haplotypes and Y chromosome haplogroups

carried by individual men were not significantly correlated at any sampling location.

Genetic Covariation with Geography and Language Groups

Two divisions of Vanuatu were proposed in section 6.1.2 as defined by geographic and linguistic

boundaries. An Analysis of Molecular Variance (AMOVA; method in section 3.5) was run on

the mtDNA and Y chromosome data to determine whether these boundaries were reflected by

a divergence in genetic variation (table 6.8).

About 80% of mtDNA variation and about 60% of Y chromosome variation can be appor-

tioned within population groups. Genetic variation does not differ significantly between the three

geographical regions (Northern, Central, and Southern Vanuatu). Nevertheless, mtDNA varia-

tion, as measured by ΦST values, is correlated significantly with geographical distance between
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Covariance Components (%)†

MtDNA Haplotypes Y Chromosome Haplogroups

Grouping n Between Within Within n Between Within Within
Groups Groups Populations Groups Groups Populations

No grouping 10 — 13∗∗∗ 87∗∗∗ 9‡ — 38∗∗∗ 62∗∗∗

Geography 3 1.6 ns 12.1∗∗∗ 86∗∗∗ 2‡ −7.3 ns 43∗∗∗ 64∗∗∗

Language 4 7.2∗ 7.0∗∗∗ 86∗∗∗ 4 −1.4 ns 39∗∗∗ 62∗∗∗

Language (minus PO) 3 9.1∗ 4.6∗∗∗ 86∗∗∗ 3 −11 ns 40∗∗∗ 71∗∗∗

�
AMOVA simulation of variance components can lead to negative values, which should be considered as zero.�
Reduced due to exclusion of Banks and Torres samples.

PO, Polynesian Outliers; ∗, p < 0.05; ∗∗, p < 0.01; ∗∗∗, p < 0.001; ns, not significant

Tab. 6.8: AMOVA results from mtDNA and Y chromosome data.

islands (r = 0.475, p = 0.011). There is no corresponding correlation between Y chromosome

variation and geographical distance (r = −0.155, ns).

The significant difference in mtDNA variation may be detectable in the geographical distri-

bution of lineage Q subgroups. Q2a is found only in Northern (n = 9) and Central Vanuatu

(n = 36), excepting one individual on Tanna. This difference is significant (χ2 = 47.8, df = 2,

p � 0.001). Q2b is found only in the Central group (n = 6), a difference that approaches

significance (χ2 = 5.56, df = 2, p = 0.062).

A significant proportion of mtDNA variation (albeit only 7.2%) is attributable to the lan-

guage groupings, whereas there is no corresponding difference with Y chromosome variation

(table 6.8). Additionally, haplotype diversity is significantly lower in the Polynesian Outliers

(Tukey-Kramer test; p < 0.05) than in the other language groups (see appendix C). However,

the significant ANOVA difference remains even when the Polynesian Outlier samples are ex-

cluded (table 6.8). A significant correspondence between genetic variation and language groups

has not been detected in Vanuatu previously.
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6.3 Discussion

This discussion examines mtDNA and Y chromosome variation in Vanuatu from five perspec-

tives. Firstly, to which surrounding populations do the maternal and paternal lineages found

in Vanuatu show affinity? Secondly, does mtDNA and Y chromosome variation indicate sex-

specific settlement processes for men and women? Thirdly, does mtDNA and Y chromosome

variation change spatially across the archipelago? Or does it coincide with the divisions of Vanu-

atu languages? Fourthly, can a chronology of genetic events help clarify when non-Austronesian

peoples contributed to ni-Vanuatu. Fifthly, what is the relative contribution of Austronesian

and non-Austronesian peoples to ni-Vanuatu, and when were these contributions made?

6.3.1 Genetic Affinities with Surrounding Regions

MtDNA Affinities

Three mtDNA lineages are important for understanding human population movements in the

Indo-Pacific region (see section 2.5.2). B4a is putatively associated with the dispersal of Aus-

tronesian speakers through Island Southeast Asia and Oceania [Merriwether et al., 1999], and

Q and P are believed to have been markers of pre-Austronesian peoples [Forster et al., 2001].

As lineages B4a, Q, and P reach a combined frequency of 92%, Austronesian immigrants and

peoples with Melanesian affinity must have formed the main sources of ancestry. Co-variation

of these lineages with sex-specific, geographical, and linguistic divisions will be examined in

upcoming sections.

Introgression from other sources is scarce. Lineage B5 reaches moderate frequency on Aniwa

(17%), and shows closest affinity to haplotypes in Indonesia (section 4.2.5). Although occurring

at moderate frequency, the lineage is found on a single island, and is represented by a single

haplotype. Therefore, B5 most likely arrived in Vanuatu during the historical era. Similarly,

FU28 reaches moderate frequency on Futuna (22%), but is identical to a haplotype from West

New Guinea [Tommaseo-Ponzetta et al., 2002]. FU28 may also represent a similar historical-era

introduction. The haplotypes may reflect increased mobility due to blackbirding [Palmer, 1871,

Dunbabin, 1935, Wawn, 1973, Carter, 1999], but little historical evidence suggests that contact

with Indonesia and New Guinea was ever substantial.

A single individual on Tanna represents the only direct biological contribution from European

women. The source is unclear, but TA470 probably has closer links to continental Europe

than the British Isles [Lum et al., 1994, Richards et al., 1996]. As Vanuatu was ruled by a

French/English Condominium government from 1906 to 1980 [Grubb, 1999], the French are the

most likely choice, although other sources cannot be excluded.
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Y Chromosome Affinities

Three Y chromosome haplogroups are important for understanding human population move-

ments in the Indo-Pacific region (see section 2.5.4). C2 and O3 are associated tentatively with the

expansion of Austronesian peoples [Capelli et al., 2001], and M is believed to trace back to pre-

Austronesian populations [Capelli et al., 2001]. Furthermore, the markers C* and K-M230 in

Vanuatu are also coming to be associated with pre-Austronesian populations [Redd et al., 2002,

Kayser et al., 2003].

Nearly half of ni-Vanuatu men belong to the K* paragroup — they cannot be assigned to

known Y chromosome lineages. Haplogroups C*, K-M230, and M are carried by 50.4% of ni-

Vanuatu men, whose paternal ancestry probably traces back to pre-Austronesian populations.

Only 4.3% carry haplogroup O3, which is a presumed marker of the Austronesian expansion.

Most ni-Vanuatu men who can be assigned to haplogroups show a general relationship either

to Austronesian or Melanesian populations. Co-variation of these lineages with sex-specific,

geographical, and linguistic divisions will be examined in upcoming sections.

Four individuals from Aniwa and Futuna represent the only direct contribution from Euro-

pean men. Only 1.7% of ni-Vanuatu men carry haplogroup R, and no other foreign markers

were identified in the data set. This proportion of European introgression is considerably less

than found, for instance, among New Zealand Maori (40%; Underhill et al. [2001a]).

6.3.2 Sex-Specific Genetic Variation

Inferring what proportions of a modern population derive from particular geographical sources

is a problematic approach, but the exercise is interesting if its results are treated with caution.

The genetic contribution assignable to the Austronesian dispersal is significantly less than the

pre-Austronesian contribution (Austronesian and Pre-Austronesian only; χ2 = 7.97, df = 1,

p = 0.005). The difference in Austronesian/Pre-Austronesian proportions is observed on both

female (58.1%) and male lines (49.1%), and it is unlikely that a disparity of this magnitude

would result from sampling bias or genetic drift.

Source Frequency (%)
MtDNA Y chromosome

Austronesian 16.7 4.3
Pre-Austronesian 74.8 53.4
European 0.3 1.7
Other 8.2 40.6

Tab. 6.9: Proportions of sex-specific contributions to ni-Vanuatu.
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Fig. 6.6: Graph of correlation between genetic and geographic distances. Genetic distances (significant
population pairwise ΦST values) plotted against geographic distances (km) between island centres.
MtDNA values as crosses (solid trend line); Y chromosome values as squares (dotted trend line).
Only mtDNA genetic distances are significantly correlated with geographic distance.

Using Y chromosome variation, Capelli et al. [2001] reached a similar conclusion. Further-

more, this interpretation is consistent with the results of classical genetic markers and osteology

(section 6.1.5), both of which suggest that ni-Vanuatu have more affinity with Melanesian than

with Polynesian populations.

The proportional differences between mtDNA and Y chromosome marker frequencies differ

less (e.g. 12.4% for the Austronesian contribution), and it is unclear whether this difference

is large enough to be meaningful. It may indicate that women of Austronesian descent took

non-Austronesian husbands more commonly than the reverse. However, ABO*A frequencies

have been observed to differ up to 17% even within the Banks Islands group, North Vanu-

atu [Blake et al., 1983]. Therefore, a difference of 12.4% may solely reflect genetic drift, al-

though drift is a stochastic process, and its significance cannot be tested directly. There is no

strong support for the proposition that men and women had different settlement histories in

Vanuatu.

However, ni-Vanuatu men were apparently more mobile than women. Y chromosome vari-

ation is not correlated with geographical distance between islands (r = −0.155, ns), whereas

nearly half of mtDNA variation can be explained by geographical distance (r = 0.475, p = 0.011).

In other words, women on adjacent islands are most similar genetically (see figure 6.6). Low Y

chromosome diversity may account in part for this difference, but limited mobility of women is

also consistent with ethnological accounts.
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In much of Melanesia, women were usually taken from their home village to the village of

their husband (patrilocality) when married [Rivers, 1914, p. 47 ff.] or abducted [Mead, 1963,

Rodman, 1979]. Men rarely moved to the village of their wife (matrilocality), and such cases are

often explained by novel economic opportunities created during the colonial era [Rodman, 1979,

p. 154, regarding Ambae in central Vanuatu]:

Matrilocality, a rarity in earlier days, became. . . more common practice. . . In cases
where a wife’s father needed assistance in running his plantation, a husband could
establish permanent or semipermanent matrilocal residence without disgrace.

This superficial analysis of matri– and patrilocality would imply that women’s mobility

exceeded that of men, but, of course, this process occurred within islands. Movements of either

men or women between islands are rarely attested (see examples in Rivers [1914, pp. 189,

340, 355]), but all recorded cases describe men travelling between islands, and marrying local

women [Rivers, 1914, p. 189]. Because the smallest genetic research units were island groups,

ethnology does seem to support the observation of reduced female mobility.

6.3.3 Genetic Covariation with Geographical and Linguistic Divisions

Geographical Divisions

Island samples contain significantly different mtDNA and Y chromosome constitutions, but this

variation does not coincide with proposed geographical divisions (section 6.1.2). Haplogroup

distributions seem to show only one trend: an east-west division of Austronesian-associated

markers.

MtDNA lineage B4a tends toward higher frequency in the eastern islands (e.g. Maewo,

Lamen, Aniwa, and Futuna), and Y chromosome haplogroup O3 occurs only in the eastern

islands of Maewo and Paama (see figures 6.3 and 6.5). Inhabitants of the western islands are

more likely to carry lineages that trace from pre-Austronesian populations. The most extreme

case is Tanna, none of whose inhabitants carried Austronesian-associated mtDNA and Y chro-

mosome markers. However, this observation conflicts with that by Merriwether et al. [1999],

who detected B4a in 19% of one Tanna sample (n = 72). Ethnographic [Rivers, 1914, p. 244 ff.,

Spriggs, 1997, p. 11] and morphological evidence [Howells, 1943] also suggest extensive Polyne-

sian interaction with Tanna.

Archaeological [Spriggs, 1997, p. 187 ff.], ethnological [Rivers, 1914, Vol. I, p. 355, Crowley,

1994], and linguistic evidence [Bayard, 1966] indicate that Vanuatu was partially resettled from

Polynesia. By mere observation, Deacon [1934, p. 703] claimed that Polynesian admixture

varies throughout the archipelago. On some islands, a complete replacement of culture and

language was apparently effected (e.g. Aniwa and Futuna; Kirch [1984]); on other islands,
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there is little to no evidence of contact (e.g. Malekula; Deacon [1934]). As a general rule, the

islands to the east show the most signs of contact, probably because they acted as a screen that

caught voyages coming west from Polynesia [Irwin, 1992, p. 2]. High B4a and O3 frequencies

on the easternmost islands are consistent with a Polynesian back-migration. As a consequence

of this back migration, the biological contribution from the Austronesian expansion during the

settlement of Vanuatu may have been even less than calculated above.

Unexpectedly, Austronesian-associated Y chromosome haplogroups C2 and O3 were not de-

tected on the Polynesian Outlier islands, Aniwa and Futuna. The mtDNA marker B4a similarly

fails to reach high frequencies: 13% on Aniwa and 47% on Futuna. B4a, C2, and O3 are

ubiquitous among Polynesian peoples [Sykes et al., 1995, Capelli et al., 2001]. The prevalent

culture and language on these Outlier islands is Polynesian [Kirch, 1984], and it is from Poly-

nesia that the islands are presumed to have been recently settled. Contrary to ethnological

sources from other Polynesian Outlier islands, Polynesian immigrants on Aniwa and Futuna

must not have eradicated the pre-existing inhabitants [Elbert and Monberg, 1965, Blust, 1987,

p. 78]. Colonization must have involved substantial intermarriage [Rivers, 1914, p. 355] or

concubinage [Dillon, 1829, Vol. II, p. 112]. This observation again warns that cultural and

linguistic markers are not necessarily good predictors of biological ancestry.

Such unexpected allele frequencies immediately raise the spectre of genetic drift, especially

considering the population decline of the nineteenth century. Yet it remains unlikely that non-

Austronesian marker frequencies (say, M) ever predominated in pre-European times. If O3 has

a frequency of p, its probability of becoming extinct equals 1 − p. Therefore, if a substantial

proportion of ni-Vanuatu once carried O3, the probability that it is now found so infrequently

would be correspondingly low. Furthermore, genetic drift is a stochastic process — an allele

may become more frequent in one place, and less frequent in another. Genetic drift is most

unlikely to have produced the high proportions of non-Austronesian genetic markers in all ten

Vanuatu populations in both maternally– and paternally-inherited genetic systems.

Linguistic Divisions

There is some statistical support for the coincidence of mtDNA variation with linguistic barriers

(section 6.2.3), although Y chromosome data are not similarly supported. This finding corre-

sponds well with ethnological data. Even early in the twentieth century, contact between islands

seems only to have occurred within linguistic groups (e.g. between the Banks Islands, and Pen-

tecost or Maewo, Rivers [1914, pp. 25, 189]). However, the observation was not expected.

Researchers found that linguistic barriers in the Italian Alps reflected important genetic divi-

sions [Barbujani et al., 1996], but no association was detected on Bougainville Island, in Iberia,

and in Europe generally [Friedlaender, 1987, Hurles et al., 1999, Rosser et al., 2000].
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The discovery that genetic variation coincides with linguistic divisions has one important

implication. During the population collapse of the nineteenth century, genetic drift in Vanuatu

may have created the statistical differences found in mtDNA and Y chromosome variation be-

tween island populations (see sections 6.2.1 and 6.2.2). However, the distributions of language

groups were not similarly disturbed by fluctuations in population size [Lynch, 1994]. Therefore,

it seems reasonable that genetic divisions coinciding with the linguistic divisions developed prior

to European contact, as the necessary divergence in genetic variation between groups would have

taken some time to form. Because both genetic and linguistic divisions are still detectable, the

recent population collapse appears not have disturbed some broader genetic divisions within

the archipelago. Blackbirding and increased interisland mobility [Wawn, 1973, Carter, 1999]

presumably were equally undisruptive.

Population genetic analysis is starting to support the idea that population bottlenecks may

not always affect allele frequencies or diversity [Amos and Harwood, 1998, Clegg et al., 2002,

Zenger et al., 2003]. (However, objections have been raised by Hoelzel [1999]). Although many

island populations fell to 10% of pre-European levels, population numbers remained low for only

a few generations [Buxton, 1926], and increased again quite rapidly during the mid-twentieth

century [UN, 2000]. Genetic variation is not necessarily reduced greatly in populations that

undergo rapid fluctuation in size [Futuyma, 1997, p. 135]. Although it cannot be shown defini-

tively, allele frequencies in island populations today may resemble their pre-European levels

despite extreme fluctuations in population size.

6.3.4 A Chronology of Two Genetic Events

Reconstruction of genetic events in two chronological periods helps clarify when non-Austro-

nesian peoples contributed to ni-Vanuatu. These events are a post-settlement incursion into

Vanuatu from Melanesia, and the contemporaneous expansion of Austronesian and Melanesian

lineages. Some of this section’s arguments rely on genetic dating — methods which are still in

their infancy. It should be borne in mind that most inferred TMRCA dates have large variances,

but can still be informative if used within these limits.

Post-settlement incursion into Vanuatu. Genetic evidence suggests an incursion of

Melanesian haplotypes into Vanuatu following the archipelago’s initial settlement. Lineage

Q2a provides the soundest evidence, although Q2b may also be attributable to post-settlement

immigration.

Lineage Q2a differs by up to nine polymorphisms from its ancestral node, Q2 (see network

diagram in appendix G). Correspondingly, Q2a has an inferred age of origin well back in the

Pleistocene; about 62,300 BP (95% CI [9,800; 114,800]). Because Vanuatu was first inhabited

only 3,000 years ago [Bedford et al., 1998], Q2a must have evolved outside the archipelago.

Q2a is restricted mainly to Melanesia, although it occurs sporadically throughout Polynesia
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Fig. 6.7: Distribution of lineage Q2a and Q2b frequencies.

(figure 6.4). Notably, Q2a haplotypes were found on Santa Cruz, an island just north of Van-

uatu [Friedlaender et al., 2002]. The most parsimonious explanation for this geographical dis-

tribution is that immigrants travelling from western Melanesia carried Q2a haplotypes into the

Solomon Islands and Vanuatu.

If Q2a haplotypes arrived in Vanuatu while it was being settled, they should occur through-

out the archipelago. But if Q2a haplotypes arrived following the decline in mobility within

Vanuatu [Spriggs, 1997, p. 136 ff.], they should be segregated geographically. Q2a does have a

restricted distribution within Vanuatu. It is found only in the Northern (n = 9) and Central

(n = 36) island groups, excepting one individual on Tanna (see figure 6.7). This distribution

among geographical island groups is statistically significantly different (χ2 = 47.8, df = 2,

p � 0.001), and Q2a was most likely introduced into Vanuatu following its initial settlement.

Correspondingly, Q2b occurs only in the Central island group (n = 6), although this geo-

graphical distribution is not strictly significant (χ2 = 5.56, df = 2, p = 0.062). Q2b was also

found on Santa Cruz (n = 2) [Friedlaender et al., 2002], where its arrival is associated tenta-

tively with an introduction of non-Austronesian languages. This putative immigration event
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may be recorded archaeologically as a distinctive break in material culture from ca. 600 years

ago [Spriggs, 1997, p. 174]. Although I would postulate only a tentative association between

these findings, it seems possible that the Q2a and Q2b distributions reflect a post-settlement

southward movement of Melanesian peoples.

Contemporaneous expansion of Austronesian and Melanesian lineages. Lineage

B4a is putatively associated with the dispersal of Austronesian speakers through Oceania [Mer-

riwether et al., 1999], whereas lineages Q and P are probable markers of pre-Austronesian peo-

ples [Forster et al., 2001]. TMRCA dates for these lineages are shown in table 6.7. Although

all three lineages date from the Pleistocene, the expansion of the Polynesian motif haplotype

(AN821) dates to 4,100 BP (95% CI [300;7,900]). The dating of this radiation of haplotypes

is consistent with a mid-Holocene spread of Neolithic agriculture through the Indo-Pacific (see

chapter 2).

TMRCA dates for P and Q also fall within the Pleistocene, although some sublineages may

have evolved later. Q2, excluding the off-shoots Q2a and Q2b, has an inferred TMRCA of 6,400

BP, although 95% confidence intervals place the inferred ancestor any time between 300 BP and

12,600 BP. Nevertheless, the Q2 expansion seems roughly contemporary with the Polynesian

motif expansion.

The Q2 and B4a networks also resemble each other in form (figure 6.8). A central Q2

haplotype, AN798, surrounded by many low-frequency, closely-related haplotypes characterizes

the Q2 sublineage. This ‘star-like’ radiation is highly suggestive of growing populations [Slatkin

and Hudson, 1991]. If a population’s size were stationary (say, every couple has two children),

newly-evolved haplotypes would have a certain probability of survival. If a population’s size

grows (say, every couple has four children), the survival probability of a newly-evolved haplotype

would double. These newly-evolved haplotypes form star-like phylogenies, and the number of

‘rays’ on the star is proportional to the extent of population growth.

As Vanuatu was probably uninhabited prior to the Lapita period (see section 6.1.3), the

expansion of Q2 haplotypes must have occurred following the archipelago’s settlement. Renfrew

[1987, pp. 150–151] predicted that if Mesolithic (here, pre-Austronesian) peoples rapidly adopted

a Neolithic (Austronesian) agricultural economy, they “would undergo much the same increase

in population density.” This prediction is consistent with the inferred age, and star-like nature,

of Melanesian sub-lineage Q2. It is possible that the Austronesian B4a and non-Austronesian

Q2 expansions were not strictly contemporaneous — the inferred dates have large variances.

However, it is difficult to accept that non-Austronesian peoples could have successfully expanded

into Vanuatu, if Austronesian peoples had already fully established themselves there. The B4a

and Q2 expansions must have been roughly contemporary, and it follows that both Austronesian

and non-Austronesian peoples must have inhabited Vanuatu during what is known culturally as

the Lapita era.
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Fig. 6.8: Networks of B4a and Q2 expansions. Note the star-like nature of the networks. Asterisks indicate
the network root.

6.3.5 Biological Contribution from Non-Austronesian Peoples

Two questions were central to this genetic analysis of ni-Vanuatu people. What contributions

did non-Austronesian peoples make to modern ni-Vanuatu? And when were these contributions

made?

I addressed the relative contributions from Austronesian and non-Austronesian sources in

section 6.3.2. Between 50% (male) and 75% (female) of ni-Vanuatu lineages trace to non-

Austronesian sources. Should paragroup K* lineages become associated with Melanesian popu-

lations (as has subgroup K-M230; Kayser et al. [2003]), the proportion of non-Austronesian male

lineages may exceed 90%. In large part, the Austronesian expansion fails to explain the biolog-

ical history of many modern ni-Vanuatu. However, this non-Austronesian input was probably

made at two different time periods.

Firstly, some Melanesian peoples probably did colonize Vanuatu post-settlement, as sug-

gested by S. Bedford (pers. comm. 2002). Q2a haplotypes occur only in Northern and Cen-

tral Vanuatu, which suggests they arrived sometime after the decline in mobility within Vanu-

atu [Spriggs, 1997, p. 136 ff.]. It is possible, but not clearly established, that their arrival may

have coincided with a movement of Melanesian peoples into the southern Solomon Islands about

600 BP [Spriggs, 1997, p. 136 ff., Friedlaender et al., 2002].
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Secondly, Q2 haplotypes underwent a radiation during the mid-Holocene (6,400 BP, 95%

CI [300;12,600]) — contemporary with the Austronesian B4a expansion within its limits of

variance. The expansions of Austronesian and non-Austronesian populations probably resulted

from near-simultaneous exploitation of new agricultural land in the Vanuatu archipelago. This

should not be surprising. While Neolithic culture is not indigenous to Melanesia and must have

spread there from further west [Spriggs, 1997, p. 100 ff.], some local forms of material culture

persisted through the archaeological record. The Trochus armband is one of the clearer cases of

integration [Spriggs, 1997, p. 117], and it seems likely that Melanesians played a role in Vanuatu

since the earliest times.

However, the non-Austronesian expansion may well have lagged that of the Austronesians.

Although non-Austronesian genetic markers predominate in Vanuatu, Austronesian markers

are ubiquitous in Polynesia [Sykes et al., 1995, Capelli et al., 2001]. Archaeological, linguistic,

and genetic evidence all suggest that Vanuatu was a staging ground for settlement of Oceanic

islands to the east (sections 6.1.3 and 6.1.5). If Vanuatu had hosted a mixed population during

the settlement period in Polynesia, more non-Austronesian genetic markers should be found in

Polynesia today. But non-Austronesian peoples could hardly have settled land in Vanuatu that

was already fully occupied by large numbers of Austronesian settlers, as seems to be the current

opinion [Bedford, 2003]. Consequently, the best compromise seems to be interaction during the

later Lapita period, following the main Austronesian emigration east.

Morphological and ancient DNA studies on late Lapita skeletal remains support this interpre-

tation. Pietrusewsky [1985] found that a Fijian Lapita mandible (2,400–2,200 cal BP; Davidson

et al. [1990]) had closest affinity to modern Melanesians. Furthermore, Hagelberg and Clegg

[1993] extracted ancient DNA from Lapita remains found in New Britain (2,500–2,100 cal BP;

Green et al. [1989]), Fiji (as above), Tonga (2,700–2,600 cal BP; Houghton [1989]), and Samoa

(2,500 BP; Kirch et al. [1990]). Not one late Lapita individual carried ∆9bp, the characteristic

marker of Austronesian-associated mtDNA lineage B4a. It seems that the western Pacific’s

late Lapita phase also incorporated individuals who were culturally Lapita peoples, but who

biologically were Melanesian.



7. RELATEDNESS OF THREE OCEANIC MTDNA LINEAGES

7.1 Introduction to the First Technical Study

Three lineages account for most mtDNA genomes found in Oceania: B4a, Q, and P. Although

these lineages were recognized initially from control region polymorphisms, relationships between

them could not be determined from control region variation alone. Therefore, I instigated a

research programme with two primary goals. Firstly, to determine a set of non-control region

polymorphisms that are diagnostic for each lineage, and thereby to work out how the lineages

are related. Secondly, for each lineage, to determine basic statistical parameters (e.g. haplotype

diversity) and infer ages using genetic dating, and to compare these data with those obtained

from control region sequences in Vanuatu.

During the 1990s, non-control region polymorphisms were recognized as useful markers for

inferring the mtDNA phylogeny [Torroni et al., 1992, 1998]. Simultaneously, it was realized

that many phylogenetic relationships could not be inferred reliably using control region poly-

morphisms alone (for examples, see Kivisild et al. [2002]). Although non-control region poly-

morphisms could be determined by whole mtDNA genome sequencing (e.g. Ingman et al.

[2000]), this method is prohibitively costly. RFLP mapping provides an alternate, cheaper ap-

proach (see section 2.5.1), and one that has been used successfully in the past to differentiate

major mtDNA lineages [Torroni et al., 1996]. Although RFLP maps are available for a large

number of individuals from Southeast Asia [Ballinger et al., 1992a, 1992b] and Papua New

Guinea [Stoneking et al., 1990], the association between control region and non-control region

polymorphisms had not been clarified. Therefore, relationships between the three lineages, as

defined by control region polymorphisms, were also unclear.

7.2 Methodology

Seven mtDNA genomes from ni-Vanuatu individuals were analyzed using an RFLP mapping

approach. Representatives of mtDNA lineages B4a, P, and Q were included (table 7.1). I also

analyzed the mtDNA genome of TA458, an individual whose mtDNA could not be assigned to a

known lineage. My intention was to determine whether RFLP polymorphisms might allow the

classification of mtDNA genomes that could not be assigned to lineages using control region poly-
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Control Region Lineage Sample Control Region Polymorphisms

B4a LA76 T16217C C16234T A16247G C16261T
LA84 T16217C C16261T

Q2a MA141 G16129A T16144C C16148T C16223T A16241G A16265C T16311C A16343G
MO354 G16129A T16144C C16148T C16234T A16241G A16265C T16311C A16343G
MO363 G16129A T16144C C16148T T16172C A16265C T16311C A16343G

P1 TA502 C16176T C16266T C16270T C16354T T16357C

Unassigned TA458 C16256T

Tab. 7.1: RFLP-mapped samples from Vanuatu.

morphisms alone. The process of RFLP mapping is explained in section 2.5.1. MtDNA genomes

were each mapped with thirteen restriction endonucleases, a standard set that is known to de-

tect polymorphism in most human mtDNA genomes [Torroni et al., 1996]. The experimental

method is recorded in section 3.3.3.

7.3 Results

7.3.1 Polymorphisms

Eleven of thirteen restriction enzymes detected polymorphic sites. A representative example

of an RFLP polymorphism is described in figure 7.1. Although HaeII and RsaI detected no

variable sites, AluI detected seven. A total of twenty-three polymorphisms were identified (ta-

ble 7.2). Two polymorphisms were each detected by two different enzymes: +207o/+207h, and

–13367b/+13367j. Each pair is counted as a single marker for phylogenetic analyses. Therefore,

only twenty-one polymorphic markers were found, twelve of which occur only in a single mtDNA

genome.

7.3.2 Selection

If selection were acting on mtDNA genomes, it may not be possible to infer the mtDNA phy-

logeny reliably using RFLP polymorphisms. To determine whether genomes are under selection,

polymorphisms were examined to see whether they caused amino acid substitutions in mtDNA

coding regions.

By comparison with the mtDNA reference sequence, it is possible to infer what nucleotide

point mutation caused a particular change in RFLP pattern (see Stoneking et al. [1986]). Gain

of site polymorphisms (+) usually occur where the reference sequence differs by a single nu-

cleotide from the restriction enzyme’s recognition pattern. For example, the reference sequence
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Fig. 7.1: Photograph of a representative RFLP polymorphism. Gel photograph of fragment seven (2428
bp) amplified from seven ni-Vanuatu individuals (top), and digested with the restriction enzyme
DdeI (DNA recognition sequence C/TnAG). Superhaplogroup N mtDNA genomes are cleaved into
six pieces: 970, 695, 316, 275, 130, and 42 bp. Superhaplogroup M mtDNA genomes carry the
polymorphism A10398G, and this creates a novel DdeI cut site at 10394. Consequently, the 275
bp fragment is cleaved into 237 and 38 bp fragments, making a total of seven DNA pieces. This
marker, +10394c, distinguishes superhaplogroups M (+) and N (−). A 100 bp sizing ladder (L) is
shown to the right.
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hojfgajacfjcaajbalaaie Superhaplogroup Lineage

Reference .......................

LA76 1.....111.1.........1.1 N B4a

LA84 1.....111.1...........1 N B4a

MA141 ......1.1.1.11....11..1 M Q2a

MO354 ......1.1.1.11.11.11..1 M Q2a

MO363 ......1.1.11111...1...1 M Q2a

TA502 .1111.1.1.1......1..... N P1

TA458 .....11.11.......1...11 N ? P

Tab. 7.2: Identified RFLP polymorphisms. RFLP sites named in standard fashion [Torroni et al., 1996]. Restriction sites indicated as gained (+) or lost (–);
numbering refers to the first nucleotide position of each restriction site (e.g. 16517). Restriction enzymes listed as standard one letter codes (section 3.3.3).
Thus +16517e refers to the gain of a HaeIII restriction site beginning at nucleotide position 16517 of the reference sequence. 1 indicates a restriction
site gained or lost; dots indicate restriction sites identical with the reference sequence.



7. Relatedness of Three Oceanic MtDNA Lineages 149

at polymorphism +207o is 207-GTTAAT-212, whereas the required cleavage pattern for HincII (o)

is 207-GTTAAC-212. Therefore, mutation T212C is the most likely cause of the +207o RFLP poly-

morphism. Loss of site polymorphisms (–) cannot be inferred as accurately. For example, the

reference sequence corresponding to –4769a is 4769-AGCT-4772, but a point mutation at any one

of these four nucleotides would cause the loss of the AluI cut-site. However, the most probable

point mutation can be predicted by examining published whole genome mtDNA sequences (e.g.

Ingman et al. [2000]). If only one nucleotide substitution is known to occur within a particular

restriction-site sequence, that mutation may be considered the most likely causal agent of the

RFLP polymorphism. More accurate inference of the nucleotide mutation would require DNA

sequencing.

These deductions can be used to infer whether RFLP polymorphisms probably alter amino

acids within protein coding regions of the mtDNA genome, and hence, the likelihood of selection

acting on the mtDNA genome. Probable changes in coding regions are shown in table 7.3.

Thirteen of twenty-one polymorphic markers (62%) fall within protein coding regions. Marker

+1074/9j falls within an rRNA coding region. Three polymorphisms probably alter a protein

coding region: +8858f, +10394c, and +11321a. Therefore, selection could act only on 14%

of the RFLP polymorphisms in this data set, and the remaining polymorphisms are probably

selectively neutral. Indicators of possible selection at +10394c are discussed in section 7.4.2.

7.3.3 Diagnostic Polymorphisms of Lineages

Each mtDNA lineage as determined by control region polymorphisms is associated with at least

one unique RFLP polymorphism:

Lineage Superhaplogroup Diagnostic RFLP Polymorphisms

B N (–10394c, –10397a) ∆9bp and –6904j

Q M (+10394c, +10397a) +16143l

P N (–10394c, –10397a) +207o/h and +15606a

Alphabetic names were given to lineages Q and P by Forster et al. [2001] following the

completion of this research; lineage B was first named by Macaulay et al. [1999]. It is not

clear that polymorphism –6904j is a good marker of lineage B4a. Although it is carried by

both B4a individuals from Vanuatu, the marker was not detected by Ingman et al. [2000] in

the mtDNA genome sequence of one B4a Samoan. It is also absent from RFLP-mapped B4a

genomes compiled by Forster et al. [2001]. Consequently, –6904j appears to be marker specific

to ni-Vanuatu B4a mtDNA genomes, and is not a reliable marker of lineage B4a in general.
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RFLP Polymorphism Putative DNA Substitution Coding Region Amino Acid Substitution

+207h/+207o T212C —
+1074j or +1079j T1077C or A1082C 12S rRNA
–1698f C3699T NADH dehydrogenase subunit 1 —
+4121g or +4122g T4125C or A4122G NADH dehydrogenase subunit 1 —
–4769a A4769G NADH dehydrogenase subunit 2 —
–6904j unknown Cytochrome oxidase I unknown
+7025a C7028T Cytochrome oxidase I —
∆9bp —
+8568c or +8569c C8569T or G8572A ATP synthase 6 none or amino acid 16 Gly→Ser
+8858f A8860G ATP synthase 6 amino acid 112 Thr→Ala
–10254j unknown NADH dehydrogenase subunit 3 unknown
+10394c A10398G NADH dehydrogenase subunit 3 amino acid 114 Thr→Ala
+10397a C10400T NADH dehydrogenase subunit 3 —
+11321a A11322G NADH dehydrogenase subunit 4 amino acid 188 Asp→Ser
–13367b/+13367j G13368A NADH dehydrogenase subunit 5 —
+15606a A15607G Cytochrome b —
+16143l T16144C —
+16240a A16241G —
+16246a A16247G —
+16494i A16497G —
+16517e T16519C —

Tab. 7.3: Putative substitutions in coding regions. Standard three letter amino acid codes apply.
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Note that the RFLP marker of lineage Q, +16143l, is identical to the control region poly-

morphism, T16144C. Therefore, this marker is diagnostic specifically of sublineage Q2a (see

figure 6.4), and not the whole of lineage Q. There exists no non-control region polymorphism

that is carried by all lineage Q individuals, which can be detected with the set of restriction

enzymes used in this study.

7.3.4 Lineage Characteristics and Ages

I collated a data set of mtDNA RFLP maps from Oceania (n = 150) in order to characterize the

three RFLP-defined lineages. Low-resolution RFLP mapped genomes from Papua New Guinea

(n = 119; Stoneking et al. [1990]) were combined with high-resolution RFLP mapped genomes

from Papua New Guinea (n = 2), New Britain Tolais (n = 7), Aboriginal Taiwanese (n = 8),

and Javanese (n = 7) (unpublished data; Prof. Antonio Torroni 1, pers. comm. 2000). To

help determine relationships between the lineages, a median-joining network was constructed

(methods in section 3.4). In order to simplify the outline of the network, the star-contraction

algorithm was used to extract the skeleton of the network (figure 7.2). The root of the network

(asterisk) marks the split between superhaplogroups M and N. The three lineages are clearly

depicted, and fall into their correct places: lineages B and Q in superhaplogroup N (–10394c,

–10397a), and lineage P in superhaplogroup M (+10394c, +10397a).

As observable in figure 7.2, lineage B4a exhibits significantly less haplotype diversity than

lineages Q and P (Tukey-Kramer test; p < 0.001; Ĥ values in appendix C). This is consistent

with haplotype diversity values for control region lineages in Vanuatu (section 6.2.1). In keeping

with reduced diversity, the ρ value calculated for lineage B4a is correspondingly small (table 7.4).

The TMRCA of lineage B4a is estimated at 2,000 BP (95% CI [0;5,900]). This is consistent with

TMRCA ages calculated for the Polynesian motif expansion using ni-Vanuatu control region data

(4,100 BP; table 6.7). It also fits well with archaeologically-attested dates for the Austronesian

expansion (section 2.3).

Conversely, lineage Q and P both have TMRCA dates within the Pleistocene. In addition

to geographical distributions, this finding led Forster et al. [2001] to propose lineages Q and

P as markers of pre-Austronesian populations in the Indo-Pacific region. Forster et al. [2001]

suggested ages of ca. 40,000 BP for lineages Q and P, and ages inferred from this data set are

consistent with that suggestion (table 7.4).

1 Department of Genetics and Molecular Biology, University of Rome “La Sapienza”, Italy.
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Fig. 7.2: Network of RFLP-defined lineages. Lineage B4a in blue, Q in red, and P in green. An asterisk
indicates the network root, and the split between superhaplogroups M and N. MtDNA genomes
RFLP-mapped in this study indicated by arrows.

Group ρ ± SD BP 95% CI (BP)

B4a 0.0909 0.091 2,000 0 5,900
Q 1.23 0.33 26,800 12,900 40,800
P 1.56 0.53 34,000 11,200 56,700

Tab. 7.4: Inferred TMRCA dates for mtDNA RFLP-defined lineages.
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7.4 Discussion

7.4.1 Classification of Unassigned Individuals

One subsidiary goal of the RFLP mapping exercise was to determine whether mtDNA genomes

unassignable to lineages using control region polymorphisms might be classified using RFLP

polymorphisms. To this end, the mtDNA genome of sample TA458 was RFLP mapped. TA458

carried only the control region polymorphism C16256T, and could not be assigned to a known

mtDNA lineage using this information. TA458 shared the RFLP polymorphism +15606a with

TA502, a representative of lineage P. +15606a, and its putative nucleotide substitution A15607G,

occurs in the cytochrome b coding region, but the change is synonymous (i.e. no amino acid

is altered). Consequently, +15606a appears to be a neutral mutation, and therefore, a reliable

indicator of phylogenetic affinity. Furthermore, +15606a occurs in the mtDNA genome sequence

of one lineage P Papua New Guinean [Ingman et al., 2000], and in all published RFLP maps

of lineage P mtDNA genomes [Forster et al., 2001]. The sharing of this marker between TA458

and TA502 suggests that both mtDNA genomes belong to lineage P, even though they share

no control region polymorphisms. This unexpected result clearly shows the need to analyze a

range of markers beyond the mtDNA control region.

7.4.2 Possible Recurrent Mutation

Three RFLP polymorphisms that may be under selection were detected (table 7.3). Selection is

particularly likely at polymorphism +10394c, and apparent recurrent mutation has been found

at this site both in published research [Ingman et al., 2000, Kivisild et al., 2002], and in this

report (section 4.2.5). +10394c, or its corresponding point mutation A10398G, alters amino

acid 114 of mitochondrial NADH dehydrogenase subunit 3. The derived amino acid state is

a hydrophobic alanine. The back mutation, 10398 G→A, causes a reversion to the ancestral

amino acid state, hydrophilic threonine. This change may possibly have some physiologically

significant effect, although none has been documented.

+10394c is commonly used as a diagnostic marker of superhaplogroups M (+10394c) and N

(–10394c). However, this polymorphism may be under directional selection, a fact that would

explain its apparent recurrent nature [Ingman et al., 2000, Kivisild et al., 2002]. Therefore,

+10394c does not appear to be a good marker of the Asian superhaplogroups. My analysis

of mtDNA genome sequence data [Ingman et al., 2000] indicates that seven other nucleotide

polymorphisms distinguish superhaplogroups M and N: T489C, A8701G, T9540C, T10873C,

T10873C, T14783C, and G15043A. Although these markers are not detectable using a standard

RFLP mapping approach, they could be analyzed using forced-RFLP analysis (see method in

section 3.3.4). Given the possibility of recurrent mutation at +10394c, analyzing alternative

markers would be an advisable approach.
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7.4.3 Lineage Relationships

Lineages B and P are more closely related to each other than either is to lineage Q. Yet the

TMRCA of lineage P dates to 34,000 BP (95% CI [11,200;56,700]), so the split between lineages

B, Q, and P must have occurred well back in the Pleistocene. The paucity of diagnostic RFLP

markers for each lineage is unusual, but is confirmed by mtDNA genome sequences [Ingman

et al., 2000], and a re-analysis of published Southeast Asian mtDNA RFLP maps [Forster et

al., 2001]. Kivisild et al. [2002] has shown that the Melanesian lineages Q and P, and some

Australian lineages (unnamed), are not related to extant mainland Asian lineages, except at the

level of superhaplogroups M and N. In other words, most Melanesian and Australian mtDNA

genomes belong to lineages that are quite distinct, and have probably been little in contact with

mainland Asian lineages. These data are consistent with lineages Q and P being markers of

pre-Austronesian populations in the Indo-Pacific region.



8. EVALUATION OF NEUTRAL EVOLUTION

IN THE MTDNA CONTROL REGION

8.1 Introduction to the Second Technical Study

Apparent recurrent mutation is one factor that confuses the inference of mtDNA phylogenies.

Stoneking [2000] proposed that the recurrent mutations observed in mtDNA data sets may

be due to functional selection, and that they do not evolve neutrally. To address this issue, I

instigated a research programme with two primary goals. Firstly, to determine whether patterns

of apparent recurrent mutation observed in the mtDNA control region could be formed by

neutrally-evolving substitutions. Secondly, to determine whether selection constrains particular

sets of nucleotide positions in the control region.

In traditional approaches to phylogeny reconstruction, polymorphisms are treated as unique,

informative cladistic markers [Vigilant et al., 1991]. Such characters can be represented per-

fectly by bifurcating, dichotomously-branching trees [Hennig, 1966]. But in practice, a single

polymorphism is often found in seemingly-unrelated mtDNA lineages [Richards et al., 1996].

Although this observation is occasionally ascribed to experimental error [Bandelt et al., 1995,

Kivisild et al., 2002], most researchers accept that it results from real evolutionary processes

[Torroni et al., 2001a, 2001b, Malhi et al., 2002]

Bandelt et al. [1999] encouraged the use of median-joining networks to show such polymor-

phisms visually, and this has led to greater recognition of ‘problematic’ sites. A stylized example

is given in figure 8.1. Pairs of sites that could not have evolved in a unique stepwise fashion are

termed incompatible, and they appear as cycles on network diagrams. Incompatible sites can

be explained by only two evolutionary processes:

1. Recurrent polymorphism. Recurrent mutation at a single nucleotide position leading
to parallelism or reversal of a character state.

2. Gene shuffling. Recombination or gene conversion between DNA haplotypes.

Because these processes can only be observed when comparing pairs of sites, their analysis is

difficult. For instance, unless the true phylogeny of a data set is known, one cannot determine
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Fig. 8.1: Example of an incompatibility. Two incompatible sites (A and B) shown as a DNA matrix with
four taxa (right) and corresponding network diagram (left). Dots represent any other nucleotide.
It is not possible to step between all four taxa on the network without passing one site twice (e.g.
the path 1→2→3→4 passes site A between 1→2 and 3→4). Sites A and B are thus termed
‘incompatible,’ and can be observed on network diagrams as ‘cycles.’

which of two incompatible sites was recurrently mutated, or shuffled. Conversely, the phylogeny

can be inferred only from phylogenetically-informative polymorphisms, i.e. those that are not

recurrent, or have not been shuffled. This logic is circular. Recent studies largely circumvent the

problem by using additional sources of phylogenetic data; for instance, by comparing mtDNA

control region polymorphisms with RFLP markers [Graven et al., 1995, Finnilä et al., 2001].

Incompatible sites were first analyzed by Hennig [1966, p. 146], who formalized the rules of

cladistic analysis, but recognized that “their applicability is restricted by reversibility, conver-

gence, and parallelism.” There are myriad views regarding which processes cause incompati-

bilities in human mtDNA. These include the neutral evolution of characters [Cann et al., 1987,

Stoneking and Wilson, 1989], substitution rates differing between sites [Wakeley, 1993, 1994], re-

combination [Awadalla et al., 1999, Eyre-Walker et al., 1999, Hagelberg et al., 1999a], and gene

conversion [Stephens, 1985]. Polymorphism in the non-coding control region has even been as-

sociated with medical disorders; ranging from diabetes [Poulton et al., 1998, Gill-Randall et al.,

2001, Poulton et al., 2002] to neurodegenerative disease [Kok et al., 2000]. Processes of gene

shuffling, such as recombination, receive little support from most mtDNA data sets [Ingman et

al., 2000], although its repercussion will be examined further in section 8.4. Rather, this chapter

specifically addresses the distinction between neutral and selective evolution made by Stoneking

[2000]. Is the neutral evolution of mtDNA control region polymorphisms sufficient to explain

the incompatibilities observed in real-world data sets?
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8.2 Methodology

8.2.1 Model of Neutral Evolution and Assumptions

Imagine a hypothetical de novo strand of DNA. If it mutates once, by definition the mutation

must occur at a position where no mutation has occurred previously. If the strand is mutated

again, the new mutation will probably occur at a different position to the first. However, there

is a small probability that it will occur at the same position. As mutations accumulate, some

sites will never have mutated, other sites will have mutated once, others twice, still others three

times, and so on. This pattern follows the Poisson probability distribution:

1

eµ
,

µ

1!eµ
,

µ2

2!eµ
, . . . ,

µr

r!eµ
(8.1)

As the number of mutation events grows, new mutations will occur more and more fre-

quently at sites that have been mutated previously. This effect is called genetic saturation,

and it imposes a limit of resolution for reconstructing phylogeny using any particular genetic

region [Dayhoff et al., 1972]. Although its importance for mtDNA evolution has been noted

previously [Brown et al., 1979, Kondo et al., 1993], and it is a common example in many text-

books [Maynard Smith, 1989, Hartl and Clark, 1997], genetic saturation is not commonly in-

voked to explain control region incompatibilities.

Hasegawa et al. [1985] adapted the above model specifically for use with DNA sequence

data. Called the HKY85 DNA substitution model, its mathematical representation is given

in section 3.5. HKY85 is in common usage with distance-based methods of phylogenetic in-

ference, and it is implemented in many software packages (e.g. Felsenstein [1989]). However,

the approach of this study is novel. A data set of global mtDNA control region sequences is

constructed. Because the number of times a particular position has been mutated cannot be

determined, the proportion of sites at which no polymorphism has been detected is estimated

instead. Only this value can be inferred from the data set with any accuracy, and it is used to

‘anchor’ the HKY85 model for simulation tests of the evolution process.

The model makes the following assumptions:

1. Substitution probabilities do not change over time.

2. Nucleotide frequencies do not change over time.

3. Nucleotide frequencies do not differ significantly from the reference sequence.

4. The transition:transversion ratio of the global data set is accurate.

5. Nucleotide distributions do not differ significantly from the reference sequence.
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It follows from these assumptions that DNA substitutions follow a homogeneous Markov

process, whereby mutation at a site is not affected by character states previous to the current

state. The assumptions are examined further in section 8.3.3.

8.2.2 Data Set of Global MtDNA Control Region Sequences

A data set of mtDNA control region sequences (n = 5388) was collated so as to be representative

of global diversity (table 8.1). Most sequences were taken from the MouseII database (see

table 3.5). However, the data set also includes control region sequences that I generated myself,

but were not used elsewhere in this report; e.g. Han Chinese, Mongolian, Fijian, and Tongan

samples. Individuals are classified into one hundred geographically– or ethnically-distinguishable

groups, and most geographical regions are equally represented. Classification groups, all defined

by the original authors, may not be valid, but they are not factored into any analyses.

The data set is partially redundant, and sequences are of variable length — they start

no earlier than 16001, and end no later than 16408. Because there would be little chance of

detecting polymorphism at sites represented by only a few sequences, only nucleotide positions

represented by at least 5,500 control region sequences were examined (figure 8.2). This data set

incorporates positions 16069 to 16373 (n = 305). The number of sequences represented at each

position ranged from 5,537 to 7,170.

8.3 Results

8.3.1 Parameters of the Data Set

I wrote the programme Variable (PERL code in appendix K.3) to read the mtDNA control region

data set in NEXUS format [Maddison et al., 1997], and return the frequency of polymorphisms

at each nucleotide position. 228 of 305 nucleotide positions (74.8%) carried at least two character

states, and no polymorphism was found at 77 positions (25.3%). It was not uncommon to detect

three or four character states at a single nucleotide position. Insertion and deletion events were

ignored, because their evolution cannot be modelled with the HKY85 substitution matrix. The

analyzed mtDNA control region sequence is given in figure 8.3, and positions at which no

polymorphism was detected are indicated by dots. The substitution matrix calculated from the

data set (table 8.2) indicated a transition:transversion ratio of 1.52 : 1.
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AFRICA
African American 113 African Brazilian 42
Berber 18 Biaka 17
Canarian 54 Egypt 94
Fang 11 Fon 4
Herero 27 Kikuyu 25
!Kung 25 Madagascar 74
Malawi 7 Mandenka 119
Mbuti 20 Niger 36
Nigeria 129 Somali 28
Sudan 161 Tanzania 17
Turkana 37

n = 1058
19.6%

EUROPE
Basque 106 Bulgarian 30
Danish 33 Estonian 48
Finn 50 German 107
Iceland 39 Italian 9
Karelians 83 Maris Russia 13
Moksha Russia 21 Saami 176
Sardinian 71 Swedish 32
Switzerland 76 Turkey 29

n = 923
17.1%

ASIA
Alor 4 Ambon 23
Andamans 88 Asian Indian 52
Banjamarcin 23 Chinese Han 84
Evenka 11 Flores 6
Havik 48 Japan 27
Java 70 Kadar 7
Korea 313 Lombok 24
Manado 22 Mongolian 159
Mukri 42 Nicobarese 14
Sabah Kota Kinabalu 37 Taiwan 79
Thai 9 Vietnam 22

n = 1164
21.6%

OCEANIA
Aboriginal Australian 63 Banks And Torres 18
Fiji 37 Hawai’i 9
Kapingamarangi 27 Kiribati 17
Kosrae 25 Marianas 48
Marquesas 19 Marshall Islands 33
Nauru 25 New Zealand Maori 55
Palau 122 Papua New Guinea 130
Philippines 58 Phonpei 22
Rapanui 10 Samoa 80
Tolais 42 Tonga 30
Trobriand Islands 54 Vanuatu 399
Yap 185

n = 1508
28.0%

AMERICA
Alaskan Athabascan 21 Bella Coola 44
Canadian Inuit 46 Carib 17
Cayapa 120 Chile 45
Colombia 20 Gaviao 28
Haida 42 Huetar 27
Kuna 63 Mapuche 39
Maya 7 Ngobe 46
Nuu-Chah-Nulth 63 Xavante 25
Yanomama 53 Zoro 29

n = 735
13.7%

N = 5388

Tab. 8.1: Geographic/ethnic groups in the global mtDNA data set.
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Fig. 8.2: Frequency of sequences in global mtDNA data set. Portion of data set containing more than 5,500 sequences shaded.
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From A G C T
To

A — 0.07 0.09 0.03

G 0.18 — 0.07 0.03

C 0.07 0.02 — 0.13

T 0.08 0.01 0.22 —

Tab. 8.2: Substitution rate matrix from global mtDNA data set. Proportions of observable polymorphisms
relative to the reference sequence. Transitions in bold.

Fig. 8.3: Clustering of non-polymorphic nucleotide sites in the mtDNA control region. Nucleotides
between 16069 and 16373 at which no polymorphism was detected in the global mtDNA data set
are marked above by a dot. The ter (nucleotide 16104–16108) and TAS (nucleotide 16158–16172)
regions (underlined) are presumed to be under constraining selection.

8.3.2 Simulation of Neutral Evolution

I wrote the programme Poisson (PERL code in appendix K.4) to simulate the neutral evolution

of a given DNA sequence according to the HKY85 substitution model (equation 3.5). Two pa-

rameters were taken from the global mtDNA control region data set: the transition:transversion

ratio (1.52 : 1), and the number of positions at which no polymorphism was detected (n = 77).

The mtDNA reference sequence was used as a representative control region sequence, and as

in the global data set, only positions 16069 to 16373 were analyzed (n = 305). Poisson chose

nucleotide positions at random within this sequence, and mutated them according to the HKY85

substitution probability equations (matrix 3.5). The process was continued until only 77 sites

had not been mutated (i.e. the number found in the global data set). Poisson recorded the

number of times every other position had been mutated during the simulation. This entire pro-

cess was iterated 20,000 times. Figure 8.4 records the mean number of times any given position

was mutated with its standard deviation.

77 positions (25.3%) were constrained to be non-polymorphic by the programme. In any case,

such sites are phylogenetically uninformative, because all individuals carry the same character

state. Only positions that have mutated once are perfect cladistic markers, as they define a
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Fig. 8.4: Frequency distribution of recurrently mutated positions. Proportion of recurrent mutations observed at any given position. Bar heights represent
means of 20,000 replicates; error bars indicate one standard deviation. Replicates are normally distributed about the mean (Shapiro-Wilk’s normality test;
p � 0.001).
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n Frequency ± SD
(%) (%)

1 17.9 17.2
2 38.6 8.4
3 20.9 4.5
4 12.5 4.8
5 5.2 2.6
6 2.1 1.3
7 0.8 0.6
8 0.5 0.3

9−12 1.3 0.8

Tab. 8.3: Frequency distribution of simulated recurrent mutations. Frequencies calculated only for poly-
morphic sites.

unique set of related individuals (a monophyletic clade). Table 8.3 shows that 17.9% of the

polymorphic sites had mutated only once, although this value has a large variance (SD 17.2%;

95% CI [0;52]). Consequently, it would be difficult to estimate the number of phylogenetically

informative polymorphisms accurately in any given data set, as stochasm in the evolution process

could lead to very different results. Nevertheless, over 80% of polymorphic sites had mutated

more than once, and in some replicates, a single site had mutated up to 12 times. In every

replicate at least one site had mutated four times or more. These results show that neutral

evolution of the mtDNA control region could produce the many incompatibilities observed in

real-world data sets. They need not be explained by selective mutation, contrary to the proposal

of Stoneking [2000]. The analysis also implies that many of the control region polymorphisms

used in phylogenetic analyses may be poor markers for phylogenetic inference.

8.3.3 Robustness of Assumptions

This section examines the assumptions of the simulation model (section 8.3.2). The first two

assumptions, that substitution probabilities and nucleotide frequencies do not change over time,

cannot be tested directly. However, there is no evidence in the literature that these assumptions

are unreasonable, and they are made by most maximum likelihood and phenetic phylogenetic

methods [Swofford et al., 1996].

The three remaining assumptions are directly testable. The simulation was repeated with

transition:transversion ratios of 1:1 and 100:1. Ina [1998] proposed using a transition:transver-

sion ratio for human mtDNA as extreme as 36:1, but 100:1 far exceeds this value. The two

distributions obtained by simulation were not significantly different (Student’s paired t test;

t = 0.0095, df = 12, ns). Therefore, the transition:transversion ratio apparently has negligible

effect on the simulation results.
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The effect of nucleotide frequencies and the distribution of nucleotides can be tested by

running the simulation on very divergent mtDNA control region sequences. The two most

divergent mtDNA control region sequences in Ingman et al.’s [2000] data set belong to an African

Kikuyu (kiku dbs) and a New Guinea Highlander (png h6). The control region sequences of

these individuals differ by 33 polymorphisms. The two distributions obtained by simulation of

these sequences were not significantly different (Student’s paired t test; t = −0.737, df = 12,

ns). Therefore, it seems that using the control region as a representative mtDNA control region

sequence does not bias the simulation results.

8.3.4 Testing Selection for Non-Polymorphism

Superficial examination of the identified control region polymorphisms (figure 8.3) indicates that

many non-polymorphic positions are clustered (e.g. 16306–8, 16310 and 16312–5). Clustering

should be uncommon if mutations occur randomly, and therefore, the presence of clustering

suggests that selection has acted to prevent mutation at particular sites. This is expected

in places; for instance, the transcription termination (ter) sequence (nucleotides 16104–16108)

and the termination activation sequence (TAS ; nucleotides 16158–16172) are believed to be

selectively constrained [Foran et al., 1988, Clayton, 1991]. The previous simulation results show

that we need not assume that selection causes particular positions to mutate, but is selection

constraining certain positions from mutating?

To determine whether constraining selection is acting on the mtDNA control region, I exam-

ined whether polymorphic sites are more clustered than would be expected if they had mutated

randomly. A suitable measurement is the mean size of the polymorphic (non-constrained) site

clusters:

n̄p =

∑

np

ncl

(8.2)

where np = the number of non-polymorphic sites between two non-polymorphic sites

ncl = the number of unique clusters of consecutive polymorphic sites

The calculation is complicated slightly because the evolution of a discrete DNA strand is

being simulated, but there may be a run of polymorphic sites at each end of the strand. The

DNA strand begins or terminates abruptly in the simulation experiment, but of course, it does

not do so in nature. Normally, the run of polymorphic sites could start before the studied

region of DNA begins, and it could continue after the studied region of DNA ends. As the

length of terminal runs of polymorphic sites cannot be known, they have been excluded from

the calculations.

Under a model of neutral evolution, the polymorphic site clusters would follow some null

distribution, and this can be estimated from the simulation run in the programme Poisson.
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Equation 8.2 was calculated for each replicate of the simulation as run previously. The null

distribution of the mean size of polymorphic site clusters is shown in figure 8.5. These simulated

n̄p values are normally distributed (Shapiro-Wilk’s test of normality; W = 0.991, p � 0.001)

with a mean of 3.92 (99.9% CI [3.04;4.80]) and a range of 3.11–5.28.

The mean size of polymorphic site clusters (n̄p) for the global mtDNA control region data

set is 4.91. As the global data set n̄p value is larger than the upper 99.9% confidence bound

of the simulated values, the polymorphic sites are significantly more clustered than would be

expected under neutral evolution (p < 0.001). Hence, there is also significant clustering of the

non-polymorphic sites, and this evidence suggests that selection may be acting to prevent par-

ticular nucleotide positions from mutating. An examination of the literature has not found any

association between the non-polymorphic clusters in figure 8.3, and possible selective constraints.

8.4 Discussion

8.4.1 Findings

The findings of this simulation study suggest three main points. Firstly, there is no need to

invoke selection to explain incompatibilities in mtDNA data sets [Stoneking, 2000], although

the model was not designed to rule out the presence of selection definitively. Neutral evolution

could create mtDNA control region incompatibilities just through a process of genetic saturation.

Consequently, recurrently mutated positions would not have inherently higher rates of mutation,

as proposed by Wakeley [1993, 1994]. Rather, one site would be mutated more frequently than

another by chance alone.

Secondly, there is some evidence that selection does constrain certain mtDNA control region

positions from mutating. Although the presence of selectively constrained regions has been

proposed previously (e.g. ter and TAS ; Foran et al. [1988], Clayton [1991]), there is little

evidence in the literature to suggest why many of these nucleotide positions are under selection.

It is interesting to note that the conserved group 16306–16315 contains the highly variable

position 16311 [Pesole and Saccone, 2001]. This suggests that constraining selection must be

highly specific within the mtDNA control region — preventing a group of nucleotides from

mutating, but having no impact on an adjacent nucleotide.

Thirdly, the large proportion of recurrently mutated nucleotide positions would make in-

ference of the global mtDNA phylogeny problematic. This has been recognized for some

time [Maddison et al., 1992, Templeton, 1993]. However, the simulation was run on a data set of

worldwide mtDNA control region sequences, and a more restricted set of genetic lineages should

display fewer recurrent mutations. Genetic saturation is a combination of the mutation rate

and time (µt). If the mtDNA control region mutation rate is roughly constant, younger lineages



8. Evaluation of Neutral Evolution in the MtDNA Control Region 166

Fig. 8.5: Null distribution of average sizes for polymorphic site clusters. The mean size of non-
polymorphic site clusters in the global data set, n̄p = 4.91, is indicated by a vertical line.
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should carry fewer mutations than older lineages, and the genetic saturation between lineages

with younger TMRCAs should correspondingly be less. Alternately, genetic regions in which

mutations rates are lower can be studied; e.g. the mtDNA coding regions [Ingman et al., 2000].

The presence of incompatibilities in the mtDNA control region, and the difficulty of accurately

inferring lineage relationships, is one major reason why alternative markers, such as mtDNA

RFLP polymorphisms, have been adopted to reconstruct human phylogenetic relationships.

8.4.2 Criticisms of the Method

I perceive that two main criticisms may be raised about the model: the effect of adding more

sequences to the global data set, and the effects of recombination.

The first criticism suggests that the number of non-polymorphic sites will vary as more

sequences are added to the global data set. However, it is impossible to do this, and reduce the

number of sites at which no polymorphism is detected. If more sequences were added, the number

of non-polymorphic sites would either remain the same, or decrease as new polymorphic sites

were found. As the proportion of non-polymorphic sites decreases, the distribution in figure 8.4

will migrate to the right. In other words, fewer sites will never have mutated, and more sites

will have mutated more often. Therefore, as the global data set increases in size, so too will the

amount of genetic saturation estimated by the simulation. However, the goal of this study was to

determine whether neutral evolution could account for incompatibilities observed in real-world

data sets, not to provide an accurate estimation of rates. Although this means that the amount

of genetic saturation cannot be determined exactly, a lower bound can at least be inferred.

The second criticism suggests that the model appears to ignore the possibility of gene shuf-

fling as a cause of the mtDNA control region incompatibilities. However, processes such as

recombination only shuffle mutations between two DNA haplotypes — they do not generate

them de novo. Therefore, recombination could not alter the proportion of positions at which no

polymorphism was detected, and consequently, the basic findings of the simulation are valid re-

gardless of whether recombination has acted on the data set or not. If recombination does occur

between human mtDNA genomes, its effects would only add to problems already attributable to

genetic saturation. Furthermore, control region incompatibilities were one of the main reasons

for proposing mtDNA recombination in the first place [Awadalla et al., 1999]. If some propor-

tion of incompatible sites may be explained better by genetic saturation, as proposed here, this

may negate any further need to recognize recombination as an evolutionary process in human

mtDNA.
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This thesis was directed towards answering one central question. What genetic patterns resulted

from the contact between Austronesian and non-Austronesian peoples? Although various his-

torical processes have confused the genetic data, the repercussions of Austronesian contact on

non-Austronesian populations can still be reconstructed in part. This chapter examines the

over-arching results of that reconstruction. The vast geographical region, the presence of his-

torical confounds, and limits of resolution inherent in the available genetic data restrict the

following discussion to its most general form. Nevertheless, we will examine four aspects of

the biological impact of Austronesian contact: the extent of Austronesian contribution, spatial

variation, sex-specific variation, and temporal variation. Finally, we will explore how well the

genetic data fit standard models of the Austronesian expansion, and the directions which future

research could profitably take.

The term ‘non-Austronesian’ is used to denote three different human groups. The non-

Austronesians of Indonesia are largely people of Southeast Asian descent; those of Madagascar

are predominantly East African peoples; and those of Vanuatu are the indigenous peoples of

western Island Melanesia and New Guinea. The term is used here as a ‘catch-all’ for the varied

groups with whom the Austronesians came into contact. It does not imply that contact with

non-Austronesian peoples was structured similarly in all regions of the Austronesian expansion.

One should also note that not all the regions now settled by Austronesian peoples were

once inhabited by non-Austronesian peoples. Of the geographical regions studied in this the-

sis, only Indonesia hosted substantial human populations before the Austronesian expansion.

Madagascar may perhaps have been settled lightly by African peoples, but Vanuatu was unin-

habited. With these stipulations, the following work examines what genetic patterns resulted

when Austronesian migrants came into contact with non-Austronesian peoples.

Extent of the Contribution

Did Austronesian immigrants dominate non-Austronesian peoples during the contact process, or

were both peoples incorporated biologically into mixed populations? Chapter 1 detailed a model

of this process with three broad outcomes: Austronesian Dominant, Non-Austronesian Domi-

nant, and Admixture. A partial mixing of populations is seemingly the norm in most contact
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situations; for instance, the African slave trade to Brazil [Alves-Silva et al., 2000, Carvalho-

Silva et al., 2001], the Moorish colonization of Iberia [Corte-Real et al., 1996, Bosch et al.,

2001], European settlement in the Canary Islands [Pinto et al., 1996, Flores et al., 2003], and

the Anglo-Saxon incursion into Britain [Capelli et al., 2003]. Complete dominance by one group

of people seems to be seldom accomplished.

For the following discussion, two polymorphisms will be considered as probable markers of

the Austronesian expansion: mtDNA lineage B4a, and Y chromosome haplogroup O3. B4a and

O3 are now regarded widely as a genetic signal of the Austronesian dispersal [Hertzberg et al.,

1989, Capelli et al., 2001, Merriwether et al., 1999, Kayser et al., 2003, and works cited]. Other

markers might be similarly associated (e.g. mtDNA lineage D4, or Y chromosome sublineage

C2), but their connection with the Austronesian expansion is supported less strongly, and more

research will be required to confirm these as correlates.

MtDNA lineage B4a was detected in each of the three study regions: Indonesia, Madagas-

car, and Vanuatu. This is concordant with published reports that find this marker in every

Austronesian-speaking population examined thus far [Merriwether et al., 1999]. Austronesian

languages and Neolithic culture seem to have been spread at least in part by a dispersal of

people. Consequently, non-Austronesian peoples could not have been completely dominant bi-

ologically, and they could not have acquired Austronesian languages and Neolithic material

culture solely through a process of cultural diffusion. However, Austronesian markers were not

carried by more than a fifth of modern peoples in the three study regions. B4a was detected at

highest frequency in highland Malagasy (19%) and ni-Vanuatu (17%); O3 was infrequent, and

indeed, absent in Malagasy. Therefore, Austronesian peoples could not have dominated non-

Austronesian peoples biologically in the three study regions. The process observed in Indonesia,

Madagascar, and Vanuatu is one of partial admixture. At least some genetic markers associated

with the Austronesian dispersal are found in all three regions, but their frequency is invariably

low. Does this pattern extend to other populations in the Austronesian world?

Figure 9.1 shows the distribution of B4a and O3 frequencies throughout the region of the

Austronesian spread. While B4a reaches at least moderate frequency throughout this region (20–

40%), it occurs most commonly in peripheral regions of the Austronesian dispersal (e.g. Fiji,

Polynesia, and Micronesia). Increased B4a frequencies may be linked in part to the distribution

of pre-Austronesian populations. The islands from the southern Solomons eastward were un-

populated prior to the arrival of Austronesian peoples [Green, 1991a], but modern humans had

settled Island Southeast Asia and Melanesia at least 30,000 years previously [Bellwood, 1997,

p. 84 ff.]. Perhaps Austronesian settlers were able to colonize land uninhabited by human com-

petitors more readily than populated regions. In other words, the incoming Neolithic migrants

may not have dislodged Mesolithic peoples so easily.

This is a finding of some consequence, because it implies that Austronesian languages and

Neolithic society were spread in large part by cultural diffusion. This is certainly not to say
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Fig. 9.1: Genetic contributions from Austronesian peoples. MtDNA lineage B4a and Y chromosome subhaplogroup O3 frequencies in the Indo-Pacific region.
Frequency values, number of individuals, and citations listed in table 9.1. Populations listed from west to east, except Madagascar. WNG, West New
Guinea; PNG, Papua New Guinea.
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that a biological dispersal was unimportant — the widespread distribution of Austronesian

genetic markers shows clearly that it was. But non-Austronesian peoples must have adopted

the Neolithic societal kit and Austronesian languages in a cultural manner, because the genetic

division between Austronesian and non-Austronesian markers does not correlate with meaningful

linguistic or cultural distinctions in many Austronesian populations today.

One could speculate that the strength of population resistance in parts of Melanesia may be

linked to an indigenous origin of agriculture in the New Guinea highlands. Excavations at Kuk

swamp indicate that indigenous Melanesians had a horticultural economy and large population

sizes prior to the Austronesian expansion [Denham et al., 2003]. Renfrew [1987, pp. 150–151]

predicts that such peoples could resist the incursion of other agricultural peoples effectively, and

this may explain why the highland peoples of West and Papua New Guinea lack Austronesian

genetic markers. New Guinea may provide an interesting model system, arguably the only one

in the world, for examining the collision between two agricultural peoples. This model should

be pursued further, particularly by determining where the boundary between Austronesian and

non-Austronesian characters lies in the New Guinea interior, and by clarifying the geographical

extent of indigenous Melanesian horticulture.

Could the B4a and O3 frequencies have changed over time? Murray-McIntosh et al. [1998]

suggest five processes, by which gene frequencies may vary between settler and source popula-

tions.

1. Migrants making the outward journey may, by chance, have carried haplotype frequencies

that varied from the source population (‘founder events’).

2. Haplotype frequencies may have changed following initial settlement due to immigration

from other regions.

3. Genetic drift may have altered haplotype frequencies in the source or migrant populations.

4. Selection may have altered haplotype frequencies in the source or migrant populations.

For instance, some genetic variants are proposed as favouring survival during long voy-

ages [Neel, 1962, Dowse and Zimmet, 1993, Gerbitz et al., 1996].

5. High-ranking males or females may have carried particular haplotypes in the source pop-

ulation. These genetic variants may have been favoured in the settler population due to

differential survival of offspring.

Any combination of these processes might explain why B4a and O3 frequencies vary across

the region affected by the Austronesian dispersal. (In particular, the fifth point is examined

in greater detail below). Examination of the settlement process in a more formal manner,

particularly using simulation modelling, would almost certainly be a fruitful exercise. Analysis

of the five processes listed above would facilitate integration of cultural, historical, and genetic
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information into a single settlement model, and I see this work as the next important step to

allow the settlement processes of the Austronesian dispersal to be unravelled.

Nevertheless, genetic markers B4a and O3 have probably not been particularly common over

much of the Austronesian range. Except for the previously unsettled areas of Remote Ocea-

nia, B4a and O3 frequencies are consistently low, and it is most parsimonious to assume that

Austronesian peoples were not dominant biologically during the contact process. Because we

observe a mixture of Austronesian and non-Austronesian polymorphisms, the relative propor-

tions of each may vary in three respects. The following sections examine spatial, sex-specific,

and temporal variation in the genetic data.

Spatial Variation

Was the contact between Austronesian and non-Austronesian peoples structured spatially? Al-

though genetic markers vary with geography in Indonesia and Vanuatu (chapters 4 and 6), in

neither case was this variation linked clearly to the dispersal of Austronesian peoples. A cline

of mtDNA lineages through Indonesia probably pre-dates the Austronesian expansion, and may

record a second incursion of Neolithic peoples into Indonesia from southern mainland Asia (see

section 4.3.4). The spatial variation observed in Vanuatu is more complex, and is recorded

in two forms. Firstly, a statistical association between mtDNA variation and major linguistic

groups (see section 6.3.3). The first settlers in Vanuatu presumably spoke related forms of

the same Austronesian language [Lynch, 1994], and the linguistic groups of ni-Vanuatu peoples

most likely developed after the archipelago was initially settled. It follows that genetic varia-

tion associated with linguistic groups developed post-settlement as well. Secondly, sublineage

Q2a is localized to Northern and Central Vanuatu (see section 6.3.4). This distribution is best

attributed to Melanesian peoples moving into Vanuatu after the collapse of long-distance inter-

action through the archipelago. In all likelihood, the distribution of Q2a was also formed after

the initial settlement period.

No patterns of spatial variation are clearly attributable to Austronesian/non-Austronesian

contact, although spatial patterns that pre– and post-date the Austronesian dispersal were

identified. The only comparable study at this level of detail is that of Handoko et al. [2001],

who did not detect spatial variation in Indonesia. However, a general decline in genetic diversity

is well recognized as occurring from west to east in the Indo-Pacific region [Lum et al, 2002, and

citations therein], and was confirmed in this report (appendix C). However, the lack of observed

spatial patterns does not necessarily imply that Austronesian contact with non-Austronesian

peoples was not structured spatially. Further samples from more carefully chosen geographical

locations will be necessary to advance our knowledge in this field (see upcoming sections), and

in particular, samples taken in a transect across the vast Indonesian archipelago may well show

some form of spatial variation.
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Sex-Specific Variation

Was contact between Austronesian and non-Austronesian peoples structured in a sex-specific

manner? The proportions of male and female Austronesian markers vary from 9% to 19%

in the three case study regions, but there is considerably greater variation elsewhere in the

Austronesian world (table 9.1). It is unclear whether this variation reflects meaningful variation

in the settlement process, or rather, the stochastic effects of founder events and genetic drift. It

is certainly possible that high-ranking males or females may have carried particular haplotypes

in Austronesian source populations, including the subsequent steps that led to the settlement

of the greater Indo-Pacific region. Depending on whether the balance of power lay with women

or men, the increased survival of their offspring may have favoured differential propagation of

either B4a (women) or O3 (men).

Chiefdoms that are inherited maternally are common in Austronesian societies [Gunson,

1987, Hurles et al., 2003], and these may have favoured the propagation of maternally-inherited

markers. Intriguingly, there is some support for this proposition (table 9.1). B4a and O3

frequencies are inversely related in different parts of the Austronesian range. There is a bias

towards high male O3 frequencies in regions where non-Austronesian people pre-date the Aus-

tronesian arrival. However, a bias towards high B4a frequencies occurs in peripheral regions

of the Austronesian spread (for instance, in the Lapita culture region of Island Melanesia, and

Remote Oceania). Perhaps we are observing the development of the female-dominated societies

that are common in Polynesia today [Gunson, 1987], but this would require much further re-

search to substantiate. Modelling sex-specific factors is an exciting area for future Indo-Pacific

research, and it should allow genetic and non-genetic evidence to be integrated in ways that

have not hitherto been possible.

Temporal Variation

Is there evidence for temporal variation in the settlement process? Austronesian peoples first

settled each study region at different times: about 4,000 BP for Indonesia [Bellwood, 1997,

p. 219 ff.], 3,000 BP for Vanuatu [Bedford et al., 1998], and 1,500 BP for Madagascar [Wright

and Rakotoarisoa, 1997]. MtDNA lineage B4a haplotypes in Indonesia and Vanuatu are dated

concordantly, and give TMRCA dates in the mid-Holocene (∼5,000 BP). This is contrary to the

estimate of a late Pleistocene origin inferred by Richards et al. [1998]. Of course, the dates

have large variances, and no dates were calculated for Madagascar due to the small number of

haplotypes representing specific mtDNA lineages. In general, genetic dating should be treated

with appropriate reserve.

Nevertheless, genetic dating allowed the detection of a radiation of non-Austronesian peo-

ples in Vanuatu contemporary with the Austronesian expansion. Individuals carrying mtDNA

lineage Q2 underwent a population expansion ca. 6,400 BP (95% CI [300;12,600]), and the
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B4a O3 Ref
Location

n Frequency (%) n Frequency (%) Difference (%)

South China 145 21 116 63 −42 c, e, h, j, k
Taiwan 396 29 347 12 +17 c, d, h, i, j, k, o
Philippines 250 36 67 45 −9 c, d, j, k
Indonesia 595 22 518 18 +4 c, d, h, i, j, k, p
West New Guinea Highlands 202 0 94 0 0 j, k, m
Papua New Guinea Highlands 131 0 31 0 0 a, b ,k
Coastal Papua New Guinea 260 38 121 2 +36 a, b, j, k
Island Melanesia 201 38 159 6 +32 a, h, l, i, j, k
Vanuatu 423 20 366 4 +16 d, g, i, j, p
Fiji 42 76 59 8 +68 a, g, j
West Polynesia 225 96 101 47 +49 a, d, h, i, j
East Polynesia 542 93 165 21 +72 a, d, g, j, k
Micronesia 652 74 73 27 +47 d, g, i

Madagascar 354 19 33 39 −20 f, p

a. Hertzberg et al. [1989] i. Su et al. [2000]
b. Stoneking and Wilson [1989] j. Capelli et al. [2001]
c. Melton et al. [1995] k. Kayser et al. [2001b]
d. Sykes et al. [1995] l. Friedlaender et al. [2002]
e. Betty et al. [1996] m. Tommaseo-Ponzetta et al. [2002]
f. Soodyall et al. [1996a, 1996b] n. Kayser et al. [2003]
g. Lum and Cann [1998] o. Tajima et al. [2002]
h. Hagelberg et al. [1999b] p. thesis

Tab. 9.1: B4a and O3 frequencies in the Indo-Pacific region. The difference column shows the bias of female (B4a) markers over male (O3) markers.



9. Conclusions 175

radiation could perhaps be placed more specifically in the late Lapita period; i.e. just before

2,500–2,200 BP (argument in section 6.3.5). The demographic expansion of non-Austronesian

peoples was most likely associated with two factors: firstly, the adoption of a Neolithic agri-

cultural economy [Renfrew, 1987, pp. 150–151], and secondly, newly available agricultural land

following the initial settlement of Vanuatu. Austronesian peoples were almost certainly the first

to enter Vanuatu, because non-Austronesian genetic characters are so infrequent further east in

Remote Oceania. But the data presented here suggest that cultural diffusion from Austrone-

sian to non-Austronesian peoples occurred soon after initial contact. Indigenous Melanesian

peoples seemingly adopted their language and Neolithic way of life from Austronesian immi-

grants without a significant biological contribution, and any distinction between Austronesian

and non-Austronesian peoples in Vanuatu may have been eroded quickly.

Does the Genetic Data Fit the Austronesian Expansion Model?

Chapters 4, 5, and 6 examined the settlement of Indonesia, Madagascar, and Vanuatu by

Austronesian peoples. While Madagascar’s settlement seems to be attributable to historical

movements from Indonesia, the ‘Out of Taiwan’ settlement model (or its variants) best fit the

genetic data for Indonesia and Vanuatu. However, the ‘Out of Taiwan’ model is least adequate

when considering the relative contributions of Austronesian and non-Austronesian peoples to

modern populations. The widespread distribution of a Neolithic agricultural economy (and its

successors), and the almost complete adoption of Austronesian languages, implies that the Aus-

tronesian dispersal was a fundamental cultural process in the Indo-Pacific region. Why were its

biological effects seemingly so minimal?

At least two explanations — one biological, the other cultural — show promise for addressing

this discrepancy. Firstly, genetic lineages other than B4a and O3 should perhaps be assigned

as markers of the Austronesian and non-Austronesian population groups. Secondly, the spread

of Austronesian languages and Neolithic culture may have been spread in large part by cultural

diffusion, triggered by small numbers of expanding Austronesians. In reality, a combination of

both solutions, and probably others, may have to be adopted.

Assignment of genetic markers. Genetic lineages like B4a and O3 are largely considered

markers of the Austronesian dispersal, because their distribution mirrors that of the Austrone-

sian languages and archaeologically-attested Neolithic culture. Yet immigrants to Oceania and

Madagascar were probably subjected to extreme founder events and culturally practices, which

reduced the genetic diversity found in modern populations [Lum et al., 2002]. Lineages B4a and

O3 were probably only two of many genetic markers that once characterized the Austronesian

dispersal; other markers were probably lost through repeated settlement events. Genetic data

support this interpretation. The mtDNA genetic diversity of Indonesia is significantly greater

than that of Madagascar or Vanuatu (see appendix C). However, few Indonesian lineages are

associated clearly with known historical processes. The haplotypes uncovered by this study
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must represent only a small proportion of the total diversity, and much of this diversity could

be characterized only poorly. Although B4a seems to be linked to the dispersal of Austrone-

sian peoples, other lineages might be similarly associated (argument in section 4.3.3). MtDNA

lineage D4 currently provides the best case — its TMRCA date, geographical distribution, and

affinity to populations on the Asian mainland mimic the properties found in lineage B4a. Similar

arguments could possibly be made for other markers; for instance, both Indonesians and Abo-

riginal Taiwanese share Y chromosome haplogroups O1 and O2 at moderate frequency [Capelli

et al., 2001, and citations therein].

A process of cultural diffusion. Austronesian peoples left a genetic legacy through-

out the region of their dispersal; for instance, no populations currently speaking Austronesian

languages lack B4a carriers [Merriwether et al., 1999]. Yet the biological contribution from Aus-

tronesian sources is often small, at least in the vicinity of those regions where non-Austronesian

peoples once resided. One possible solution comes in the form of ‘leapfrogging’ [Antony, 1990],

a migration process in which peoples do not emigrate steadily, but rather cross great distances

and bypass large areas. Although an agricultural economy should be recognized as initiating

and driving the migration process, emigration need not have been as regular as proposed by

Ammerman and Cavalli-Sforza [1973]. In a leapfrogging model, the migrants’ biological markers

would disperse widely, but occur sparsely. Each leap would initiate a new staging ground for

the cultural dispersal of the Neolithic economy and Austronesian languages, and there would

be no one centre of cultural diffusion. This model only requires that the next ‘leap’ occur be-

fore the current population changes biologically to any great extent. (Barbujani and Bertorelle

[2001] recognized that local intermarriage must have lagged onward emigration in the Neolithic

colonization of Europe, although they did not propose this within a leapfrogging model). A

lag between emigration and local intermarriage has great explanatory power for describing the

difference in non-Austronesian genetic contribution between Vanuatu and Polynesia (argument

in section 6.3.5). The model would also help account for the extraordinarily fast spread of

Neolithic culture through the Indo-Pacific region — from the Philippines to Samoa in about a

thousand years [Spriggs, 2000, p. 65]. The leapfrogging model is advanced here as a hypothesis

for further testing, as the genetic data analysed in this report are insufficiently detailed to allow

further exploration of this model.

Future Directions

Research on how Austronesian and non-Austronesian peoples interacted with one another during

the Neolithic expansion shows a number of promising leads. Although future directions for this

work are also addressed elsewhere, the following section summarizes three issues whose resolution

would allow the field to advance significantly.

Samples. To explore possible associations between unrecognised genetic markers and the

Austronesian expansion, researchers must access a greater range of samples from Indo-Pacific
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populations. This is particularly important for the furthering of research in Indonesia and north-

ern Island Southeast Asia. The mtDNA diversity uncovered in Indonesia shows that this region

is one of the most complex in the world with regard to human genetic variation (cf. Europe;

Richards et al. [1996]). A greater range of samples from a wider selection of populations will be

necessary to delineate major spatial trends in the genetic data. In addition, more care must be

taken with choosing the places from which biological samples are collected. Can the samples ad-

dress meaningful bio-anthropological questions in specific places of interest? Returning again to

Indonesia, a greater geographical range of samples is needed to determine whether major genetic

‘breaks’ occur along the archipelago. Does a major genetic divide occur at the Huxley-Wallace

line? Is there any correlation between genetic and linguistic diversity? Similar questions could

be asked for other study regions, but they cannot be convincingly answered with the range of

samples that are currently available.

Genetic Research. To examine models of Austronesian settlement in more detail, re-

searchers must be able to assign the available samples to genetic lineages more accurately. This

problem is particularly acute in the Indonesian sample, for which over 30% of mtDNA genomes

could not be assigned to known mtDNA lineages. The problem is further exacerbated by the

widespread use of control region polymorphisms, which are often easily obtained, but are not

always of great phylogenetic utility [Ingman et al., 2000]. Coding region polymorphisms seem to

be more useful for clarifying the affinities of major mtDNA haplogroups. It is often helpful to use

RFLP mapping to define markers for these haplogroups, but how major haplogroups are related

often cannot be determined by using RFLP markers alone. In such cases, complete mtDNA

genome sequences are usually necessary to clarify such relationships [Kivisild et al., 2002]. For

instance, Ingman and Gyllensten [2003] have confirmed the major relationships between the

Oceanic lineages B4a, Q, and P using complete mtDNA genome sequencing. However, it would

be interesting to apply this methodology more widely, particularly to clarify the relationships

between the 3% of ni-Vanuatu lineages whose historical affinities could not be inferred.

The analysis of Y chromosome variation might also benefit from this approach. Assigning

men to haplogroup level is an important first step, but it would be useful to determine finer

relationships between men within each haplogroup. A prime candidate for this purpose is mi-

crosatellite analysis. Unfortunately, the Y chromosome microsatellites available to date resolve

relationships in Indo-Pacific men only poorly [Kayser et al., 2001b], but the development of

phylogenetically informative Y chromosome microsatellites for this geographical region would

allow for more detailed analysis of male relationships in the Indo-Pacific.

One further approach for future research is the use of nuclear, biparentally-inherited poly-

morphisms. The nuclear genome carries a wealth of genetic markers, although their analysis is

more complicated than for uniparentally-inherited markers. However, analysis of biparentally-

inherited polymorphisms should allow researchers to determine whether differences in mtDNA

and Y chromosome frequencies are attributed correctly to sex-specific processes, or whether they

result from founder and bottleneck events.
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Formal Modelling. This thesis adopted an approach of integrating historical, archaeolog-

ical, and linguistic information into genetic analyses, but this was accomplished largely through

informal comparison of different data sets. Future research would benefit from more formal

modelling procedures, particularly the application of computer simulation modelling for analy-

sis and comparison of competing settlement theories. It will become increasingly important to

incorporate historical information into genetic analyses. For instance, if women are considered

to be dominant in certain Austronesian societies [Gunson, 1987], can we determine whether sex-

specific survival rates for offspring are sufficient to account for discrepancies in Austronesian male

and female markers in these populations? If historical information shows that post-settlement

migrations into Vanuatu came most commonly from western Melanesia, can we reconstruct the

allele frequencies of early populations in Vanuatu by subtracting the effects of later pre-historic

movements? Murray-McIntosh et al. [1998] and Penny et al. [2002] have utilised this approach

for settlement questions in East Polynesia, but it is unclear whether these modelling methods

are yet sophisticated enough to deal with the more complex historical and genetic regions dealt

with in this thesis. Nevertheless, the computer modelling of palaeodemographics would seem to

have a promising future.

The complexity and geographical coverage of genetic data in the Indo-Pacific has reached a

point where we can begin to address the processes of contact between Austronesian and non-

Austronesian peoples. Further studies will require more precise geographical sampling, better

collection of associated ethnological data, more detailed genetic analyses, and the application

of formal modelling procedures. Although many spatial, sex-specific, and temporal processes

still cannot be inferred dependably, the extent to which the Austronesian dispersal affected

the biology of non-Austronesian populations is more easily investigated. Far from being casual

players in the emerging Neolithic world, non-Austronesian populations in the Indo-Pacific region

merely adapted to their changing situation, and biologically at least, they carried on. Although

the archaeological and linguistic records seem not to reflect this contribution so clearly, the

everyday dealings of Austronesian populations with the peoples that they encountered were

more complex than we have previously believed. Contrary to popular belief, non-Austronesian

peoples contributed in a substantial biological fashion to modern populations in many regions

of the Austronesian dispersal.
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[Muro et al., 2001] Muro, M., Maŕın, L., Toŕıo, A., Moya-Quiles, M., Minguela, A., Rosique-

Roman, J., Sanchis, M., Garcia-Calatayud, M., Garćıa-Alonso, A., and Álvarez López, M.
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A. REAGENTS USED IN EXPERIMENTS

Reagent/Restriction Endonuclease Abbreviation† Supplier Catalogue Number

Agarose (SeaKem LE) Cambrex Corporation, U.S.A. 50004

Boric acid Sigma-Aldrich Corportion, U.S.A. B 0252

Bovine serum albumin BSA Roche Diagnostics, Switzerland 711 454

DNA marker XIV (100 bp ladder) ′′ 1 721 933

Ethidium bromide, aqueous solution Sigma-Aldrich Corportion, U.S.A. E 1510

Ethanol (95%+) ′′ E 7148

Ethylenediaminetetraacetic acid EDTA ′′ ED2SS

MgCl2 stock solution Roche Diagnostics, Switzerland 1 699 113

NuSieve:Agarose 3:1 FMC, New Jersey, U.S.A. 50090

Oligonucleotide primers Proligo Oligonucleotides, U.S.A. —

PCR buffer without Mg2+ Roche Diagnostics, Switzerland 1 699 105

PCR-grade deoxynucleotides dNTPs ′′ 1 969 064

Taq DNA polymerase ′′ 1 647 679

Tris(hydroxymethyl)aminomethane Tris Sigma-Aldrich Corportion, U.S.A. T 6066

AluI a Roche Diagnostics, Switzerland 239 275

AvaII b ′′ 740 748

BsiYI Roche Diagnostics, Switzerland 1 388 916

Bsl I New England Biolabs, U.S.A. #R0555S

DdeI c Roche Diagnostics, Switzerland 835 293

HaeII n ′′ 693 910

HaeIII e ′′ 693 936

HhaI f, CfoI ′′ 688 541

HincII o, HindII ′′ 220 540

HindIII ′′ 656 313

HinfI g ′′ 779 652

HpaI h ′′ 380 385

Hsp92 II Promega Corporation, U.S.A. R7161

MboI j, NdeII Roche Diagnostics, Switzerland 1 040 235

MspI i ′′ 633 518

RsaI k ′′ 729 124

TaqI l ′′ 404 128

Tsp509I New England Biolabs, U.S.A. #R0576S

�
Restriction endonuclease abbreviations used in mtDNA RFLP polymorphism nomenclature



B. Y CHROMOSOME POLYMORPHISMS

Test protocols for markers M9, M130, M230, 92R7, and Lly22g kindly provided by Drs. Chris

Tyler-Smith and Peter Underhill. Test protocols for remaining markers developed by the author.

Engineered (‘forced’) mismatches in PCR primers indicated by minuscules.

Polymorphism Name: M8 [Underhill et al., 1997]
Synonyms: DYS263
Mutation (Ancestral to Derived): G → T
Marker of Y Chromosome Clade: C1
Banding location: Yp11.2
Y Chromosome BAC Clone: RP11-558K21
ENSEMBL Access code: AC007284
Forward primer: GAATCAATAACTTGGACTGGGcTCA

Reverse primer: AATGTACCTTAGACCATCCAGTC

PCR annealing temperature: Touchdown PCR
Product size: 118 bp
Restriction endonuclease: DdeI (C/TnAG)
Bands if ancestral: 96 and 22 bp
Bands if derived: 118 bp
Selective role: Non-coding
Comments: none

Polymorphism Name: M9 [Underhill et al., 1997, Hurles et al., 1998]
Synonyms: G10.35a
Mutation (Ancestral to Derived): C → G
Marker of Y Chromosome Clade: K
Banding location: Yq11.223
Y Chromosome BAC Clone: RP11-576C2
ENSEMBL Access code: AC009977
Forward primer: GCAGCATATAAAACTTTCAGG

Reverse primer: AAAACCTAACTTTGCTCAAGC

PCR annealing temperature: 58 �C
Product size: 340 bp
Restriction endonuclease: HinfI (G/AnTC)
Bands if ancestral: 181, 95 and 64 bp
Bands if derived: 245 and 95 bp
Selective role: Non-coding
Comments: none
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Polymorphism Name: M11 [Underhill et al., 1997]
Synonyms: G10.37
Mutation (Ancestral to Derived): A → G
Marker of Y Chromosome Clade: L
Banding location: Yq11.223
Y Chromosome BAC Clone: RP11-576C2
ENSEMBL Access code: AC009977
Forward primer: CCTCCCTCTCTCCTTGTATTCTAc

Reverse primer: ATTACAGCTCTCTCCTGGGGG

PCR annealing temperature: Touchdown PCR
Product size: 148 bp
Restriction endonuclease: MspI (C/CGG)
Bands if ancestral: 148 bp
Bands if derived: 128 and 20 bp
Selective role: Non-coding
Comments: none

Polymorphism Name: M38 [Underhill et al., 2000]
Synonyms: G10.73a
Mutation (Ancestral to Derived): T → G
Marker of Y Chromosome Clade: C2
Banding location: Yq11.223
Y Chromosome BAC Clone: RP11-576C2
ENSEMBL Access code: AC009977
Forward primer: TACAGTACTTATTATGGAAAACCAcCg

Reverse primer: AGAAAAGAAAAGCAGATGCTAAAATTA

PCR annealing temperature: Touchdown PCR
Product size: 215 bp
Restriction endonuclease: MspI (C/CGG)
Bands if ancestral: 215 bp
Bands if derived: 190 and 25 bp
Selective role: Non-coding, intronic
Comments: Within intron 1 of Testis Protein Fragment

(no function assigned)

Polymorphism Name: M60 [Shen et al., 2000]
Synonyms: B9.34
Mutation (Ancestral to Derived): T insertion
Marker of Y Chromosome Clade: B
Banding location: Yq11.223
Y Chromosome BAC Clone: RP11-424G14
ENSEMBL Access code: AC010889
Forward primer: GCACTGGCGTTCATCATCT

Reverse primer: ATGTTCATTATGGTTCAGGAGG

PCR annealing temperature: Touchdown PCR
Product size: 389 bp
Restriction endonuclease: MboI (/GATC)
Bands if ancestral: 241 and 147 bp
Bands if derived: 389 bp
Selective role: Non-coding, intronic
Comments: Located between exons 15 and 16 of the SMCY

protein (Histocompatibility Y antigen, H-Y)
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Polymorphism Name: M96 [Underhill et al., 2000]
Synonyms: G3.05a
Mutation (Ancestral to Derived): G → C
Marker of Y Chromosome Clade: E
Banding location: Yq11.223
Y Chromosome BAC Clone: RP11-424G14
ENSEMBL Access code: AC010889
Forward primer: GTGTAACTTGGAAAACAGGTCTCc

Reverse primer: TCCCAGGGCTACTGTTTTCCC

PCR annealing temperature: Touchdown PCR
Product size: 180 bp
Restriction endonuclease: BsiYI (CCnnnnn/nnGG)
Bands if ancestral: 151 and 29 bp
Bands if derived: 180 bp
Selective role: Non-coding
Comments: none

Polymorphism Name: M106 [Shen et al., 2000]
Synonyms: B9.6-7b
Mutation (Ancestral to Derived): A → G
Marker of Y Chromosome Clade: M
Banding location: Yq11.223
Y Chromosome BAC Clone: RP11-424G14
ENSEMBL Access code: AC010889
Forward primer: GGGAGGCAACCTAAGAAAG

Reverse primer: AGGTGAACGCATTCTGTCAT

PCR annealing temperature: Touchdown PCR
Product size: 572 bp
Restriction endonuclease: TaqI (T/CGA)
Bands if ancestral: 348 and 224 bp
Bands if derived: 224, 185 and 163 bp
Selective role: Non-coding
Comments: Found in the 3′ UTR of the SMCY protein,

containing peptides corresponding to epitopes
of the male-specific H-Y antigen

Polymorphism Name: M122 [Underhill et al., 2000]
Synonyms: G3.27a
Mutation (Ancestral to Derived): T → C
Marker of Y Chromosome Clade: O3
Banding location: Yq11.222
Y Chromosome BAC Clone: RP11-424G14
ENSEMBL Access code: AC010889
Forward primer: TGGTAAACTCTACTTAGTTGCCTTT

Reverse primer: TTTGCTTTGTTAGATTCTGGTGTTG

PCR annealing temperature: Touchdown PCR
Product size: 221 bp
Restriction endonuclease: Hsp92 II (CATG/)
Bands if ancestral: 147 and 74 bp
Bands if derived: 221 bp
Selective role: Non-coding
Comments: none
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Polymorphism Name: M130 [Bergen et al., 1999]
Synonyms: RPS4YC711T

Mutation (Ancestral to Derived): C → T
Marker of Y Chromosome Clade: C
Banding location: Yp11.31
Y Chromosome BAC Clone: RP11-400O10
ENSEMBL Access code: AC006040
Forward primer: GAGTGGGAGGGACTGTGAGA

Reverse primer: CCACAGAGATGGTGTGGGTA

PCR annealing temperature: 52 �C
Product size: 528 bp
Restriction endonuclease: Bsl I (CCnnnnn/nnGG)
Bands if ancestral: 232, 155 and 141 bp
Bands if derived: 387 and 141 bp
Selective role: Non-coding
Comments: Very close to, but not within, the

the pseudo-autosomal region

Polymorphism Name: M168 [Shen et al., 2000]
Synonyms: DFFRY Ex01B site a
Mutation (Ancestral to Derived): C → T
Marker of Y Chromosome Clade: CDEF
Banding location: Yq11.21
Y Chromosome Clone: 486 O 8
ENSEMBL Access code: AC002531
Forward primer: AGTTTGAGGTAGAATACTGTTTGCT

Reverse primer: AATCTCATAGGTCTCTGACTGTTC

PCR annealing temperature: Touchdown PCR
Product size: 473 bp
Restriction endonuclease: HinfI (G/AnTC)
Bands if ancestral: 234, 106, 81 and 52 bp
Bands if derived: 234, 187 and 52 bp
Selective role: Non-coding
Comments: none

Polymorphism Name: M170 [Shen et al., 2000]
Synonyms: DFFRY Exon 8, Faf-Y intron 8
Mutation (Ancestral to Derived): A → C
Marker of Y Chromosome Clade: I
Banding location: Yq11.21
Y Chromosome Clone: 489 O 8
ENSEMBL Access code: AC002531
Forward primer: CTATTTTATTTACTTAAAAATCATTGgTC

Reverse primer: AAATACGAAGGACACAAAACC

PCR annealing temperature: Touchdown PCR
Product size: 166 bp
Restriction endonuclease: AvaII (G/GwCC)
Bands if ancestral: 166 bp
Bands if derived: 140 and 26 bp
Selective role: Non-coding, intronic
Comments: Probable Ubiquitin carboxyl-terminal hydrolase

FAF-Y, a ubiquitin-specific protease
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Polymorphism Name: M177 [Whitfield et al., 1995]
Synonyms: SRY9138

Mutation (Ancestral to Derived): C → T
Marker of Y Chromosome Clade: K1
Banding location: Yp11.31
Y Chromosome BAC Clone: RP11-400O10
ENSEMBL Access code: AC006040
Forward primer: TTTAACATTGACAGGACCAG

Reverse primer: GTGTTGGTTCTCCTGTAAAG

PCR annealing temperature: Touchdown PCR
Product size: 421 bp
Restriction endonuclease: HaeIII (GG/CC)
Bands if ancestral: 191, 119, 59 and 52 bp
Bands if derived: 191, 178 and 52 bp
Selective role: Non-coding
Comments: Very close to, but not within, the

the pseudo-autosomal region

Polymorphism Name: M207 [Shen et al., 2000]
Synonyms: UTY1 ex03 = Intron 3a
Mutation (Ancestral to Derived): A → G
Marker of Y Chromosome Clade: R
Banding location: Yq11.221
Y Chromosome BAC Clone: RP11-386L3
ENSEMBL Access code: AC006376
Forward primer: AAATGTAAGTCAAGCAAGAAAcTTA

Reverse primer: CAAAATTCACCAAGAATCCTTG

PCR annealing temperature: Touchdown PCR
Product size: 370 bp
Restriction endonuclease: DdeI (C/TnAG)
Bands if ancestral: 353 and 17 bp
Bands if derived: 331, 22 and 17 bp
Selective role: Non-coding
Comments: ubiquitously transcribed y chromosome

tetratricopeptide repeat protein

Polymorphism Name: M213 [Shen et al., 2000]
Synonyms: UTY1 ex05b=Intron 4c
Mutation (Ancestral to Derived): T → C
Marker of Y Chromosome Clade: F
Banding location: Yq11.221
Y Chromosome BAC Clone: RP11-386L3
ENSEMBL Access code: AC006376
Forward primer: TATAATCAAGTTACCAATTACTGGC

Reverse primer: TTTTGTAACATTGAATGGCAAA

PCR annealing temperature: Touchdown PCR
Product size: 409 bp
Restriction endonuclease: Hsp92II (CATG/)
Bands if ancestral: 291 and 118 bp
Bands if derived: 409 bp
Selective role: Non-coding, intronic
Comments: Located in intron 4 of the ubiquitously

transcribed tetratricopeptide repeat gene (UTR)
on the Y chromosome.
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Polymorphism Name: M214 [Shen et al., 2000]
Synonyms: UTY1 ex12 = Intron 11
Mutation (Ancestral to Derived): T → C
Marker of Y Chromosome Clade: O
Banding location: Yq11.221
Y Chromosome BAC Clone: RP11-386L3
ENSEMBL Access code: AC006376
Forward primer: ATGCCCATGGTCCAATTGTACAGCA

Reverse primer: ACAGTGTGAGACACTGTCTGAAAACAc

PCR annealing temperature: Touchdown PCR
Product size: 166 bp
Restriction endonuclease: MspI (C/CGG)
Bands if ancestral: 166 bp
Bands if derived: 137 and 29 bp
Selective role: Non-coding, intronic
Comments: Located within intron 11 of the

ubiquitously transcribed Y chromosome
tetratricopeptide repeat protein

Polymorphism Name: M217 [Shen et al., 2000]
Synonyms: UTY1 intron 17
Mutation (Ancestral to Derived): A → C
Marker of Y Chromosome Clade: C3
Banding location: Yq11.221
Y Chromosome BAC Clone: RP11-218F6
ENSEMBL Access code: AC010877
Forward primer: GTACAGATCTGTTTCGAGATC

Reverse primer: ATTTTTATGTATTTTTCCTTCaaAAGAGTT

PCR annealing temperature: Touchdown PCR
Product size: 129 bp
Restriction endonuclease: BsiYI (CCnnnnn/nnGG)
Bands if ancestral: 129 bp
Bands if derived: 104 and 25 bp
Selective role: Non-coding, intronic
Comments: Intron 17 of the Ubiquitously Transcribed

Y chromosome (UTY) tetratricopeptide repeat
protein

Polymorphism Name: M230 (P.A. Underhill, pers. comm.)
Synonyms: none
Mutation (Ancestral to Derived): T → A
Marker of Y Chromosome Clade: Unnamed, interior to K
Banding location: Yq11.221
Y Chromosome BAC Clone: RP11-386L3
ENSEMBL Access code: AC006376
Forward primer: GATTTTAACAATATATACATGGCCA

Reverse primer: ACATTATTAGTATGTAAATCTTCATTGC

PCR annealing temperature: 53 �C
Product size: 164 bp
Restriction endonuclease: Tsp509I (/AATT)
Bands if ancestral: 85 and 79 bp
Bands if derived: 164 bp
Selective role: Non-coding
Comments: none
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Polymorphism Name: 92R7 [Mathias et al., 1994, Hammer et al., 1998]
Synonyms: none
Mutation (Ancestral to Derived): C → T
Marker of Y Chromosome Clade: P
Banding location: Yp11.2
Y Chromosome BAC Clone: RP11-492C2
ENSEMBL Access code: AC006335
Forward primer: GCCTATCTACTTCAGTGATTTCT

Reverse primer: GACCCGCTGTAGACCTGACT

PCR annealing temperature: 62 �C
Product size: 722 bp
Restriction endonuclease: HindIII (A/AGCTT)
Bands if ancestral: 722, 526 and 196 bp
Bands if derived: 722 bp
Selective role: Non-coding
Comments: More than one copy of this locus on the Y

chromosome, one of which contains the marker.
The 722 bp product remains after digestion.

Polymorphism Name: Lly22g (Unpublished results; C. Tyler-Smith)
Synonyms: none
Mutation (Ancestral to Derived): C → A
Marker of Y Chromosome Clade: N
Banding location: Yq11.223
Y Chromosome BAC Clone: RP11-220O2
ENSEMBL Access code: AC010141
Forward primer: CCACCCAGTTTTATGCATTTG

Reverse primer: ATAGATGGCGTCTTCATGAGT

PCR annealing temperature: Touchdown PCR
Product size: 850 bp
Restriction endonuclease: HindIII (A/AGCTT)
Bands if ancestral: 500, 230 and 120 bp
Bands if derived: 620, 500, 230 and 120 bp
Selective role: Non-coding
Comments: More than one copy of this locus on the Y

chromosome, one of which contains the marker.
The ancestral products remain after digestion.



C. TABLES OF DIVERSITY VALUES

Haplotype diversity (Ĥ), nucleotide diversity (π̂), and mean pairwise differences (Dxy) for In-

donesia, Madagascar, and Vanuatu. Only gene diversity can be calculated for Y chromosome

data. The composite value is calculated for the entire data set of each study region.

Genetic System Region Population Ĥ SD (Ĥ) 95% CI

MtDNA Indonesia Ambon 0.961 0.034 0.78 – 1.00
Banjarmasin 0.996 0.015 0.85 – 1.00
Jakarta 0.987 0.006 0.90 – 1.00
Lombok 0.960 0.025 0.79 – 1.00
Manado 0.974 0.022 0.77 – 1.00
Composite 0.991 0.003 0.96 – 1.00

Madagascar Betsileo 0.925 0.035 0.72 – 0.99
Bezanozano 0.895 0.053 0.60 – 0.98
Merina 0.912 0.037 0.67 – 0.99
Sihanaka 0.897 0.042 0.64 – 0.99
Composite 0.902 0.015 0.81 – 0.96

Vanuatu Aniwa 0.909 0.039 0.79 – 0.97
BanksTorres 0.909 0.039 0.66 – 0.99
Futuna 0.679 0.035 0.52 – 0.80
Lamen 0.927 0.025 0.80 – 0.98
Maewo 0.895 0.033 0.70 – 0.98
Malekula 0.941 0.036 0.73 – 1.00
Maskelynes 0.908 0.022 0.75 – 0.97
Nguna 0.745 0.059 0.60 – 0.88
Paama 0.924 0.044 0.68 – 1.00
Tanna 0.906 0.022 0.78 – 0.97
Composite 0.926 0.010 0.89 – 0.95

Y chromosome Madagascar Betsileo 0.638 0.093 0.38 – 0.88
Bezanozano 0.933 0.12 0.36 – 1.00
Merina 0.679 0.12 0.24 – 0.91
Sihanaka 0.667 0.20 0.19 – 0.99
Composite 0.699 0.052 0.51 – 0.84

Vanuatu Aniwa 0.442 0.11 0.25 – 0.65
Futuna 0.383 0.12 0.20 – 0.61
Lamen 0.581 0.075 0.39 – 0.78
Maewo 0.742 0.053 0.51 – 0.91
Malekula 0.300 0.10 0.12 – 0.49
Maskelynes 0.091 0.081 0.01 – 0.29
Nguna 0.516 0.029 0.31 – 0.69
Paama 0.565 0.069 0.38 – 0.72
Tanna 0.500 0.048 0.31 – 0.72
Composite 0.661 0.018 0.60 – 0.72

Tab. C.1: Gene diversity in Indonesia, Madagascar, and Vanuatu.
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Region Population π̂ SD (π̂) 95% CI

Indonesia Ambon 0.0185 0.010 0.00 – 0.039
Banjarmasin 0.0200 0.011 0.00 – 0.042
Jakarta 0.0211 0.011 0.00 – 0.043
Lombok 0.0193 0.011 0.00 – 0.040
Manado 0.0218 0.012 0.00 – 0.045
Composite 0.0206 0.011 0.00 – 0.042

Madagascar Betsileo 0.278 0.15 0.00 – 0.57
Bezanozano 0.220 0.12 0.00 – 0.46
Merina 0.257 0.14 0.00 – 0.53
Sihanaka 0.286 0.16 0.00 – 0.59
Composite 0.261 0.14 0.00 – 0.53

Vanuatu Aniwa 0.0242 0.013 0.00 – 0.051
BanksTorres 0.0242 0.013 0.00 – 0.051
Futuna 0.0212 0.011 0.00 – 0.044
Lamen 0.0275 0.014 0.00 – 0.056
Maewo 0.0211 0.011 0.00 – 0.043
Malekula 0.0254 0.014 0.00 – 0.052
Maskelynes 0.0183 0.010 0.00 – 0.037
Nguna 0.0160 0.0087 0.00 – 0.033
Paama 0.0266 0.015 0.00 – 0.055
Tanna 0.0196 0.010 0.00 – 0.040
Composite 0.0237 0.012 0.00 – 0.048

Tab. C.2: Nucleotide diversity (mtDNA) in Indonesia, Madagascar, and Vanuatu.

Region Population Dxy SD (Dxy) 95% CI

Indonesia Ambon 5.82 2.9 0.16 – 11
Banjarmasin 6.29 3.1 0.21 – 12
Jakarta 6.63 3.2 0.40 – 13
Lombok 6.05 3.0 0.20 – 12
Manado 6.85 3.4 0.28 – 13
Composite 6.47 3.1 0.43 – 13

Madagascar Betsileo 7.52 3.6 0.38 – 15
Bezanozano 5.94 3.0 0.055 – 12
Merina 6.93 3.4 0.25 – 14
Sihanaka 7.71 3.8 0.30 – 15
Composite 7.05 3.3 0.49 – 14

Vanuatu Aniwa 6.59 3.3 0.19 – 13
BanksTorres 6.59 3.3 0.19 – 13
Futuna 6.09 2.9 0.31 – 12
Lamen 9.37 4.4 0.76 – 18
Maewo 7.41 3.6 0.39 – 14
Malekula 9.05 4.4 0.48 – 18
Maskelynes 7.15 3.4 0.43 – 14
Nguna 5.71 2.8 0.24 – 11
Paama 9.47 4.6 0.44 – 18
Tanna 6.16 3.0 0.32 – 12
Composite 6.45 3.1 0.45 – 12

Tab. C.3: Mean Pairwise Differences (mtDNA) in Indonesia, Madagascar, and Vanuatu.
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Group Mean ± SD 95% CI

Gene diversity (Ĥ) B4a 0.442 0.077 0.292 – 0.593
Q 0.827 0.026 0.776 – 0.879
P 0.900 0.018 0.866 – 0.934
Unassigned 0.825 0.049 0.729 – 0.920

Northern 0.909 0.039 0.832 – 0.985
Central 0.929 0.013 0.903 – 0.954
Southern 0.893 0.014 0.866 – 0.921

PNV 0.926 0.014 0.899 – 0.953
PCV 0.917 0.016 0.885 – 0.948
PSV 0.906 0.022 0.862 – 0.949
PO 0.838 0.019 0.801 – 0.875

Nucleotide diversity (π̂) B4a 0.00220 0.0020 0.00 – 0.00606
Q 0.0146 0.0081 0.00 – 0.0305
P 0.00897 0.0055 0.00 – 0.0197
Unassigned 0.0161 0.0091 0.00 – 0.0339

Northern 0.0242 0.014 0.00 – 0.0505
Central 0.0249 0.013 0.00 – 0.0505
Southern 0.0206 0.011 0.00 – 0.0422

PNV 0.0232 0.012 0.00 – 0.0475
PCV 0.0239 0.13 0.00 – 0.0485
PSV 0.0213 0.012 0.00 – 0.0439
PO 0.0186 0.010 0.00 – 0.0384

Mean pairwise differences (Dxy) B4a 0.597 0.48 0.00 – 1.55
Q 3.93 2.0 0.0530 – 7.81
P 2.44 1.3 0.00 – 5.07
Unassigned 4.38 2.2 0.0257 – 8.73

Northern 6.59 3.3 0.189 – 13.0
Central 6.77 3.2 0.488 – 13.1
Southern 5.58 2.7 0.297 – 10.9

PNV 6.30 3.0 0.329 – 12.3
PCV 6.50 3.1 0.441 – 12.6
PSV 5.80 2.8 0.269 – 11.3
PO 5.04 2.5 0.199 – 9.87

Tab. C.4: MtDNA diversity values by haplogroup, island cluster, and linguistic group in Vanuatu. See
chapter 6 text for details.

Haplogroup Mean ± SD 95% CI

Gene diversity (Ĥ) B4a 0.182 0.14 0.0228 – 0.518
Q 0.949 0.051 0.842 – 0.994
P 0.940 0.018 0.640 – 0.998

Average gene diversity over loci (π̂) B4a 0.000627 0.00099 0 – 0.0026
Q 0.0145 0.0087 0 – 0.031
P 0.0152 0.0085 0 – 0.032

Mean pairwise differences (Dxy) B4a 0.182 0.25 0 – 0.68
Q 4.21 2.2 0 – 8.6
P 4.40 2.2 0.06 – 8.7

Tab. C.5: MtDNA RFLP diversity values and mean pairwise differences by lineage. See chapter 7 text
for details.
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Ambon Banjarmasin Jakarta Lombok Manado

Ambon — 0.0518 0.167 –0.0529 –0.0881
[0.033]

Banjarmasin 0.00856 — 0.0878 –0.0294 0.128

Jakarta 0.0240 0.0126 — 0.0981 0.389
[0.049] [< 0.001]

Lombok –0.00902 –0.00472 0.0140 — 0.0231

Manado –0.0140 0.0191 0.0552 0.00381 —
[< 0.001]

Tab. D.1: ΦST and Nei’s DA values for Indonesian mtDNA variation. Pairwise Nei’s DA values above
diagonal; ΦST values below diagonal. Significance recorded if p < 0.05 (brackets).

Betsileo Bezanozano Merina Sihanaka

Betsileo — −0.743 0.764 −0.204

Bezanozano −0.0493 — −0.619 −0.666

Merina 0.0366 −0.0411 — 1.40

Sihanaka −0.0103 −0.0428 0.0662 —

Tab. D.2: ΦST and Nei’s DA values for Malagasy mtDNA variation. Pairwise Nei’s DA values above
diagonal; ΦST values below diagonal. Significance recorded if p < 0.05 (brackets).
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ΦST values for mtDNA and Y chromosome variation in Vanuatu. Abbreviations for islands:

AN, Aniwa; BT, Banks and Torres; FU, Futuna; LA, Lamen; MA, Malekula; ME, Maskelynes;

MO, Maewo; NG, Nguna; PA, Paama; and TA, Tanna.

AN BT FU LA MO MA ME NG PA TA

AN — 0.00 0.00 0.00 0.00 0.0297 0.00 0.00 0.00 0.00

BT 0.197 — 0.00 0.0198 [0.0792] 0.0198 0.0099 0.00 0.0099 0.00

FU 0.172 0.338 — 0.00 0.00 0.00 0.00 0.00 0.00 0.00

LA 0.0646 0.124 0.0819 — 0.00 [0.564] 0.0297 0.0198 [0.297] 0.0099

MO 0.252 0.0391 0.366 0.194 — 0.00 0.00 0.00 0.00 0.00

MA 0.0472 0.0717 0.127 −0.0114 0.148 — [0.149] 0.0099 [0.257] 0.0198

ME 0.0568 0.109 0.217 0.0423 0.167 0.0238 — 0.0297 0.0297 0.0297

NG 0.0504 0.236 0.215 0.0601 0.298 0.0912 0.0391 — 0.0099 [0.0792]

PA 0.158 0.108 0.213 0.0153 0.189 0.0232 0.0882 0.165 — 0.0099

TA 0.0803 0.214 0.204 0.0462 0.281 0.0712 0.0435 0.0391 0.0965 —

Tab. D.3: ΦST and Nei’s DA values for Vanuatu mtDNA variation. ΦST values below diagonal; significance
above diagonal. Bracketed probability values are not significant at p < 0.05.

AN FU LA MO MA ME NG PA TA

AN — 0.00 0.00 0.0198 0.00 0.00 0.00 0.00 0.00

FU — [0.0891] 0.00 [0.099] 0.00 0.0198 [0.149] 0.0099

LA 0.261 0.0472 — [0.485] [0.178] 0.00 0.00 0.0198 0.00

MO 0.154 0.149 −0.00102 — 0.0297 0.00 0.00 0.00 0.00

MA 0.392 0.0554 0.0184 0.127 — 0.00 0.00 0.0099 0.00

ME 0.777 0.731 0.633 0.557 0.825 — 0.00 0.00 0.00

NG 0.555 0.555 0.199 0.204 0.354 0.408 — 0.00 [0.416]

PA 0.532 0.017 0.116 0.198 0.145 0.686 0.167 — 0.00

TA 0.598 0.313 0.299 0.265 0.480 0.686 −0.00163 0.299 —

Tab. D.4: ΦST and Nei’s DA values for Vanuatu Y chromosome variation. ΦST values below diagonal;
significance above diagonal. Bracketed probability values are not significant at p < 0.05.



E. MTDNA CONTROL REGION VARIATION IN INDONESIA

Each haplotype is named after one individual with that sequence. Variable sites are listed relative

to the reference sequence with a dot indicating a character state identical to the reference.

Variable sites are numbered vertically minus 16,000. Haplotypes are given in three tables, one

for each superhaplogroup (L3, M, and N). Haplotypes unassigned to superhaplogroups are given

in a fourth table. MtDNA lineages listed where identified. Abbreviations: AMB, Ambon; BJM,

Banjarmasin; JAK, Jakarta; LOM, Lombok; and MND, Manado.
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REF CTTTCCCTTGTTTGCCGTAACTCCATTGCTACCCTTAAACTAACTCCCCTACAGCATCCCCTTATATGTTAACTTTG

L3 Putative B5 BJM6 ...........C............................C.................................... 1 1 2
BJM24 ...........C.....................T........................................... 1 1
JAK321 ...........C.......................................A......................... 1 3 4

JAK201 ...........C.......................................A...........G............. 2 2
JAK214 ...........C....................................T..A......................... 2 2

MND7 ...........C...........................A.....T..T..A......................... 1 1
JAK108 ........C..C....................................T..A..T...................... 1 1

Other JAK222 .................................T...................AT...........CA......... 1 1
JAK224 .................................T...............C...A............C....G.C... 1 1

AMB4 ....T....A...........C.....................................T....C.........C.. 1 1
JAK127 ........C..........................C..............................C.......... 1 1

MND11 ...................................................................A........A 1 1

n 1 2 9 4 2 18
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Fig. E.1: Network diagram for Indonesian superhaplogroup L3 haplotypes. Proposed network root indi-
cated by an asterisk.
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REF CTTTCCCTTGTTTGCCGTAACTCCATTGCTACCCTTAAACTAACTCCCCTACAGCATCCCCTTATATGTTAACTTTG

M D4 AMB56 .................................T........................................C.A 5 3 8

AMB59 .................................T.........T..............................C.A 1 1
BJM9 .................................T..............T.........................C.A 1 4 5
JAK328 ..C..............................T..............T.........................C.A 1 1

JAK415 .................................T.......................T................C.A 1 1 2 4
LOM3 ........C........................T.......................T................C.A 1 1

LOM23 .................................T..........C............T................C.A 1 1
MND16 .....................C...........T.......................T................C.A 1 1

G2 BJM16 ...C.............................T....................T...................... 1 1
LOM11 ...C............................TT....................T...................... 1 1

AMB68 ...C.............................T................G...T...................... 1 1
MND12 ...C......................C......TC..............CG...T............A......... 1 1

AMB52 ...C......................C......TC..............C....T............A......... 1 1

M7b BJM4 .........A.......................T...........................C............... 1 1 2

JAK219 .C.......A.......................T...........................C......C........ 1 1

M7c JAK202 .................................T........................................C.. 1 3 4
BJM14 .................................T................................C.......C.. 1 1 2

BJM12 ...C.............................T................................C.......C.. 1 1
BJM22 .................................T................................C.......... 1 1
JAK305 .................................T................................CA......C.. 1 1

LOM9 .................................T................................C...G...C.. 1 1
MND20 .................................T...................A............C.......C.. 1 1

JAK303 .................................T..........................T.....C.......C.. 1 1
JAK126 .................................T..........................T.............C.. 2 1 1 4
AMB66 ............................................................T.............C.. 1 1

JAK212 ..............................G..T..........................T.............C.. 1 1

Q BJM17 .........A..C..T.....C...........T....G...........C...............C....G..... 1 1
MND22 .........A..C..T.....C...........T....GT..........C...............C....G..... 1 1

Other JAK221 .................................T........................................... 1 1 2
JAK217 .........A.......................T.....T..................................... 1 1

BJM8 .........A................C......T..................G........................ 1 1
JAK104 .C.......A................C......T..................G........................ 2 2

LOM21 .........A................C......T................................C..C....... 1 1
AMB54 ....................T.....C......T..G...........................C............ 1 1
AMB77 .............................C............G.C...T............................ 1 1

JAK121 ...C...........T.................T........................................... 2 2
JAK230 .............A...................T.......................T......C............ 1 1

JAK307 ................A................T...............C........................... 1 1
LOM18 .......C...........-........T....T........................................... 1 1

n 14 8 19 13 10 64
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Fig. E.2: Network diagram for Indonesian superhaplogroup M haplotypes. Proposed network root indi-
cated by an asterisk.
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REF CTTTCCCTTGTTTGCCGTAACTCCATTGCTACCCTTAAACTAACTCCCCTACAGCATCCCCTTATATGTTAACTTTG

N B JAK306 ..............T..............C.......G....................................... 2 2

BJM13 ..........C..................C............................................... 1 1
JAK226 ..........C..................C..........................................T.... 1 1

B4a AMB55 .............................C..................T............................ 1 1 2
AMB26 ..C..........................C..................T............................ 1 1

JAK117 ....................T........C..................T.................C.......... 1 1
LOM8 .............................C............G.....T............................ 2 1 3

AMB39 .............................C............G.....T....A....................... 1 1

B5 JAK119 ...........C.................C.......................A................G...... 1 3 4
AMB36 T..........C.................C.......................A................G...... 1 1
JAK208 ...........C...............A.C.......................A................G...... 1 1

JAK211 ...C.......C.................C.......................A................G...... 1 1
JAK213 ...........C.................C.....................T.A................G...C.. 1 1

JAK330 ...........C.................C.......................A............C...G...... 1 1
MND15 ..C........C.................C.......................A.T..........C...G...... 1 1

N9a JAK102 .........A...........C..........................................C............ 2 2
LOM20 .........A...........C..........................................C.........CC. 1 1

MND3 .........A...........C.....................................T....C.........C.. 1 1
AMB50 .........A...........C..........................................C.C.......... 1 1

LOM19 .........A...........C......T...................................C.C.......... 1 1
JAK308 .........A........G..C..........................................C............ 1 1
JAK109 .....T...A........G..C..........................................C............ 2 2 4

BJM5 .....TT..A........G..C..........................................C............ 1 1
JAK210 .........A......A.G..C..........................................C.C.......... 3 3

P AMB71 .......................T...........................T.....................C... 1 1
MND9 .......................T.......T...................T.................C...C... 1 1

W BJM15 ......T.............TC...........T................................C.......C.. 1 1

Other AMB65 ...............T.................T........................................C.. 1 2 3

MND19 ..C............T.................T........................................C.. 2 2
LOM17 .................................T............A.T.........TT................. 1 1
MND23 .................................T............A.T.........TT.............C... 1 1

JAK425 ....................T............T..........C.....................C..C....... 1 1
JAK326 .................C...........................T..................C.....G...... 1 1 2

JAK123 ............................................C...........C.................... 1 1
JAK207 ........................CC................................................... 2 2

JAK301 ............................................C...........C.......C...........A 1 1
MND6 .................................T..............................CG..........A 1 1

n 8 5 25 7 10 55
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Fig. E.3: Network diagram for Indonesian superhaplogroup N haplotypes. Proposed network root indi-
cated by an asterisk.
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REF CTTTCCCTTGTTTGCCGTAACTCCATTGCTACCCTTAAACTAACTCCCCTACAGCATCCCCTTATATGTTAACTTTG

Unassigned BJM1 .........A.......................T.............T..............C.............. 1 1

BJM2 ...C..........................C...............................C...........C.. 2 2
BJM3 .............................C..................T...................C........ 1 1
BJM10 .....................CT..........T....................T...........C.......... 1 1

BJM11 .................................T..............T.......C.................C.A 1 1
BJM19 .................................T.......T........................C.......C.. 1 1

n 7 7



F. MTDNA CONTROL REGION VARIATION IN MADAGASCAR

Haplotypes are named after one individual with that sequence. Variable sites are listed relative to

the reference sequence. A dot indicates a character state identical to the reference. Variable sites

are numbered vertically minus 16,000. MtDNA superhaplogroups L2, L3, M, and N are listed

in order; sublineages listed where identified. Abbreviations: BET, Betsileo; BZO, Bezanozano;

MER, Merina; and SIH, Sihanaka.

001122222222222222222333333 B B M S
Lineage 894501222456667999999011269 E Z E I

638897013791358012458919720 T O R H n

Ref TTCATTACCACCTACCCCCCTATGCTG

L2 BZO3 ........T.....TT..T..G....A 1 1 2

L3 BET18 ........T....T............. 1 1
BET2 ...C....T....T............. 1 1

MER22 ........T.....T..........C. 2 1 3
BET25 C.......T.....T..........C. 1 1
BET6 .C......T.....T..........C. 2 3 3 4 12

BZO13 ....C...T.............C.... 1 1

M D4 BET11 .......TT.......T........CA 2 1 3 6

BET21 .......TT.......T.....C..CA 1 1

M7c BET16 ........T..........T.....C. 1 4 3 8

BET9 ........T...C.........C.... 5 1 2 3 11
BET4 C.T.....T.T...T........A... 1 3 4

N B4a BET22 .....C...G.T............... 4 2 4 3 13
BET24 C....C...G.T............... 1 1

BET12 ......C......G......C....C. 2 2 4
BET1 ........T...............T.. 1 2 1 4

BZO17 .............T...T....C.... 1 1

n 23 15 19 17 74
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Fig. F.1: Network diagram of Malagasy mtDNA control region haplotypes.



G. MTDNA CONTROL REGION VARIATION IN VANUATU

Haplotypes are named after one individual with that sequence. Variable sites are listed relative

to the reference sequence. A dot indicates a character state identical to the reference. Variable

sites are numbered vertically minus 16,000. Haplotypes are given in three tables, one for each of

the three mtDNA haplogroups (B4a, Q, and P). Putative lineage B5 and unassigned haplotypes

are given in a fourth table. Haplotypes are clustered according to sub-haplogroup (e.g. Q2a)

assignment. Abbreviations: AN, Aniwa; BT, Banks and Torres; FU, Futuna; LA, Lamen; MA,

Malekula; ME, Maskelynes; MO, Maewo; NG, Nguna; PA, Paama; and TA, Tanna.
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REF CCCTGTTCCACCATCTTCCATCACTCACCTACCGCACCCTTCTTAGCTTACCTTC

B4a LA55 ................C...........T.......................... 1 4 3 8
AN821 ................C.........G.T.......................... 4 1 22 5 1 3 3 3 42

FU78 ................C.........G.T...T...................... 1 1
ME55 ................C.........G.T........................C. 1 1
MO343 ................C.........G.T....................G..... 1 1

LA76 ................C....T....G.T.......................... 2 2
MA134 ................C....T....G.T...........C.............. 1 1

AN819 .T.................R.T....G.T......R................... 1 1

n 6 1 23 11 5 1 4 3 3 57
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REF CCCTGTTCCACCATCTTCCATCACTCACCTACCGCACCCTTCTTAGCTTACCTTC

Q Q AN829 ....A.............T.................................... 2 2 4

Q1 LA79 ....A.............T...G................................ 1 3 2 6
LA60 ....A..T...T......T...G................................ 1 1

LA100 ....A.............T...GA.......................C....... 1 5 6
MO367 ....A.............T...G.............T.................. 2 2

MA165 ....A.............T...G....................C........... 1 1
LA48 ....A.............T...G..............................C. 1 1

TA491 ....A........C....T...G................................ 3 3
LA71 ....A...T.........T...G....T.........T................. 1 1 1 3
AN835 ....A.............T...G.....T........T................. 1 1

Q2 AN798 ....A...T.........T..................................C. 8 3 14 9 3 8 2 19 11 77

AN735 ....A...T......C..T..................................C. 1 1
AN837 ....A...T.........T..................................CT 1 3 4
FU25 ....A...T.........T.C................................C. 1 1

LA5 ....A...T.........T................................T.C. 1 4 5
MO345 ....A...T.........T..............A...................C. 1 1

NG19 ....AC..T.........T..................................C. 2 2
TA454 ...CA...T.........T..................................C. 6 6

TA474 ....A...T.........T...........................T......C. 1 1
TA483 ....A.....T..C....T.................................... 3 3
AN807 ....A...T.........T........................C.........C. 15 15

Q2a PA2 ....A.C.T.........T...........C............C.....G...C. 1 1

ME18 ....A.C.T.........T...........C............C.....G..... 3 3
LA81 ....A.C.T.........T...G.......C............C.....G..... 1 1 1 3
PA41 ....A.C.T.........T...G.C.....C............C.....G..... 2 2

MA87 ....A.C.T.....T...T...G.......C............C.....G..... 1 1
LA34 ....A.C.T.........T...G.....T.C............C.....G..... 1 1 2

MA107 ....A.C.T............T........C............C.....G..... 1 1
MO354 ....A.C.T............TG.......C............C.....G..... 2 2 4

LA10 ....A.C.T.....................C............C.....G..... 2 2
MO310 ....A.C.T.............G.......C............C.....G..... 2 3 5
NG24 ....A.C.T.............G......CC............C....CG..... 1 1

LA11 ....A.C.T........T....G.......C............C.....G..... 4 1 5
BT394 ....A.C.T........T....G....................C.....G..... 1 1

ME51 ....A.C.T....C................C............C.....G..... 4 6 10
MO352 ....A.C.T....C................C............C.....G...C. 5 5

Q2b ME17 ....A...T.........T.................T.......T........C. 3 3
NG35 ........T.........T.................T.......T........C. 1 1

MA133 ........T.........T..T..............T.......T........C. 1 1
ME25 ........T.........T........T................T........C. 1 1

n 28 13 15 20 11 29 21 27 5 27 196
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REF CCCTGTTCCACCATCTTCCATCACTCACCTACCGCACCCTTCTTAGCTTACCTTC

P P MO334 ..............T.....................................C.. 3 1 4
AN731 ..............T................T....................C.. 3 1 1 1 2 4 12
LA64 .A............T................T.....T..............C.. 1 1

NG33 ..............T..........T.....T....................C.. 1 1
PA7 ..............T................T....T......C........C.. 1 1

TA450 .........G....T................T.A..T...............C.. 1 7 8

P1 NG11 ..............T................TT...................C.. 8 8
LA52 ..............T................TT.....T.............C.. 3 3
LA59 ..............T................TT...................... 1 1

TA502 ..............T................TT.................T.C.. 3 3

P2 ME36 ..............TC...............T....................C.. 5 3 1 9
LA13 ..............TC...............T.A..................C.. 3 1 4
LA42 ............G.TC...............T...............C....C.. 1 1

ME57 ...........T..TC...............T....................... 2 2
MA167 ..............TC...............T...........C........C.. 1 1

MA123 ..............TC...............T...........C.......TC.. 1 1

n 4 3 10 2 8 1 10 7 15 60
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REF CCCTGTTCCACCATCTTCCATCACTCACCTACCGCACCCTTCTTAGCTTACCTTC

Unassigned Putative B5 AN796 .T...C...............T..C.............................. 8 8

Other TA492 ..................T......................TC............ 2 2

BT375 .G................T...........G...T......T............. 1 1
NG2 ..................T...................T................ 1 1
TA485 T............C....T....................C............... 1 1

TA458 ...........................T........................... 3 3
AN784 ............T..............TT.......................... 1 1

FU28 .............................................A......... 11 11
TA470 ..............................................T........ 1 1

n 9 1 11 1 7 29
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Fig. G.1: Network diagram of Vanuatu haplotypes. The central grey sketch represents the entire network.
Lineages B4a, Q, and P are enlarged to show detail. Blue asterisks indicate the common root, and
the Q2 and Q2a sub-networks are linked by a dotted line.



H. SUMMARY OF GENETIC DATA FROM INDONESIA

POPULATION SAMPLE mtDNA CONTROL REGION SEQ Superhaplogroup ∆9bp

L3 M N 0 1

Ambon AMB4 Y L3 0

AMB8 Y M 0

AMB26 Y N 1

AMB36 Y N 1

AMB39 Y N 1

AMB50 Y N 0

AMB52 Y M 0

AMB54 Y M 0

AMB55 Y N 1

AMB56 Y M 0

AMB57 Y 0

AMB59 Y M 0

AMB63 Y M 0

AMB65 Y N 0

AMB66 Y M 0

AMB67 Y M 0

AMB68 Y M 0

AMB69 Y M 0

AMB70 Y N 0

AMB71 Y L3 0

AMB72 Y M 0

AMB75 Y M 0

AMB77 Y 0

n = 24 24 2 12 7 19 4

Banjarmasin BJM1 Y 0

BJM2 Y 0

BJM3 Y 1

BJM4 Y 0

BJM5 Y N 0

BJM6 Y L3 1

BJM7 Y 1

BJM8 Y M 0

BJM9 Y M 0

BJM10 Y 0

BJM11 Y 0

BJM12 Y M 0

BJM13 Y N 1

BJM14 Y

BJM15 Y N 0

BJM16 Y M 0

BJM17 Y M 0

BJM18 Y 0

BJM19 Y 0

BJM20 Y L3 1

BJM22 Y M 0

BJM24 Y L3 1

BJM25 Y

n = 23 23 3 6 3 15 4

Jakarta JAK102 Y N 0

JAK104 Y M 0

JAK108 Y L3

JAK109 Y N 0

JAK111

JAK113

JAK117 Y N

JAK119 Y N 1
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POPULATION SAMPLE mtDNA CONTROL REGION SEQ Superhaplogroup ∆9bp

L3 M N 0 1

JAK120

JAK121 Y M 0

JAK122 Y

JAK123 Y N 0

JAK124 Y M

JAK125 Y M 0

JAK126 Y M 0

JAK127 Y L3 0

JAK201 Y L3 1

JAK202 Y M 0

JAK203

JAK204

JAK205

JAK206

JAK207 Y N 1

JAK208 Y N 1

JAK209 Y N 0

JAK210 Y N 0

JAK211 Y N 1

JAK212 Y M 0

JAK213 Y N 1

JAK214 Y L3 1

JAK216 Y M 0

JAK217 Y M 0

JAK218 Y 1

JAK219 Y M 0

JAK220 Y N 1

JAK221 Y L3 0

JAK222 Y L3 0

JAK223 Y N 0

JAK224 Y L3 0

JAK225 Y N 0

JAK226 Y N 1

JAK227 Y N 1

JAK230 Y M 0

JAK231

JAK232 Y L3 1

JAK301 Y N 0

JAK302

JAK303 Y M 0

JAK304 Y M 0

JAK305 Y M 0

JAK306 Y N 1

JAK307 Y M 0

JAK308 Y N 0

JAK309

JAK310

JAK311

JAK312

JAK313

JAK314

JAK315

JAK316

JAK317

JAK318

JAK319

JAK320

JAK321 Y L3 1

JAK322

JAK323

JAK324

JAK325 Y L3 1

JAK326 Y N 0

JAK327

JAK328 Y M 0

JAK329 Y N 1

JAK330 Y N 1

JAK331 Y M 0

JAK332

JAK333

JAK334

JAK335

JAK336

JAK337

JAK401

JAK402

JAK403

JAK404

JAK406
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POPULATION SAMPLE mtDNA CONTROL REGION SEQ Superhaplogroup ∆9bp

L3 M N 0 1

JAK407

JAK408

JAK409

JAK410

JAK411

JAK413

JAK414

JAK415 Y M 0

JAK416

JAK418

JAK419

JAK420

JAK421

JAK422

JAK424

JAK425 Y N 0

JAK426

JAK427

JAK428

JAK432

n = 107 53 10 18 23 32 17

Lombok LOM1 Y M 0

LOM2 Y L3 1

LOM3 Y M 0

LOM4 Y L3 1

LOM5 Y M 0

LOM6 Y M 0

LOM7 Y M 0

LOM8 Y N 1

LOM9 Y M 0

LOM10 Y N 0

LOM11 Y M 0

LOM12 Y N 1

LOM13 Y M 0

LOM15 Y M 0

LOM16 Y N 0

LOM17 Y N 0

LOM18 Y M 0

LOM19 Y N 0

LOM20 Y N 0

LOM21 Y M 0

LOM22 Y L3 1

LOM23 Y M 0

LOM26 Y M 0

LOM27 Y L3 1

n = 24 24 4 13 7 18 6

Manado MND1

MND3 Y N 0

MND4 Y M 0

MND5 Y N 0

MND6 Y N 0

MND7 Y L3 1

MND8 Y M 0

MND9 Y N 0

MND10 Y M 0

MND11 Y L3 0

MND12 Y M 0

MND13 Y M 0

MND14 Y M 0

MND15 Y N 1

MND16 Y M 0

MND17 Y N 0

MND18

MND19 Y N 0

MND20 Y M 0

MND21 Y N 1

MND22 Y M 0

MND23 Y N 0

MND24 Y N 0

MND25 Y M 0

n = 24 22 2 10 10 19 3



I. SUMMARY OF GENETIC DATA FROM MADAGASCAR

POPULATION SAMPLE SEX mtDNA CONTROL REGION SEQ Superhaplogroup ∆9bp Y Chromosome Haplogroup

M F L2 L3 M N 0 1

Betsileo BET1 Y N 0

BET2 Y L3 0

BET3

BET4 Y M 0

BET6 M Y L3 0 E

BET8 Y L3 0

BET9 M Y M 0 E

BET10 M Y M 0 E

BET11 M Y M 0 O*(xO3)

BET12 M Y N 0 E

BET13 M Y N 0 E

BET16 Y M 0

BET17 M Y M 0 R

BET18 M Y L3 0 E

BET21 Y M 0

BET22 Y N 1

BET24 M Y N 1 E

BET25 M Y L3 0 O*(xO3)

BET26 Y N 1

BET27 M Y M 0 E

BET28 M Y M 0 O*(xO3)

BET29 M Y N 1 O*(xO3)

BET30 M Y N 1 O*(xO3)

BET31 M Y M 0 B

n = 24 15 23 5 10 8 18 5 15

Bezanozano BZO1 M Y N 0 L

BZO3 M Y L2 0 O*(xO3)

BZO5 Y M 0

BZO6 Y M 0

BZO9 Y M 0

BZO13 M Y L3 0 B

BZO15 Y N 1

BZO16 Y M 0

BZO17 Y N 0

BZO18 Y N 1

BZO21 Y L3 0

BZO22

BZO27

BZO30 M Y L3 0 I

BZO31 Y N 0

BZO32 M Y L3 0 O*(xO3)

BZO36 M Y M 0 R

n = 17 6 15 1 4 5 5 13 2 6

Merina MER1 Y N 1

MER2 Y N 0

MER3 Y M 0

MER4

MER5

MER6 Y M 0

MER7 M Y L3 0 E

MER8 M Y L3 0 O*(xO3)

MER9 M Y M 0 O*(xO3)

MER10

MER11 Y N 1

MER12 Y N 1

MER13
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POPULATION SAMPLE SEX mtDNA CONTROL REGION SEQ Superhaplogroup ∆9bp Y Chromosome Haplogroup

M F L2 L3 M N 0 1

MER14 Y M 0

MER15

MER16 Y N 1

MER17 Y N 1

MER18 Y M 0

MER19 Y L3 0

MER20 M Y M 0 E

MER22 M Y L3 0 I

MER23 M Y M 0 O*(xO3)

MER24 M Y N 1 E

MER25 M Y M 0 O*(xO3)

n = 24 8 19 4 8 7 13 6 8

Sihinaka SIH2 M Y M 0 E

SIH4 Y N 1

SIH7 Y N 0

SIH8 Y L3 0

SIH10 M Y L3 0 O*(xO3)

SIH11 Y L3 0

SIH12 Y N 1

SIH14 M Y N 1 O*(xO3)

SIH19 Y M 0

SIH20 Y N 0

SIH23 Y L3 0

SIH24

SIH25 Y M 0

SIH26 Y L2 0

SIH27 Y M 0

SIH29 Y N 1

SIH34 Y N 0

SIH35

SIH38 M Y L3 0 E

n = 19 4 17 1 5 4 7 13 4 4



J. SUMMARY OF GENETIC DATA FROM VANUATU

CONTROL REGION RFLP SUPERHAPLOGROUP ∆9bp Y CHROMOSOME

GROUP POP SAMPLE SEX LINEAGE MAP HAPLOGROUP

M F B4a Q P Other TYPED L3 M N 0 1

North Banks BT10 F III 0

Vanuatu and BT21 F II 0

Torres BT30 M I 1 C*(xC1,C2,C3)

BT50 M II 0

BT60 M II 0

BT61 F II 0

BT70 F III 0

BT90 F II 0

BT100 F II 0

BT345 M II 0

BT350 F II 0

BT360 F II 0

BT365 M II 0 K*(xK1,L,M,N,O,P,M230)

BT370 F III 0

BT375 M O M 0 M

BT380 M II 0

BT390 F II 0

BT394 F II 0

n = 7 11 1 13 3 1 1 17 1

18 18 18 1 18 3

Central Lamen LA5 M II 0 K*(xK1,L,M,N,O,P,M230)

Vanuatu LA10 M II 0 C*(xC1,C2,C3)

LA11 F II 0

LA12 M I 1 K*(xK1,L,M,N,O,P,M230)

LA13 F III 0

LA22 F II 0

LA24 F I 1

LA31 F II 0

LA32 M II 0 K*(xK1,L,M,N,O,P,M230)

LA34 F II 0

LA42 M III 0 C*(xC1,C2,C3)

LA48 M II 0 M

LA52 F III 0

LA53 F III 0

LA54 F II 0

LA55 F I 1

LA59 F III 0

LA60 F II 0

LA62 M III 0 K*(xK1,L,M,N,O,P,M230)

LA64 M III 0 K-M230

LA67 M I 1 C*(xC1,C2,C3)

LA68 M II 0 M

LA69 M K*(xK1,L,M,N,O,P,M230)

LA71 M II 0 K*(xK1,L,M,N,O,P,M230)

LA72 M I 1 K*(xK1,L,M,N,O,P,M230)

LA76 F I B N 1

LA77 M I 1 M

LA78 M III 0 K*(xK1,L,M,N,O,P,M230)

LA79 F II 0

LA80 F III 0

LA81 M II 0 K*(xK1,L,M,N,O,P,M230)

LA82 M I 1 C*(xC1,C2,C3)

LA84 M I B N 1 K*(xK1,L,M,N,O,P,M230)

LA86 M I 1 C*(xC1,C2,C3)

LA87 F III 0

LA88 F

LA90 F II 0

LA91 F II 0
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CONTROL REGION RFLP SUPERHAPLOGROUP ∆9bp Y CHROMOSOME

GROUP POP SAMPLE SEX LINEAGE MAP HAPLOGROUP

M F B4a Q P Other TYPED L3 M N 0 1

LA92 F II 0

LA95 F I 1

LA100 M II 0

LA101 M II 0 K*(xK1,L,M,N,O,P,M230)

LA102 M II 0 K*(xK1,L,M,N,O,P,M230)

LA103 M C*(xC1,C2,C3)

LA107 M M

LA112 M K*(xK1,L,M,N,O,P,M230)

LA113 M K*(xK1,L,M,N,O,P,M230)

LA114 M C*(xC1,C2,C3)

LA115 M K*(xK1,L,M,N,O,P,M230)

LA124 F

n = 28 22 11 20 10 2 30 11

50 50 41 2 2 41 27

Malekula MA83 F

MA87 F II M 0

MA88 F

MA94 M K*(xK1,L,M,N,O,P,M230)

MA96 M K*(xK1,L,M,N,O,P,M230)

MA106 M K*(xK1,L,M,N,O,P,M230)

MA107 F II 0

MA108 F

MA109 F

MA118 F

MA123 M III 0 K*(xK1,L,M,N,O,P,M230)

MA125 F

MA130 F

MA133 F II M 0

MA134 F I 1

MA135 F II 0

MA140 M II 0 K*(xK1,L,M,N,O,P,M230)

MA141 M II Q M 0 K*(xK1,L,M,N,O,P,M230)

MA145 M K*(xK1,L,M,N,O,P,M230)

MA148 M K*(xK1,L,M,N,O,P,M230)

MA150 M C*(xC1,C2,C3)

MA151 M I 1 K*(xK1,L,M,N,O,P,M230)

MA152 F

MA154 M K*(xK1,L,M,N,O,P,M230)

MA156 M K*(xK1,L,M,N,O,P,M230)

MA157 F II 0

MA158 F II 0

MA159 F

MA160 M K*(xK1,L,M,N,O,P,M230)

MA161 M C*(xC1,C2,C3)

MA162 M K*(xK1,L,M,N,O,P,M230)

MA163 F I 1

MA164 M II 0 K*(xK1,L,M,N,O,P,M230)

MA165 F II 0

MA167 F III 0

MA168 M II 0 K*(xK1,L,M,N,O,P,M230)

MA169 M I 1 K*(xK1,L,M,N,O,P,M230)

MA170 M I 1 C*(xC1,C2,C3)

MA171 M

MA172 F

MA173 F

MA174 F

MA175 F

MA176 M C*(xC1,C2,C3)

MA177 F

MA180 F

MA181 F

MA182 M K*(xK1,L,M,N,O,P,M230)

MA183 F

MA184 M K*(xK1,L,M,N,O,P,M230)

MA185 M K*(xK1,L,M,N,O,P,M230)

MA186 F

MA187 F

MA188 F

n = 24 30 5 10 2 1 3 13 5

54 54 18 1 3 18 23

Maskelynes ME7 M II 0 M

ME17 F II 0

ME18 F II 0

ME19 F II 0
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CONTROL REGION RFLP SUPERHAPLOGROUP ∆9bp Y CHROMOSOME

GROUP POP SAMPLE SEX LINEAGE MAP HAPLOGROUP

M F B4a Q P Other TYPED L3 M N 0 1

ME21 F II 0

ME25 M II M 0

ME30 M II 0 M

ME31 F II 0

ME33 F II 0

ME36 M III 0 M

ME39 M III 0 M

ME41 F II 0

ME42 F III 0

ME44 M

ME45 F II 0

ME47 M II 0 M

ME48 M II 0 M

ME51 F II 0

ME52 F II 0

ME55 F I 1

ME57 F III 0

ME58 F II 0

ME59 M III 0 M

ME60 M II 0 M

ME62 F II 0

ME63 F II 0

ME67 F II 0

ME70 M II 0 M

ME72 M III 0 M

ME79 M III 0 M

ME81 M II 0 M

ME82 M II 0 M

ME86 M II 0 M

ME88 M M

ME90 M II 0 M

ME108 M M

ME113 F II 0

ME115 F

ME116 F II 0

ME121 F II 0

ME122 F III 0

ME123 F II 0

ME124 F

ME126 F

ME138 F

ME141 M M

ME149 M M

ME153 M M

ME157 M K*(xK1,L,M,N,O,P,M230)

ME158 M M

ME176 F

ME183 F

ME188 F

ME197 F

n = 24 30 1 28 8 1 1 37 1

54 54 38 1 38 22

Maewo MO310 F II 0

MO316 F

MO322 M II 0 C*(xC1,C2,C3)

MO323 F

MO326 F

MO327 M II 0 K*(xK1,L,M,N,O,P,M230)

MO328 F II 0

MO329 M II 0 C*(xC1,C2,C3)

MO334 M III 0 M

MO339 F

MO340 F

MO341 M O3

MO342 F

MO343 F I 1

MO344 F I 1

MO345 F II 0

MO346 F II 0

MO347 F

MO351 F II 0

MO352 M II 0 M

MO353 F

MO354 F II Q M 0

MO355 M II 0 K*(xK1,L,M,N,O,P,M230)

MO356 M M
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CONTROL REGION RFLP SUPERHAPLOGROUP ∆9bp Y CHROMOSOME

GROUP POP SAMPLE SEX LINEAGE MAP HAPLOGROUP

M F B4a Q P Other TYPED L3 M N 0 1

MO357 F

MO358 M M

MO359 M K*(xK1,L,M,N,O,P,M230)

MO361 M C*(xC1,C2,C3)

MO363 M II Q M 0 C*(xC1,C2,C3)

MO364 F II 0

MO366 M II 0 C*(xC1,C2,C3)

MO367 M II 0 C*(xC1,C2,C3)

MO368 F II 0

MO369 M C*(xC1,C2,C3)

MO371 M C*(xC1,C2,C3)

MO374 M II 0 K*(xK1,L,M,N,O,P,M230)

MO379 F I 1

MO402 M II 0 K*(xK1,L,M,N,O,P,M230)

MO403 F II 0

MO406 F I 1

MO411 F II 0

MO413 M II 0 O3

MO422 F

MO426 F

MO431 F

MO434 M M

MO436 F

MO439 F

MO443 F

MO448 F

MO452 F

MO453 F

n = 20 32 4 21 1 2 22 4

52 52 26 2 2 26 20

Nguna NG1 M II 0 K*(xK1,L,M,N,O,P,M230)

NG2 M O M 0 M

NG3 M II 0 K*(xK1,L,M,N,O,P,M230)

NG4 F II 0

NG5 M II 0 K*(xK1,L,M,N,O,P,M230)

NG6 M I 1 M

NG7 M II 0 M

NG8 M III 0 K*(xK1,L,M,N,O,P,M230)

NG9 M III 0 K*(xK1,L,M,N,O,P,M230)

NG10 M II 0 K*(xK1,L,M,N,O,P,M230)

NG11 M III 0 K*(xK1,L,M,N,O,P,M230)

NG12 M II 0 M

NG13 M II 0 K*(xK1,L,M,N,O,P,M230)

NG14 M II 0 M

NG15 M II 0 K*(xK1,L,M,N,O,P,M230)

NG16 M III 0 M

NG17 M III 0 K*(xK1,L,M,N,O,P,M230)

NG18 M I 1 M

NG19 M II 0 M

NG20 M II 0 M

NG21 F II 0

NG22 M II 0 M

NG23 F II 0

NG24 F II 0

NG25 F III 0

NG26 F II 0

NG27 F III 0

NG28 F II 0

NG29 M II 0 M

NG30 F III 0

NG31 M II 0 K*(xK1,L,M,N,O,P,M230)

NG32 M II 0 M

NG33 F III 0

NG34 F II 0

NG35 F II M 0

NG36 M I 1 K*(xK1,L,M,N,O,P,M230)

NG37 F II 0

NG38 M K*(xK1,L,M,N,O,P,M230)

NG39 M III 0 K*(xK1,L,M,N,O,P,M230)

NG40 M II 0 K*(xK1,L,M,N,O,P,M230)

NG41 M II 0 M

NG42 F II 0

NG43 F

NG44 F

NG45 F

NG46 M
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CONTROL REGION RFLP SUPERHAPLOGROUP ∆9bp Y CHROMOSOME

GROUP POP SAMPLE SEX LINEAGE MAP HAPLOGROUP

M F B4a Q P Other TYPED L3 M N 0 1

NG47 F

NG48 F

NG49 M

n = 30 19 3 26 10 2 2 38 3

49 49 41 2 41 28

Paama PA2 M II 0 K*(xK1,L,M,N,O,P,M230)

PA3 M K*(xK1,L,M,N,O,P,M230)

PA4 M II 0 O3

PA6 M III 0 O3

PA7 M III 0 K*(xK1,L,M,N,O,P,M230)

PA10 M II 0 M

PA11 M III 0 K*(xK1,L,M,N,O,P,M230)

PA12 M O3

PA15 M III 0 O3

PA18 M III 0 K*(xK1,L,M,N,O,P,M230)

PA20 M III 0 K*(xK1,L,M,N,O,P,M230)

PA23 M II 0 K*(xK1,L,M,N,O,P,M230)

PA24 M I 1 K*(xK1,L,M,N,O,P,M230)

PA27 M O3

PA28 M K*(xK1,L,M,N,O,P,M230)

PA31 M K*(xK1,L,M,N,O,P,M230)

PA34 F

PA35 F

PA36 F

PA39 F I 1

PA40 F III 0

PA41 F II 0

PA42 F

PA43 F

PA44 M K*(xK1,L,M,N,O,P,M230)

PA47 M I 1 K*(xK1,L,M,N,O,P,M230)

PA48 M O3

PA49 M K*(xK1,L,M,N,O,P,M230)

PA50 M M

PA51 M O3

PA52 M K*(xK1,L,M,N,O,P,M230)

PA53 M K*(xK1,L,M,N,O,P,M230)

PA54 M K*(xK1,L,M,N,O,P,M230)

PA55 M O3

PA56 M K*(xK1,L,M,N,O,P,M230)

PA60 M K*(xK1,L,M,N,O,P,M230)

PA63 M M

PA64 M K*(xK1,L,M,N,O,P,M230)

PA65 M M

PA66 M M

PA67 M K*(xK1,L,M,N,O,P,M230)

PA68 M K*(xK1,L,M,N,O,P,M230)

PA69 M M

PA70 M K*(xK1,L,M,N,O,P,M230)

PA77 F

PA78 F

PA79 F

PA80 F

PA81 F

PA82 F

PA84 F

PA85 F

PA87 F

PA91 F

PA100 F

PA112 M

n = 37 19 3 5 7 12 3

56 56 15 15 36

South Aniwa AN726 M II 0 R

Vanuatu AN727 M II 0 C*(xC1,C2,C3)

AN728 M II 0 R

AN731 M III 1 K*(xK1,L,M,N,O,P,M230)

AN735 F II 0

AN741 M O L3 1 C*(xC1,C2,C3)

AN743 F II 0

AN744 M III 1 R

AN745 M II 0 C*(xC1,C2,C3)

AN748 F II 0

AN749 M II 0 C*(xC1,C2,C3)
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CONTROL REGION RFLP SUPERHAPLOGROUP ∆9bp Y CHROMOSOME

GROUP POP SAMPLE SEX LINEAGE MAP HAPLOGROUP

M F B4a Q P Other TYPED L3 M N 0 1

AN751 F O L3 1

AN753 F II 0

AN763 F II 0

AN768 M II 0 C*(xC1,C2,C3)

AN771 F II 0

AN774 M II 0 C*(xC1,C2,C3)

AN781 M III 0 C*(xC1,C2,C3)

AN782 M I 1 C*(xC1,C2,C3)

AN783 F II 0

AN784 F O 0

AN785 M C*(xC1,C2,C3)

AN786 M O L3 1 M

AN788 M 0 C*(xC1,C2,C3)

AN789 F II 0

AN791 M II 0 C*(xC1,C2,C3)

AN793 M O L3 1 C*(xC1,C2,C3)

AN794 F II 0

AN796 F O L3 1

AN798 F II 0

AN807 M II 0 C*(xC1,C2,C3)

AN808 F II 0

AN811 M II 0 C*(xC1,C2,C3)

AN814 F 1

AN817 M O L3 1 C*(xC1,C2,C3)

AN819 F I N 1

AN821 F I 1

AN824 F II 0

AN825 M I 1 C*(xC1,C2,C3)

AN826 F II 0

AN827 M II 0 C*(xC1,C2,C3)

AN828 F I 1

AN829 M II 0 C*(xC1,C2,C3)

AN830 F II 0

AN833 M III 1 C*(xC1,C2,C3)

AN835 M II 1 K*(xK1,L,M,N,O,P,M230)

AN836 F O L3 1

AN837 M II 0 K*(xK1,L,M,N,O,P,M230)

AN840 F I 1

AN841 M O L3 1 C*(xC1,C2,C3)

n = 27 23 6 28 4 9 8 1 30 19

50 50 47 9 49 27

Futuna FU4 F II 0

FU5 F O L3 0

FU12 F II 0

FU13 F O L3 0

FU16 M I 1 K-M230

FU20 F I 1

FU22 F I 1

FU23 F II 0

FU24 M I 1 K-M230

FU25 M II 0 K-M230

FU26 F I 1

FU28 M O L3 0 K-M230

FU29 F I 1

FU30 F II 0

FU31 F I 1

FU32 M I 1 K-M230

FU34 F I 1

FU36 F I 1

FU37 M I 1 C*(xC1,C2,C3)

FU38 M I 1 K-M230

FU39 F I 1

FU40 M II 0 K*(xK1,L,M,N,O,P,M230)

FU41 M II 0 K-M230

FU45 M O L3 0 K*(xK1,L,M,N,O,P,M230)

FU47 M I 1 M

FU57 M O L3 0 K-M230

FU62 F I 1

FU63 F I 1

FU65 M I 1 K-M230

FU66 M I 1 M

FU67 M O L3 0 M

FU68 F O L3 0

FU69 F I 1

FU70 F II 0

FU71 M II 0 K-M230
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CONTROL REGION RFLP SUPERHAPLOGROUP ∆9bp Y CHROMOSOME

GROUP POP SAMPLE SEX LINEAGE MAP HAPLOGROUP

M F B4a Q P Other TYPED L3 M N 0 1

FU73 F O L3 0

FU74 F O L3 0

FU75 F II 0

FU76 M O L3 0 R

FU77 F II 0

FU78 M I 1 K-M230

FU79 M I 1 K-M230

FU80 M K-M230

FU81 F I 1

FU84 M I 1 K*(xK1,L,M,N,O,P,M230)

FU85 F II 0

FU86 M II 0 K*(xK1,L,M,N,O,P,M230)

FU89 F O L3 0

FU90 M II 0 K-M230

FU91 F II 0

n = 23 27 23 15 11 11 26 23

50 50 49 11 49 23

Tanna TA450 III 0

TA451 M II 0 M

TA452 M M

TA454 M II 0 K*(xK1,L,M,N,O,P,M230)

TA455 F II 0

TA457 M II 0 M

TA458 M O P N 0

TA459 F II 0

TA460 M III 0 M

TA461 F II 0

TA462 F III 1

TA463 M II 0 M

TA464 M III 0 M

TA465 F III 0

TA466 M III 1 M

TA467 F II 0

TA468 F II 0

TA469 F II 0

TA470 M O M 0 M

TA471 F II 0

TA472 M O N 0 M

TA473 M II 0 K*(xK1,L,M,N,O,P,M230)

TA474 M II 0 M

TA475 M III 1 K*(xK1,L,M,N,O,P,M230)

TA476 F II 0

TA477 F II 0

TA478 M O M 0 K*(xK1,L,M,N,O,P,M230)

TA479 M II 0 K*(xK1,L,M,N,O,P,M230)

TA480 F II 0

TA481 F II 0

TA482 M II 0 K*(xK1,L,M,N,O,P,M230)

TA483 M II 0

TA484 F O N 0

TA485 F O M 0

TA486 F II 0

TA487 F III 1

TA488 M II 0 M

TA489 F III 0

TA490 F III 0

TA491 M II 0 K*(xK1,L,M,N,O,P,M230)

TA492 M O M 0 K*(xK1,L,M,N,O,P,M230)

TA494 F III 0

TA495 M III 0 M

TA496 M II 0 K*(xK1,L,M,N,O,P,M230)

TA497 F II 0

TA498 F II 0

TA499 M II 0 M

TA500 M III 0 K*(xK1,L,M,N,O,P,M230)

TA501 M III 0 M

TA502 M III P N 0 M

n = 27 22 27 15 7 4 4 49

50 49 49 2 8 49 25



K. PERL CODE FOR PROGRAMMES

K.1 Charstate

Programme written in PERL script to read a matrix of polymorphisms (NEXUS format) and

return each sample followed by a list of polymorphisms in the form: 16189C.

1 print STDOUT "\n UNIX version of programme: Charstate

Author: Murray Cox

Location: University of Oslo \n\n

Takes DNA, protein, binary data and returns a list of variants \n

5 Have you supplied a reference type in non-matchchar form? \n\n

Requires: Input file in valid nexus format

Output text filename for taxon character states \n

Optional: Output text filename for character state names

Output text filename for taxon names \n\n";

10

sub READ_NEXUS

{

@input = <INPUT>;

close INPUT or die "Closure of input file failed: $!";

15 $i = 0;

if ($input[$i] !~ /#NEXUS/i)

{ die "Input file does not appear to be in NEXUS format"; }

20 HEADER: while ($input[$i] !~ /CHARSTATELABEL/i)

{

if ($input[$i] =~ /NTAX=(\d+)/i) { $ntax = $1; }

if ($input[$i] =~ /NCHAR=(\d+)/i) { $nchar = $1; }

if ($input[$i] =~ /MISSING=(.)/i) { $missing = $1; }

25 if ($input[$i] =~ /GAP=(.)/i) { $gap = $1; }

if ($input[$i] =~ /DATATYPE=(\w+)/i) { $datatype = $1; }

if ($input[$i] =~ /MATCHCHAR=(.)/i) { $matchchar = $1; }

if ($input[$i] =~ /SYMBOLS= *"(.+)"/)

30 { @symbol = split(’ ’, $1); }

$i++;

}

CHARLABELS: while ($input[$i] !~ /;/)

35 {

if ($input[$i] =~ /\t[\w+\s+ +]/)

{ push(@characters, (split(/\d+\s\s(\w+)\.?,[\t\r\n]/, $input[$i]))); }

$i++;

}

40

foreach $characters (@characters)
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{ push(@char, $characters) if length($characters) > 1; }

POSTIONING: do {$i++;} until $input[$i] =~ /MATRIX/i;

45

MATRIX: while ($input[$i] !~ /;/)

{

if ($input[$i] =~ /\[/)

{ next MATRIX; }

50 if ($input[$i] =~ /^(\S+) +(\S+) *\s*/)

{

push(@seq_name, $1);

push(@sequence, $2);

}

55 } continue { $i++; }

while ($input[$i]) # !~ eof

{

if ($input[$i] =~ /CODON/i)

60 {

$i++;

while ($input[$i] !~ /END/i)

{

push(@codons, $input[$i]);

65 $i++;

}

}

if ($input[$i] =~ /ASSUMPTION/i)

{

70 $i++;

while ($input[$i] !~ /END/i)

{

push(@assumptions, $input[$i]);

$i++;

75 }

}

$i++;

}

80 undef @input;

if (@symbol) { undef(@symbol); }

if ($nchar) { undef($nchar); }

if (@assumptions) { undef(@assumptions); }

85 if ($gap) { undef($gap); }

if ($missing) { undef($missing); }

if ($datatype) { undef($datatype); }

if ($ntax) { undef($ntax); }

if (@codons) { undef(@codons); }

90

}

print STDOUT "\nEnter input NEXUS filename: \n";

chomp($infilename = <STDIN>);

95 print STDOUT "\nEnter output TEXT filename: \n";

chomp($outfilename = <STDIN>);

open(INPUT,"<$infilename") or die "Opening of input file failed: $!";

open(OUTPUT,">$outfilename") or die "Output file opening failed: $!";

100

print STDOUT "\nInput NEXUS filename is: ", $infilename;

print STDOUT "Output TEXT filename is: ", $outfilename, "\n";

print STDOUT "Do you want to output the character state range? (Y/N)\n";

105 chomp($range = <STDIN>);
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if ($range eq "Y" || $range eq "y")

{ $rflag = 1; }

elsif ($range eq "N" || $range eq "n")

110 { $rflag = 0; }

else { die "Programme terminated: Answer must be either Y or N\n\n"; }

print STDOUT "\nDo you want to output the character states? (Y/N)\n";

chomp($state_answer = <STDIN>);

115

if ($state_answer eq "Y" || $state_answer eq "y")

{ $sflag = 1; }

elsif ($state_answer eq "N" || $state_answer eq "n")

{ $sflag = 0; }

120 else { die "Programme terminated: Answer must be either Y or N\n\n"; }

print STDOUT "\nDo you want to output a textfile of character state names? (Y/N)\n";

chomp($char_answer = <STDIN>);

125 if ($char_answer eq "Y" || $char_answer eq "y")

{

$cflag = 1;

print STDOUT "Enter an output filename for the character list\n";

$charfilename = <STDIN>;

130 open(CHAR,">$charfilename") or die "Character output file opening failed: $!";

}

elsif ($char_answer eq "N" || $char_answer eq "n")

{ $cflag = 0; }

else { die "Programme terminated: Answer must be either Y or N\n\n"; }

135

print STDOUT "\nDo you want to output a textfile of taxon names? (Y/N)\n";

chomp($taxa_answer = <STDIN>);

if ($taxa_answer eq "Y" || $taxa_answer eq "y")

140 {

$tflag = 1;

print STDOUT "Enter an output filename for the taxon list\n";

$taxafilename = <STDIN>;

open(TAXA,">$taxafilename") or die "Taxa output file opening failed: $!";

145 }

elsif ($taxa_answer eq "N" || $taxa_answer eq "n")

{ $tflag = 0; }

else { die "Programme terminated: Answer must be either Y or N\n\n"; }

150 print STDOUT "\nDo you want tab as a delimiter (space is the default)? (Y/N)\n";

chomp($delim = <STDIN>);

if ($delim eq "Y" || $delim eq "y")

{ $delimiter = "\t"; }

155 elsif ($delim eq "N" || $delim eq "n")

{ $delimiter = " "; }

else { die "Programme terminated: Answer must be either Y or N\n\n"; }

print STDOUT "\nIs the first line of the file in non-matchchar format? (Y/N)\n";

160 chomp($match = <STDIN>);

if ($match eq "Y" || $match eq "y")

{ $mflag = 1; }

elsif ($match eq "N" || $match eq "n")

165 { $mflag = 0; }

else { die "Programme terminated: Answer must be either Y or N\n\n"; }

print STDOUT "\n";

170 undef $range;

undef $delim;
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undef $match;

undef $state_answer;

undef $char_answer;

175 undef $taxa_answer;

&READ_NEXUS;

$name_length = 0;

180 SEQ_LENGTH: foreach $seq_name (@seq_name)

{

if (length($seq_name) > $name_length)

{ $name_length = length($seq_name); }

}

185 $name_length += 2;

$counter = 0;

PRIVATE: foreach $sequence (@sequence)

{

190 $initial_state = $char[1];

$final_state = $char[$#char];

$last_state = "";

if ($counter == 0 && $mflag == 1)

195 {

$counter++;

next PRIVATE;

}

$space = $name_length - length($seq_name[$counter]);

200

print OUTPUT "$seq_name[$counter]:";

print OUTPUT " " x $space;

for ($ch = 0; $ch < length($sequence); $ch++)

{

205 $state = substr($sequence, $ch, 1);

if ($state eq "?")

{

if ($last_state ne "?" || $last_state !~ /N/i)

210 { $final_state = $char[($ch - 1)]; }

}

elsif ($state =~ /N/i)

{

if ($last_state ne "?" || $last_state !~ /N/i)

215 { $final_state = $char[($ch - 1)]; }

}

elsif ($state eq $matchchar)

{

if ($last_state eq "?" || $last_state =~ /N/i)

220 { $initial_state = $char[$ch]; }

}

else {

if ($last_state eq "?" || $last_state =~ /N/i)

{ $initial_state = $char[$ch]; }

225 print OUTPUT $char[$ch];

if ($sflag == 1)

{ print OUTPUT $state; }

print OUTPUT $delimiter;

}

230 $last_state = $state;

}

undef $last_state;

235 if ($rflag == 1)

{ print OUTPUT "($initial_state -- $final_state)"; }
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print OUTPUT "\n";

$counter++;

240 undef $initial_state;

}

if ($cflag == 1)

{

245 foreach $char (@char)

{

print CHAR $char;

print CHAR "\n";

}

250 }

if ($tflag == 1)

{

foreach $seq_name (@seq_name)

255 {

print TAXA $seq_name;

print TAXA "\n";

}

}

260

print STDOUT "Programme completed successfully\n\n";
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K.2 Compendium

Programme written in PERL script to read the output of the programme Charstate, and return

a compendium of polymorphisms.

1 print STDOUT "\n UNIX version of programme: Compendium v.3

Author: Murray Cox

Location: University of Oslo \n\n

Takes variant data from Charstate and creates a compendium of variants

5 in a population (input file) or subset thereof\n\n

Requires: Input file in valid Charstate format

Output text filename for variant frequencies

Input text file with characters to be included

OR

10 Input of initial and final nucleotide characters (integers)

Optional: Input text file with taxa to be included

Can test for 9 bp deletion if requested\n";

$sflag = 0;

15 $dflag = 0;

$tflag = 0;

sub CHECKTAXA { #Subroutine needs one character state as input

$checktaxa = 0;

20

TAXALABEL: foreach $line (@line)

{

if ($line =~ /$_[0]/)

{

25 foreach $taxalist (@taxalist)

{

chomp($taxalist);

if ($line =~ /$taxalist/)

{

30 $checktaxa = 1;

last TAXALABEL;

}

}

}

35 }

return $checktaxa;

}

40 sub PRINTLINE { #Subroutine needs two character states as input

$checksum = 0;

foreach $line (@line)

{

if ($line =~ /$_[0]/)

45 {

if ($checksum eq 0)

{

print OUTPUT "\n\n", $_[1], "\n\n";

print OUTPUT $line;

50 $checksum = 1;

}

else

{

print OUTPUT $line;

55 }

}
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}

}

60 print STDOUT "\nEnter input CHARSTATE filename: \n";

chomp($infilename = <STDIN>);

print STDOUT "\nEnter output TEXT filename: \n";

chomp($outfilename = <STDIN>);

65 open(INPUT,"<$infilename") or die "Input file opening failed: $!";

open(OUTPUT,">$outfilename") or die "Output file opening failed: $!";

print STDOUT "\nInput filename is: ", $infilename;

print STDOUT "Output filename is: ", $outfilename, "\n";

70

print STDOUT "Do you want to use a list of character state names (Y/N):\n";

chomp($sflag_answer = <STDIN>);

if ($sflag_answer eq "Y" || $sflag_answer eq "y")

75 { $sflag = 1; }

elsif ($sflag_answer eq "N" || $sflag_answer eq "n")

{ $sflag = 0; }

else { die "Programme terminated: Answer must be either Y or N\n\n"; }

80 if ($sflag == 1)

{

print STDOUT "\nEnter filename of character state list: \n";

$charstatefilename = <STDIN>;

85 open(STATELIST,"<$charstatefilename")

or die "Character state list file opening failed: $!";

print STDOUT "\nCharacter state list filename is: ", $charstatefilename;

90 @statelist = <STATELIST>;

close STATELIST or die "Character state list file closure failed: $!";

}

if ($sflag == 0)

95 {

print STDOUT "\nEnter initial nucleotide state (lesser integer): \n";

$state = <STDIN>;

print STDOUT "Enter final nucleotide state (greater integer): \n";

100 $final_state = <STDIN>;

if (!($state <= $final_state))

{

die "Programme terminated: Initial nucleotide

105 is not smaller than final nucleotide state\n\n";

}

print STDOUT "\nInitial nucleotide state is: ", $state;

print STDOUT "Initial nucleotide state is: ", $final_state, "\n";

110 }

if ($sflag == 0)

{

print STDOUT "\nDo you want to test for presence of del9bp (Y/N)?\n";

115 $dflag_answer = <STDIN>;

chomp($dflag_answer);

if ($dflag_answer eq "Y" || $dflag_answer eq "y")

{ $dflag = 1; }

120 elsif ($dflag_answer eq "N" || $dflag_answer eq "n")

{ $dflag = 0; }
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else { die "Programme terminated: Answer must be either Y or N\n\n"; }

}

125 print STDOUT "\nDo you want to use a list of taxon names (Y/N):\n";

chomp($tflag_answer = <STDIN>);

if ($tflag_answer eq "Y" || $tflag_answer eq "y")

{

130 $tflag = 1;

print STDOUT "\nEnter filename for taxon list: \n";

$taxafilename = <STDIN>;

135 open(TAXALIST,"<$taxafilename") or die "Taxon list file opening failed: $!";

@taxalist = <TAXALIST>;

close TAXALIST or die "Taxon list file closure failed: $!";

print STDOUT "\nTaxon list filename is: ", $taxafilename, "\n\n";

140 }

elsif ($tflag_answer eq "N" || $tflag_answer eq "n")

{ $tflag = 0; }

else { die "Programme terminated: Answer must be either Y or N\n"; }

145 undef $sflag_answer;

undef $dflag_answer;

undef $tflag_answer;

@line = <INPUT>;

150 close INPUT or die "Input file closure failed: $!";

print OUTPUT "COMPENDIUM GENERATED FROM FILE: ", $infilename;

SWITCH:

155 {

if ($sflag == 0 && $dflag == 0 && $tflag == 0)

{

for (; $state < ($final_state + 1); $state++)

160 {

@character = ("A", "G", "C", "T", "-");

foreach $character (@character)

{

$concat = $state.$character;

165 &PRINTLINE($concat, $concat);

}

}

last SWITCH;

}

170

elsif ($sflag == 0 && $dflag == 0 && $tflag == 1)

{

for (; $state < ($final_state + 1); $state++)

{

175 @character = ("A", "G", "C", "T", "-");

foreach $character (@character)

{

$concat = $state.$character;

if (&CHECKTAXA($concat) == 1)

180 {

&PRINTLINE($concat, $concat);

}

}

}

185 last SWITCH;

}
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elsif ($sflag == 0 && $dflag == 1 && $tflag == 0)

{

190 &PRINTLINE(’del9bp’, ’MtDNA nine base pair deletion’);

for (; $state < ($final_state + 1); $state++)

{

@character = ("A", "G", "C", "T", "-");

foreach $character (@character)

195 {

$concat = $state.$character;

&PRINTLINE($concat, $concat);

}

}

200 last SWITCH;

}

elsif ($sflag == 0 && $dflag == 1 && $tflag == 1)

{

205 if (&CHECKTAXA(’del9bp’) == 1)

{

&PRINTLINE(’del9bp’, ’MtDNA nine base pair deletion’);

}

for (; $state < ($final_state + 1); $state++)

210 {

@character = ("A", "G", "C", "T", "-");

foreach $character (@character)

{

$concat = $state.$character;

215 if (&CHECKTAXA($concat) == 1)

{

&PRINTLINE($concat, $concat);

}

}

220 }

last SWITCH;

}

elsif ($sflag == 1 && $dflag == 0 && $tflag == 0)

225 {

foreach $statelist (@statelist)

{

chomp($statelist);

&PRINTLINE($statelist, $statelist);

230 }

last SWITCH;

}

elsif ($sflag == 1 && $dflag == 0 && $tflag == 1)

235 {

foreach $statelist (@statelist)

{

chomp($statelist);

if (&CHECKTAXA($statelist) == 1)

240 {

&PRINTLINE($statelist, $statelist);

}

}

last SWITCH;

245 }

else

{

die "Programme terminated: Unexpected error in switch statement";

250 }
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}

close OUTPUT or die "Output file closure failed: $!";

255

print STDOUT "\nProgramme completed successfully\n\n";
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K.3 Variable

Programme written in PERL script to calculate the frequency of polymorphisms at each site in

a DNA data set (NEXUS format). Usage explained in chapter 8.

1 print STDOUT "\n UNIX version of programme: Variable

Author: Murray Cox

Location: University of Oslo \n\n

Takes DNA data in non-matchchar format and calculates the frequency

5 of each variant in a population (nexus file) \n\n

Requires: Input file in valid nexus format

Output text filename for variant frequencies \n";

sub READ_NEXUS

10 {

HEADER: while ($input[$i] !~ /CHARSTATELABEL/i)

{

if ($input[$i] =~ /NTAX=(\d+)/i) {$ntax = $1;}

if ($input[$i] =~ /NCHAR=(\d+)/i) {$nchar = $1;}

15 if ($input[$i] =~ /MISSING=(.)/i) {$missing = $1;}

if ($input[$i] =~ /GAP=(.)/i) {$gap = $1;}

if ($input[$i] =~ /DATATYPE=(\w+)/i) {$datatype = $1;}

if ($input[$i] =~ /MATCHCHAR=(.)/i) {$matchchar = $1;}

20 if ($input[$i] =~ /SYMBOLS= *"(.+)"/)

{ @symbol = split(’ ’, $1); }

$i++;

}

25 CHARLABELS: while ($input[$i] !~ /;/)

{

if ($input[$i] =~ /\t[\w+\s+ +]/)

{ push(@characters, (split(/\d+\s\s(\w+)\.?,[\t\r\n]/, $input[$i]))); }

$i++;

30 }

foreach $characters (@characters)

{ push(@char, $characters) if length($characters) > 1; }

35 POSTIONING: do {$i++;} until $input[$i] =~ /MATRIX/i;

MATRIX: while ($input[$i] !~ /;/)

{

if ($input[$i] =~ /\[/)

40 { next MATRIX; }

if ($input[$i] =~ /^(\S+) +(\S+) *\s*/)

{

push(@seq_name, $1);

push(@sequence, $2);

45 }

} continue { $i++; }

undef @input;

50 if (@symbol) { undef(@symbol); }

if (@seq_name) { undef(@seq_name); }

if (@assumptions) { undef(@assumptions); }

if ($gap) { undef($gap); }

if ($missing) { undef($missing); }

55 if ($matchchar) { undef($matchchar); }

if (@codons) { undef(@codons); }
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if ($datatype) { undef($datatype); }

}

60 print STDOUT "\nEnter input NEXUS filename: \n";

chomp($infilename = <STDIN>);

print STDOUT "\nEnter output TEXT filename: \n";

chomp($outfilename = <STDIN>);

65 open(INPUT,"<$infilename") or die "Opening of input file failed: $!";

@input = <INPUT>;

$i = 0;

70 if ($input[$i] !~ /#NEXUS/i)

{ die "Input file does not appear to be in NEXUS format"; }

open(OUTPUT,">$outfilename") or die "Output file opening failed: $!";

75 print STDOUT "\nInput NEXUS filename is: ", $infilename;

print STDOUT "Output TEXT filename is: ", $outfilename, "\n";

close INPUT or die "Closure of input file failed: $!";

&READ_NEXUS;

80

print OUTPUT "NTAX:\t$ntax\n";

print OUTPUT "Nt\tDiffer\tTotal\tPercent\n";

POSITION: for ($i = 0; $i < $nchar; $i++) #$i is the postion counter

85 {

$number_nomatch = 0;

$number_valid = 0;

$ref = substr($sequence[0], $i, 1);

90 if ($ref =~ /-/)

{ next POSITION; }

for ($j = 1; $j < $ntax; $j++) #$j is the sequence counter

{

95 $state = substr($sequence[$j], $i, 1);

if ($state =~ /A/ ||

$state =~ /G/ ||

$state =~ /C/ ||

100 $state =~ /T/)

{

$number_valid++;

if ($state !~ /$ref/)

105 { $number_nomatch++; }

}

undef($state);

}

110

print OUTPUT $char[$i], "\t";

print OUTPUT $number_nomatch, "\t";

print OUTPUT $number_valid, "\t";

115 if ($number_valid > 0)

{

$percentage = ($number_nomatch/$number_valid) * 100;

print OUTPUT $percentage, " %\n";

}

120 else { print OUTPUT "NAN\n"; }
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undef($ref);

print STDOUT "Position $char[$i] completed\n";

125 }

print STDOUT "Programme completed successfully\n\n";
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K.4 Poisson

Programme written in PERL script to simulate the Homogeneous Markov Chain evolution of

a DNA strand according to the HKY85 substitution model. Assumptions and model for the

simulation explained in chapter 8.

1 print STDOUT "\n UNIX version of programme: Poisson

Author: Murray Cox

Location: University of Oslo \n\n

This programme simulates the Homogeneous Markov Chain evolution of a

5 DNA strand according to the HKY85 substitution model.

The output indicates how often each site has been mutated,

and gives a statistical indication of clustering in a reference sequence \n\n

Requires: Input DNA sequence in ASCII file (no DNA ambiguities)

Transition:Transversion ratio (defaults to 1)

10 Number of observed zero-mutation sites (defaults to 1)

Required number of iterations

Optional: Average gap interval in a known reference sequence\n";

sub TRANSVERSION #requires $pi_j

15 {

my $pi_j = $_[0];

my $tv = $pi_j * (1 - exp(-1));

return $tv;

}

20

sub TRANSITION #requires $pi_j, $pi_R or $pi_Y, $s_v_ratio as ordered input

{

my $A = 1 + ($_[1] * ($_[2] - 1));

my $bracket1 = (1 / $_[1]) - 1;

25 my $bracket2 = $_[0] / $_[1];

my $ts = $_[0];

$ts += $_[0] * ($bracket1 * exp(-1));

$ts -= $bracket2 * (exp(-1 * $A));

return $ts;

30 }

sub SELF #requires $pi_j, $pi_R or $pi_Y, $s_v_ratio as ordered input

{

my $A = 1 + ($_[1] * ($_[2] - 1));

35 my $bracket1 = (1 / $_[1]) - 1;

my $bracket2 = ($_[1] - $_[0]) / $_[1];

my $self = $_[0];

$self += $_[0] * ($bracket1 * exp(-1));

$self += $bracket2 * exp(-1 * $A);

40 return $self;

}

sub GAP

{

45 my $this_gap = 0;

my @gap_sizes = 0;

my $gap_number = 0;

my $last_state = 0;

my $first_zero = 0;

50 my @average_gap_size = 0;

BINARY: foreach $mutant_counter (@mutant_counter)

{

if ($mutant_counter == 0)
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55 {

$first_zero = 1;

if ($last_state == 0)

{

$last_state = $mutant_counter;

60 $this_gap = 0;

next BINARY;

}

if ($last_state > 0)

{

65 push(@gap_sizes,$this_gap);

$gap_number++;

$last_state = $mutant_counter;

$this_gap = 0;

}

70 }

elsif ($mutant_counter > 0)

{

if ($first_zero == 1)

{

75 $this_gap++;

$last_state = $mutant_counter;

}

}

}

80

my $sum_gap_sizes = 0;

foreach $gap_sizes (@gap_sizes)

{ $sum_gap_sizes += $gap_sizes; }

$average_gap_size[0] = $sum_gap_sizes / $gap_number;

85 $average_gap_size[1] = $sum_gap_sizes;

$average_gap_size[2] = $gap_number;

return @average_gap_size;

}

90 print STDOUT "\nEnter input DNA sequence filename: \n";

chomp($infilename = <STDIN>);

print STDOUT "\nEnter output ASCII text filename: \n";

chomp($outfilename = <STDIN>);

95 print STDOUT "\nInput filename: $infilename";

print STDOUT "\nOutput filename: $outfilename \n\n";

open(INPUT,"<$infilename") or die "Opening of input file failed: $!";

open(OUTPUT,">$outfilename") or die "Output file opening failed: $!";

100

@input = <INPUT>;

foreach $input (@input)

{

chomp($input);

105 push(@sequence, split(//, $input));

}

undef(@input);

close INPUT or die "Closure of input file failed: $!";

110 $pi_A = 0;

$pi_C = 0;

$pi_G = 0;

$pi_T = 0;

115 foreach $sequence (@sequence)

{

if ($sequence !~ /[ACGT]/)

{

die "Programme terminated: DNA sequence contains non-ACGT characters";



K. PERL Code for Programmes 272

120 }

elsif ($sequence eq A) { $pi_A++; }

elsif ($sequence eq C) { $pi_C++; }

elsif ($sequence eq G) { $pi_G++; }

elsif ($sequence eq T) { $pi_T++; }

125 }

$n_nt = $pi_A + $pi_C + $pi_G + $pi_T;

$pi_A /= $n_nt;

130 $pi_C /= $n_nt;

$pi_G /= $n_nt;

$pi_T /= $n_nt;

$pi_R = $pi_A + $pi_G;

135 $pi_Y = $pi_C + $pi_T;

print STDOUT "Enter required number of iterations [1]:\n";

chomp($iterate = <STDIN>);

if (!$iterate) { $iterate = 1; }

140

print STDOUT "\nEnter a transition:transversion ratio [1]:\n";

chomp($s_v_ratio = <STDIN>);

if (!$s_v_ratio) { $s_v_ratio = 1; }

145 print STDOUT "\nHow many sites with zero mutations detected (non-zero integer)? [1]:\n";

chomp($threshold = <STDIN>);

if (!$threshold) { $threshold = 1; }

print STDOUT "\nDo you want to calculate the gap statistic? (Y/N)\n";

150 chomp($gap_answer = <STDIN>);

if ($gap_answer eq "Y" || $gap_answer eq "y")

{

$gflag = 1;

print STDOUT "\nEnter the sum of the gap values from your sequence alignment

155 NOTE: Your sequence should be entered for simulation and

the number of nucleotides will be calculated from that!\n";

chomp($ref_gap_sum = <STDIN>);

if (!$ref_gap_sum) { $ref_gap_sum = 1; }

160 @average_gap_sizes;

@sum_gap_sizes_average;

@number_gaps_average;

print STDOUT "\nEnter the number of gaps (not included the two terminal ones):\n";

165 chomp($n_gaps = <STDIN>);

if (!$n_gaps) { $n_gaps = 1; }

}

elsif ($gap_answer eq "N" || $gap_answer eq "n") { $gflag = 0; }

else { die "\nProgramme terminated: Answer must be either Y or N \n\n"; }

170

undef $gap_answer;

#calculation of HKY85 Q rate matrix

#matrix order (columns and rows) is ACGT

175

$A_change[0] = &SELF($pi_A, $pi_R, $s_v_ratio); #A --> A

$A_change[1] = &TRANSVERSION($pi_C); #A --> C

$A_change[2] = &TRANSITION($pi_G, $pi_R, $s_v_ratio); #A --> G

$A_change[3] = &TRANSVERSION($pi_T); #A --> T

180 $A_sum = $A_change[0] + $A_change[1] + $A_change[2] + $A_change[3];

$C_change[0] = &TRANSVERSION($pi_A); #C --> A

$C_change[1] = &SELF($pi_C, $pi_Y, $s_v_ratio); #C --> C

$C_change[2] = &TRANSVERSION($pi_G); #C --> G
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185 $C_change[3] = &TRANSITION($pi_T, $pi_Y, $s_v_ratio); #C --> T

$C_sum = $C_change[0] + $C_change[1] + $C_change[2] + $C_change[3];

$G_change[0] = &TRANSITION($pi_A, $pi_R, $s_v_ratio); #G --> A

$G_change[1] = &TRANSVERSION($pi_C); #G --> C

190 $G_change[2] = &SELF($pi_G, $pi_R, $s_v_ratio); #G --> G

$G_change[3] = &TRANSVERSION($pi_T); #G --> T

$G_sum = $G_change[0] + $G_change[1] + $G_change[2] + $G_change[3];

$T_change[0] = &TRANSVERSION($pi_A); #T --> A

195 $T_change[1] = &TRANSITION($pi_C, $pi_Y, $s_v_ratio); #T --> C

$T_change[2] = &TRANSVERSION($pi_G); #T --> G

$T_change[3] = &SELF($pi_T, $pi_Y, $s_v_ratio); #T --> T

$T_sum = $T_change[0] + $T_change[1] + $T_change[2] + $T_change[3];

200 print OUTPUT "PROGRAMME: POISSON\n\n";

print OUTPUT "This programme simulates Homogeneous Markov Chain character evolution\n";

print OUTPUT "in an ACGT-only DNA sequence according to the HKY85 evolution model\n\n";

print OUTPUT "Transition:Transversion ratio: $s_v_ratio\n\n";

205 undef($s_v_ratio);

$pi_A = sprintf("%.4f", $pi_A);

$pi_C = sprintf("%.4f", $pi_C);

$pi_G = sprintf("%.4f", $pi_G);

210 $pi_T = sprintf("%.4f", $pi_T);

print OUTPUT "Nucleotide proportions:\n";

print OUTPUT "A:\t$pi_A \nC:\t$pi_C \nG:\t$pi_G \nT:\t$pi_T \n[Sum:\t$n_nt nucleotides]\n\n";

215 undef($pi_A);

undef($pi_C);

undef($pi_G);

undef($pi_T);

220 print OUTPUT "Likelihood substitution values [ACGT]:\n\n";

print OUTPUT "$A_change[0]\t$A_change[1]\t$A_change[2]\t$A_change[3]\t[$A_sum]\n";

print OUTPUT "$C_change[0]\t$C_change[1]\t$C_change[2]\t$C_change[3]\t[$C_sum]\n";

print OUTPUT "$G_change[0]\t$G_change[1]\t$G_change[2]\t$G_change[3]\t[$G_sum]\n";

print OUTPUT "$T_change[0]\t$T_change[1]\t$T_change[2]\t$T_change[3]\t[$T_sum]\n\n";

225

print OUTPUT "Sequence...\n\n";

foreach $sequence (@sequence)

{ $string .= $sequence; }

print OUTPUT "$string\n";

230 undef($string);

#creating range boundaries....

235 $A_range[0] = $A_change[0]; #A->A

$A_range[1] = $A_change[0] + $A_change[1]; #A->C

$A_range[2] = $A_change[0] + $A_change[1] + $A_change[2]; #A->G

$A_range[3] = $A_change[0] + $A_change[1] + $A_change[2] + $A_change[3]; #A->T

240 $C_range[0] = $C_change[0]; #C->A

$C_range[1] = $C_change[0] + $C_change[1]; #C->C

$C_range[2] = $C_change[0] + $C_change[1] + $C_change[2]; #C->G

$C_range[3] = $C_change[0] + $C_change[1] + $C_change[2] + $C_change[3]; #C->T

245 $G_range[0] = $G_change[0]; #G->A

$G_range[1] = $G_change[0] + $G_change[1]; #G->C

$G_range[2] = $G_change[0] + $G_change[1] + $G_change[2]; #G->G

$G_range[3] = $G_change[0] + $G_change[1] + $G_change[2] + $G_change[3]; #G->T
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250 $T_range[0] = $T_change[0]; #T->A

$T_range[1] = $T_change[0] + $T_change[1]; #T->C

$T_range[2] = $T_change[0] + $T_change[1] + $T_change[2]; #T->G

$T_range[3] = $T_change[0] + $T_change[1] + $T_change[2] + $T_change[3]; #T->T

255 undef(@A_change);

undef(@C_change);

undef(@G_change);

undef(@T_change);

260 #Beginning iteration loop

$cycles = 0;

while ($cycles < ($iterate + 1))

{

265

srand(time);

$number_of_zeros = ($threshold + 1);

@mutant_counter = (0) x $n_nt;

270 $counter = 0;

$transition = 0;

$transversion = 0;

$percent = ($cycles / $iterate) * 100;

275 $percent = sprintf("%.0f", $percent);

system(cls);

print STDOUT "\n\n\n\n

\t********************************\n

\t

280 \t Cycle $cycles

\t

\t Completed $percent percent

\t

\t********************************\n

285 \n";

while ($number_of_zeros > $threshold)

{

290 #Beginning modification based on ACGT

$position = int(rand($n_nt)); #chooses a random sequence position

if ($position == $n_nt) { next; }

295 if ($sequence[$position] =~ /A/i)

{

my $value = rand(1); #chooses a random value for A substitution

if ($value > $A_range[2])

300 {

$sequence[$position] = T;

$mutant_counter[$position]++;

$counter++;

}

305 elsif ($value > $A_range[1])

{

$sequence[$position] = G;

$mutant_counter[$position]++;

$counter++;

310 }

elsif ($value > $A_range[0])

{

$sequence[$position] = C;

$mutant_counter[$position]++;
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315 $counter++;

}

elsif ($value > 0)

{ next; }

}

320

elsif ($sequence[$position] =~ /C/i)

{

my $value = rand(1); #chooses a random value for C substitution

325 if ($value > $C_range[2])

{

$sequence[$position] = T;

$mutant_counter[$position]++;

$counter++;

330 }

elsif ($value > $C_range[1])

{

$sequence[$position] = G;

$mutant_counter[$position]++;

335 $counter++;

}

elsif ($value > $C_range[0])

{ next; }

elsif ($value > 0)

340 {

$sequence[$position] = A;

$mutant_counter[$position]++;

$counter++;

}

345 }

elsif ($sequence[$position] =~ /G/i)

{

my $value = rand(1); #chooses a random value for G substitution

350

if ($value > $G_range[2])

{

$sequence[$position] = T;

$mutant_counter[$position]++;

355 $counter++;

}

elsif ($value > $G_range[1])

{ next; }

elsif ($value > $G_range[0])

360 {

$sequence[$position] = C;

$mutant_counter[$position]++;

$counter++;

}

365 elsif ($value > 0)

{

$sequence[$position] = A;

$mutant_counter[$position]++;

$counter++;

370 }

}

elsif ($sequence[$position] =~ /T/i)

{

375 my $value = rand(1); #chooses a random value for T substitution

if ($value > $T_range[2])

{ next; }

elsif ($value > $T_range[1])
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380 {

$sequence[$position] = G;

$mutant_counter[$position]++;

$counter++;

}

385 elsif ($value > $T_range[0])

{

$sequence[$position] = C;

$mutant_counter[$position]++;

$counter++;

390 }

elsif ($value > 0)

{

$sequence[$position] = A;

$mutant_counter[$position]++;

395 $counter++;

}

}

#Ending modification based on ACGT

400

$number_of_zeros = 0;

foreach $mutant_counter (@mutant_counter)

{

if ($mutant_counter == 0)

405 { $number_of_zeros++; }

}

} #end of sequence change while loop

410 $sum = 0;

$i = 0;

if ($cycles != 0)

{

print OUTPUT "\n[Cycle $cycles]\t";

415 while ($sum < $n_nt) #calculate changes at each site

{

my $number = 0;

foreach $mutant_counter (@mutant_counter)

{

420 if ($mutant_counter == $i)

{

$number++;

$sum++;

}

425 }

if ($number != 0) { print OUTPUT "$number\t"; }

elsif ($number == 0) { print OUTPUT "0\t"; }

$i++;

} #ending change calculation

430

if ($gflag == 1) #make gap size array

{

@temp_array = &GAP;

push(@average_gap_sizes,$temp_array[0]);

435 push(@sum_gap_sizes_average,$temp_array[1]);

push(@number_gaps_average,$temp_array[2]);

undef @temp_array;

}

}

440 print STDOUT "\n";

$cycles++;

}

#Ending iteration loop
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445

print OUTPUT "\n";

if ($gflag == 1) #calculate gap statistic

{

450 $ref_gap_size = $ref_gap_sum / $n_gaps;

$number = 0;

$number_larger = 0;

$number_equal = 0;

455 foreach $average_gap_sizes (@average_gap_sizes)

{

$number++;

if ($average_gap_sizes > $ref_gap_size)

460 {

$number_larger++;

}

if ($average_gap_sizes < $ref_gap_size)

{

465 $number_smaller++;

}

if ($average_gap_sizes == $ref_gap_size)

{

$number_equal++;

470 }

}

$larger = $number_larger / $number;

$equal = $number_equal / $number;

475 $smaller = $number_smaller / $number;

print OUTPUT "\n\nGAP Statistic calculated from Monte Carlo null distribution\n\n";

print OUTPUT "Number of iterations:\n$number\n";

print OUTPUT "Reference gap ratio:\n$ref_gap_size\n";

480 print OUTPUT "Reference gap sum (input):\n$ref_gap_sum\n";

print OUTPUT "Reference number of gaps (input):\n$n_gaps\n";

print OUTPUT "Proportion larger:\n$larger\n";

print OUTPUT "Proportion equal:\n$equal\n";

print OUTPUT "Proportion smaller:\n$smaller\n\n";

485

if ($ref_gap_sum == 1 || $n_gaps == 1)

{

print OUTPUT "Apparent use of default values for number and average size\n";

print OUTPUT "of gaps in reference sequence -- RESULTS MAY BE INVALID!!\n\n";

490 }

print OUTPUT "\n\nAverage gap sizes:\n\n";

foreach $average_gap_sizes (@average_gap_sizes)

{ print OUTPUT "$average_gap_sizes\n"; }

495

print OUTPUT "\n\nSum of gap sizes:\n\n";

foreach $sum_gap_sizes_average (@sum_gap_sizes_average)

{ print OUTPUT "$sum_gap_sizes_average\n"; }

500 print OUTPUT "\n\nNumber of gaps:\n\n";

foreach $number_gaps_average (@number_gaps_average)

{ print OUTPUT "$number_gaps_average\n"; }

}

505

print OUTPUT "\n";

close OUTPUT or die "Closure of output file failed: $!";

print STDOUT "\n\nProgramme completed\n\n";


