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One of the central questions in population genetics is how different forces of 

evolution influence patterns of genetic variation within and between species. Locus-

specific forces of natural selection, like selective sweeps and background selection, are 

expected to influence only the target of selection and any sites linked to that target. In 

contrast, genome-wide forces are expected to influence many different loci 

simultaneously. In particular, genome-wide forces that have a .sex-specific component 

are predicted to exert disparate influence over the four different genomic compartments 

(mitochondrial DNA. non-recombining portion of the Y chromosome (NRY). X 

chromosome, auto.somes) depending on their degree of maternal or paternal inheritance. 

This study compared levels of genetic variation across the four genomic compartments in 

the Hominnidea (humans, chimpanzees, bonobos. gorillas, and orangutans) in order to 

test the hypothesis that a high variance in male reproductive success, as predicted from 

behavioral data, may influence levels of hominoid genetic diversity. First, comparative Y 

chromosome and mitochondrial DNA diversity was quantified across species. NRY 

diversity was lower than mitochondrial DNA diversity in all taxa. and gorillas exhibited 

no NRY genetic diversity, consistent with their polygynous mating system. In order to 

determine whether locus-specific or genome-wide factors were responsible, diversity 

from all four genomic compartments was compared across species. The multilocus 

approach revealed patterns of variation across all hominoids that are consistent with a 

model of high variance in male reproductive success; relatively high mitochondrial DNA 

diversity, relatively low Y chromosome diversity, and intermediate X and autosomal 
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diversity. Examination of orangutan population structure for NRY. mitochondrial DNA. 

and X-linked loci suggested an influence of sex-specific demographic influence, but was 

unclear whether other factors were involved. The study suggests that there is an 

influence of a high variance in male reproductive success on the hominoid genome, but 

does not preclude the influence of additional locus-specific factors. There are potentially 

important implications for population genetic models that assume a sex ratio of 1. 

Additional loci and additional species need to be examined to determine the generality of 

the pattern, as well as to further investigate the interplay between genome-wide and 

locus-specific factors. 
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CHAPTER 1: INTRODUCTION 

This dissertation addresses the role that sex-specific demographic variables such 

as a high variance in male reproductive success play in shaping levels of genetic variation 

across the Hominoidea. There have been many questions in population genetics literature 

about the influence of different factors on the levels and patterns of genetic variation in 

natural populations. These questions have generally been addressed by either by 

studying the genomic processes at the genomic region of interest, or addressing historical 

questions about a particular population of interest (Bertranpetit 2000). These 

perspectives are intertwined, as the data used to achieve both objectives are the same and 

the patterns are often compatible with explanations from either approach. These two 

approaches have only recently begun to be performed in the same study or even in the 

same group of organisms. For example. Drosophilci papers often focus on genomic 

processes and Homo surveys focus on questions of population history. This should not 

be surprising given that the laboratory model organism Drosophilci has historically been 

studied to help understand the structure and function of the genome, while 

anthropological studies of humans are obviously of interest and are important for 

understanding human evolutionary history. Genomic and population factors may mimic 

each other in the genomic signals they leave behind, however, making it difficult to 

accurately interpret the underlying causes for patterns in genetic data within these 

frameworks from any given locus or population. Comparative analy.ses of multiple loci 

in multiple populations helps to alleviate .some of the problems associated with this 



mimicry by placing genetic data into a larger context and investigating causal links for 

any discrepancies across the genome that are better explained by demographic variables 

than by genomic events. 

WHY STUDY HUMANS AND THE GREAT APES? 

The central question of this study is the extent to which sex-specific demographic 

variables shape genetic variation in the Hominoidea (humans and the great apes). 

Humans are an obvious species in which to study genetic and evolutionary processes 

because of the wealth of information available. Our species is very well characterized 

genetically, and information about genes, their genomic positions, and their functions can 

all contribute to our understanding of evolutionary forces. The great apes add an 

important perspective to studies of human genetic diversity and evolution by placing 

human evolution into a hominoid context. An interspecific comparison helps to illustrate 

the similarities and differences between ourselves and our closest living relatives, both 

genetically and biologically. It is examination of the differences that will help us 

understand what forces have shaped human evolution (Ruvolo 1996). as well as that of 

the great apes them.selves. The great apes are important to study because their close 

evolutionary relationship and genetic similarity to humans provide a framework to help 

identify any species-specific or locus-specific factors that may influence genetic 

variation. Additionally, behavioral and ob.servational data from decades of field study 

can be incorporated into genetic studies to provide testable hypothe.ses about the factors 

that influence human and great ape evolution. 



Sex-specific demographic variables may be defined as factors that differentially 

impact one sex and its accompanying genomic compartments relative to the other sex. 

Sex-specific demographic variables include choice of mating .system and .sex-specific 

patrilocality vs. matrilocality. The genetic effects of sex-specific behaviors are 

especially pronounced in the haploid. uniparentally-inherited regions of the genome (the 

Y chromo.some and mitochondrial DNA). The.se are the .sex-specific regions of the 

genome, and as such they should most directly reflect any sex-specific behaviors or any 

sex-specific differences in population sizes that may influence levels and patterns of 

genetic diversity. However, becau.se the.se non-recombining regions may be affected by 

other factors than demography, such as locus-specific selection, it is important to also 

examine other regions of the genome in order to understand the role that demographic 

variables may play in shaping genetic variation within a species. A priori hypothe.ses 

exist about what general impact sex-specific demographic behaviors should have on the 

different compartments of the genome. These hypotheses can be tested by genetic 

variation in species that are well-characterized genetically, such as humans and our close 

relatives, and by examining species whose mating systems are rea.sonably well 

characterized, such as the great apes. 

AN OVERVIEW OF THE STUDY 

This dissertation takes an interspecific and interlocus approach to the study of 

genetic diversity in humans, chimpanzees, bonobos, gorillas, and orangutans. In 

particular, a cross-species and cro.ss-loci comparative approach is used to explore what 

evolutionary factors may be responsible for shaping levels and patterns of genetic 
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variation in humans and the great apes. First. I begin by examining haploid genetic 

variation in humans and the great apes in order to (1) quantify comparative levels of Y 

chromosome diversity in humans and the great apes, and (2) to determine whether 

differences in the levels of genetic diversity exist between the maternally-inherited 

mitochondrial DNA and paternally-inherited Y chromosome. Next. I place human and 

great ape Y chromosome and mtDNA variation into a larger genomic context by 

comparing the.se data to data from a new X chromosome region as well as to published 

data from the X chromosome and an autosomal locus in order to (3) determine whether 

di.screpancies between Y chromo.some and mtDNA data could be due to the genome-wide 

influences of differences in male and female effective population sizes or to locus-

specific factors. Then I use genetic data from the Y chromosome, mitochondrial DNA. 

and the X chromosome in wild orangutans to (4) further investigate whether any 

particular locus shows patterns that are consistent with sex-specific behavioral 

differences. A discussion of whether the model of .sex-specific demographic influence 

can explain the data in the best po.ssible manner will then conclude with some further 

proposed te.sts of the model and considerations for future work. 

This study contributes one of the first comparative examinations of genetic 

diversity in these systems and acro.ss the.se species. As multiple loci and multiple species 

are examined, there are some cross-chapter themes (such as taxonomic issues, and the 

influence of sex-specific demography and natural selection) and some species-specific 

themes (such as the expected impact of the Gorilla mating system and more detailed 

examination of human genetic variation). While some of these data are applicable for 
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broader discussion outside the scope of this dissertation (such as debate over questions of 

great ape taxonomy), they will not be focused on in detail. The following sections review 

the literature on factors that impact genetic variation, including locus-specific natural 

selection, genome-wide demographic influences, compartmental effective population 

size, and different types of mating systems, and di.scuss why these factors may be 

powerful forces capable of shaping gcnomic evolution. 

FORCES OF EVOLUTION 

Two main goals of population genetics are to characterize the genetic structure of 

populations and to reconstruct evolutionary history and population history (Harpending 

and Cowan 1986). Different evolutionary forces contribute to the shaping of the genetic 

diversity that is used for such characterizations. The traditional four major evolutionary 

forces that can affect the levels and patterns of genetic variation are mutation, genetic 

drift, natural selection, and migration (Jacquard 1974). There are also other factors that 

play important roles, however, either independently or in tandem with other factors, like 

the rate of recombination for a given genetic region, the amount of population 

subdivision, the stability of population size over time, and the mating system. The.se 

factors can shape genetic variation in different ways, and they can be divided into locus-

specific factors and genome-wide factors (TABLE 1.01). Understanding how the.se 

forces contribute to genetic variation in natural populations has been the focus of inten.se 

study in the molecular genetic era. 
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TABLE 1.01: Some factors affecting genetic diversity. 

Locus-specific factors: 
Mutation 
Natural Selection 

Positive directional selection (selective sweep) 
Purifying selection (background selection) 
Genetic hitchhiking 
Balancing selection 

Recombination 
Gene conversion 

Genome-wide factors: 
Population structure 

Genetic drift 
Mating system 
Gene flow 
Subdivision 

Population history 
Dispersal 
Range expansion 
Range fragmentation 

Population size changes 
Bottlenecks 
Expansions 

Locu.s-.specific factors affecting diversity 

Locus-specific factors are those processes like mutation rate, recombination, and natural 

selection that shape diversity at particular loci. Their effects are limited to the locus of 

interest as well as to any linked genetic regions. Individual genetic loci differ in 

attributes like the rate of mutation, the amount of selective constraint on a sequence, and 

the local rate of recombination. The characteristics that each genetic locus possesses can 

influence its levels and patterns of genetic polymorphism. Different loci can have 

different rates of mutation, and different rates of mutation can lead to different amounts 
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of genetic diversity. For example, mitochondrial DNA has a five to ten-fold higher 

mutation rate than most nuclear loci (Howell et al. 1996; Parsons et al. 1997; 

Sigurdardottir et al. 2000). and as a consequence, mitochondrial DNA can accumulate 

more genetic diversity per unit time than slower-mutating loci if all other factors are 

equal. However, loci with similar mutation rates may not reflect similar levels and 

patterns of genetic diversity because of other locus-specific factors. For example, gene 

conversion between paralogous loci in different regions of the genome can result in the 

loss of diversity at a particular copy, even if that copy itself is in a mutational 

environment different from that of the other copy. Natural selection can influence 

genetic diversity at different loci to different degrees, either by eliminating any new 

mutations, by elevating new mutations to high frequencies, or by maintaining greater than 

one beneficial allele in a population. Two models of natural selection, positive directional 

selection and purifying selection, are expected to reduce diversity at single loci and 

potentially at their linked neutral sites although they act in different ways. 

Positive directional selection and genetic hitchhiking: 

Positive directional selection occurs when natural selection increases the 

frequency of an advantageous allele in a population. It leads to a selective sweep when 

the advantageous allele fixes in the population and eliminates all other alleles at that 

locus from the population. Loci linked to the selectively advantageous locus will also 

show a reduction in genetic variation becau.se of genetic hitchhiking. Hitchhiking results 

in a reduction of neutral variation at sites that are in linkage di.sequilibrium with the site 



under selection: as the advantageous allele and its linked neighbors increase in frequency, 

other alleles will decrease in frequency (Maynard-Smith and Haigh 1974; Nachman 

2001). Any genetic survey of a locus that has undergone recent positive directional 

selection is expected to show relatively low genetic variation due to the recent 

elimination of alleles other than the advantageous allele. As the genomic region recovers 

from the selective sweep, new alleles re-appear in the population at low frequencies, 

resulting in an excess of rare alleles and a skew away from neutral equilibrium (TABLE 

1.02). 

The physical length of the region affected by selection depends on the extent of 

linkage di.sequilibrium and the strength of selection (Braverman et al. 1995; Kaplan et al. 

1989). Data from humans, mice, and Drosophila have suggested a positive correlation 

between the amount of genetic variation present at a given locus and the rate of 

recombination for the chromosomal region the locus resides in (Aquadro et al. 1994; 

Begun and Aquadro 1992; Begun and Whitley 2000; Nachman et al. 1998). This 

correlation is hypothesized to exist becau.se natural .selection affects the level of genetic 

variation at neutral sites linked to a target of selection, and the strength of this effect is 

inversely proportional to the recombination rate (Nachman 2001). Neutral sites that are 

tightly linked to a locus under .selection are thus expected to show a greater reduction in 

genetic diversity than neutral sites that are less tightly linked or not at all linked to a 

target of selection. Consequently, loci in regions of low recombination are expected to 

show less genetic diversity than in regions of high recombination (Aguade et al. 1989; 

Begun and Aquadro 1992). A complete selective sweep results in an excess of rare 
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mutations during recovery from the selection event, as the population regains random 

genetic mutations after a selective sweep event eliminates all previous variation. The rate 

of this recovery to equilibrium depends on the neutral mutation rate (Wiehe 1998). 

Although the extent of positive .selection's influence on the genome is unclear, studies in 

Drosopliila and humans have suggested that positive directional selection may be a 

common force shaping patterns of genetic variation in these species (Chen et al. 2000; 

Hamblin and Rienzo 2000; .Machman and Crowell 2000a; Yi and Charlesvvorth 2000). 

Back^ round sel ectinn: 

Genetic hitchhiking under positive directional .selection is not the only locus-

specific proce.ss that can cause a reduction in diversity. Purifying selection removes 

deleterious mutations maintained by recurrent mutation; the as.sociated removal of linked 

neutral sites is considered to be background .selection (Charlesvvorth et al. 1993). 

(Although the removal of linked neutral variants under background selection is basically 

a hitchhiking process in the sense that the neutral variants are linked to the selected site, 

the term 'genetic hitchhiking" is traditionally reserved for ca.ses of positive directional 

selection.) The effect of background .selection on levels of genetic variation depends on 

the genomic deleterious mutation rate, the strength of recombination in the region, and 

the strength of .selection. Background .selection eliminates a fraction fv = exp (-U/2hs) of 

the heterozygosity from the population, where U is the deleterious mutation rate for the 

locus of interest, h is the average dominance factor, and s is the average selective 
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coefficient against deleterious mutations (Charlesworth et al. 1993). Background 

selection is an equilibrium process between recurrent mutation and selection. Only those 

chromosomes with deleterious variants are removed, and other non-deleterious 

chromosomes and their associated neutral variation are left in the population (TABLE 

1.02). This means that background selection against strongly deleterious alleles in a large 

population can be thought of as a simple reduction in the number of chromosomal copies 

(i.e. the effective population size of the locus) or copies of the linkage group in question 

(Andolfatto and Przeworski 2001; Hud.son and Kaplan 1995). Neutral alleles are expected 

to persist only if they find them.selves on deleterious mutation-free chromosomes or 

linkage groups (Andolfatto and Przeworski 2(X)I; Charlesworth et al. 1993). 

Con.sequently, while the level of variation may be reduced at a locus undergoing 

background selection, the resulting pattern of genetic variation at that locus is expected to 

reflect the neutral equilibrium model, provided the population size is large (Andolfatto 

and Przeworski 2001; Charlesworth el al. 1993; Charlesworth el al. 1995). 

Background selection can also result in a skew similar to recovery from a 

selective sweep if the deleterious mutation rate is sufficiently large and the strength of 

selection is weak, or if the population size is small (Barton 2000; Charlesworth et al. 

1993: Hudson and Kaplan 1995); since selection against new deleterious variants is 

weak, it is predicted that there will be an excess of new rare mutations under these 

conditions, similar to the pattern seen under a selective sweep model (TABLE L02). 



TABLE 1.02. A comparison of locus-specific selection processes that may result in a reduction in genetic diversity 

Population size 
Strength of 

selection 

Diversity at 
linked 

neutral sites 

Pattern of 
diversity 

Effect on 
frequency 
spectrum 

Reioteiices 

Selective Sweep Laige Strong Reduced 
high frequency of 

derived 
polymorphisms 

Excess of rare 
mutations 

Maynarcl Smilti and Haigh 
1974; Kaplan et al 1989; 

Harnhlln and Di Rienzo 2000; 
Hudson fit al 1995 

Background Selection Large 

Small 

Strong 

Weak 

Reduced 

Reduced 

moderate 
frequency of 

derived 
polymorphisms 

low frequency of 
derived 

polymorphisms 

Neutral 
equilibrium 

Excess of rare 
mutations 

Aqiiadro el a! 1994: 
Ctinrlesworlh o) al 1995 

CharlGSwortti el al 1993; 
Aquadro el al 1994; Hudson 

and Kaplan 1995 
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Associative overdominance of recessive deleterious mutations may also result in an 

increase of genetic variation at linked neutral loci rather than a decrease under the right 

conditions of small population size, tight linkage, and weak selection (Palsson and 

Pamilo 1999). Since selection against v^eakly deleterious mutations can lead to an excess 

of rare neutral variants in large samples (Andolfatto and Przeworski 2001: Charlesworth 

el al. 1995). the same reduction in variation seen in regions of low recombination can 

potentially be explained either by selective sweeps or by background selection. 

It has yet to be determined which model (genetic hitchhiking or background 

selection) plays a more important role in shaping genomic variation. Studies of neo-Y 

chromosomes in DrosophiUi populations have detected no bias in the frequency 

spectrum, supporting the action of the background .selection model (Yi and Charlesworth 

2000). Zurovcova and Eanes (1999) found an excess of low-frequency polymorphisms in 

D niekmoiitisier Y-linked dyenin gene, supporting the selective sweep model (Zurovcova 

and Eanes 1999). Begun and Whitley (2000) examined 40 loci in DrosophiUi siinulans 

and concluded that the patterns of variation they found between the X and auto.somal loci 

were incompatible with background .selection and fit better to a model of positive 

hitchhiking (Begun and Whitley 2000). Kim and Stephan (2000) conclude that 

hitchhiking is likely to be the main force in regions of low recombination, while 

background .selection may dominate when recombination rates are higher (Andolfatto and 

Przeworski 2001; Kim and Stephan 2000). The importance of background selection for 

shaping patterns of human genetic variation is unclear. High estimates of deleterious 



mutation rate per generation suggest it could be common (Eyre-Walker and Keightley 

1999; Nachman and Crowell 2000b; Przeworski et al. 2000). However, a survey of 

microsatellite variation across the genome found no evidence to support the hypothesis 

that background selection plays a key role in shaping levels of human polymorphism 

(Payseur and Nachman 2000). 

Statistical tests of neutrality 

Several statistical methods have been devised to detect the signature of natural 

selection on genetic loci. Population geneticists have developed these tests to better 

understand the role(s) that natural selection (such as genetic hitchhiking and background 

selection) play in shaping genetic variation in natural populations. In order to detect the 

effects of natural selection, it is neces.sary to compare data from the locus of interest 

against the null model of neutral evolution. Statistical tests investigate departures from 

neutrality by comparing ratios of polymorphism to divergence, by examining the 

frequency spectrum of mutations to determine whether mutations are rare or common, 

and by using phylogenetics lo determine whether alleles are young or old. Fu (1997) 

noted that the development of a single statistical test powerful enough to detect all of the 

potential evolutionary forces at work on a locus is unlikely. It is thus useful to develop 

and use a number of tests, with each one being suited to detecting particular classes of 

departures from the neutral model (Fu 1997). Many classes of tests have been devi.sed to 

date and are distinguishable by the types of data they use and the predictions they make. 
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Some of the more common ones employed in studies of human and great ape genetic 

variation are listed below. 

Multiple locus tests: 

Multiple locus tests rely on the comparison of data from two or more regions in 

order to ask whether similar patterns are seen between the two regions. The HKA test 

(Hudson et al. 1987) compares ratios of polymorphism and divergence from two or more 

loci to see if the ratios are similar. Under a model of neutral evolution, the level of 

polymorphism and the level of divergence at a locus should be correlated, affected only 

by the mutation rate of the locus and the population size. If one of the loci has undergone 

a selection event that has reduced its heterozygosity, it is expected that the 

polymorphism:divergence ratio for that locus will be smaller than for a comparable locus 

e.xperiencing neutral evolution because selection should affect only intraspecific 

polymorphism, and not divergence between species, at a given locus (Birky and Walsh 

1988). Rejection of the null model of neutral evolution is consistent with the action of 

selection at one of the loci involved in the test or on a site linked to it. Theoretically, if 

two or more loci are compared in an HKA test and the null hypothesis of neutral 

equilibrium is not rejected, the implication is that the loci under compari.son are evolving 

similarly: that is. there is no strong evidence that selection has affected one locus relative 

to the other. Although this could suggest that selection is not affecting the loci under 

study or its associated linked regions, .selection may simply be too weak to detect with the 

test, or alternatively selection may be acting in a similar way on both loci. The 
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McDonald-Kreitman test (McDonald and Kreitman I99I) employs the same theory about 

ratios of polymorphism and divergence in a single coding region, but treats synonymous 

and nonsynonymous sites as separate classes (i.e. as separate Moci") and compares the 

ratios between them, thereby getting more directly at the direct results of selection on 

coding loci. 

Sini>U' locus tests: 

Another statistical test widely used to look for evidence of natural selection is 

Tajima's D statistic (Tajima 1989b). Tajima's D provides a de.scription of the frequency 

spectrum, the distribution of the frequencies of segregating sites observed in a sample 

(Braverman et al. 1995). Tajima's D compares the difference between the values of 7C 

and 9. both of which estimate the neutral parameter 4Ne|l (for autosomal loci). K. the 

probability of a nucleotide being different in two randomly chosen alleles, is ba.sed on the 

average pairwise difference in the sample (Tajima 1983). 9 is based on the number of 

polymorphic sites in the sample (Watterson 1975). Under neutrality, the two estimators 

should be equal and Tajima's D should equal zero. Under both directional selection and 

certain conditions of background selection. 9 is expected to be greater than 

71, resulting in a negative Tajima's D statistic [Braverman. 1995 #338]. For directional 

selection, recovery from a .selection event should result in an excess of new rare alleles or 

singleton sites, while under background selection, deleterious alleles may persist in the 

population at low frequencies before being removed. So Tajima's D could be negative 

under both models of selection: whereas under balancing .selection (the maintenance of 
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different genetic lineages by natural selection). Tajima's D is expected to be positive 

(Braverman et al. 1995; Charlesworth et al. 1993). Additionally, an excess of rare alleles 

may also result from a star phylogeny generated under a model of population expansion: 

that is. as the new mutations generate new independent lineages, a phylogenetic analysis 

of the data will result in a starburst shape of lineages with each one defined by a unique 

set of rare mutations. So the interaction of natural selection and recombination serves to 

reduce genetic variation in particular loci across the genome, and patterns consistent with 

natural selection can be assessed statistically. One caveat for using Tajima's D statistic is 

that it may have low power to detect departures from neutral equilibrium conditions 

(Braverman et al. 1995). Although Tajima's D statistic is the most widely used statistic 

for investigating the effects of natural selection on genetic data, other tests such as Fu and 

Li's (1993) D* and F* tests, and Fu's (1997) Fs test, can also be used to investigate the 

role of natural selection (Fu 1997; Fu and Li 1993). Fu (1997) and Braverman et al. 

(1995) showed that Tajima's D and Fu's Fs tests are the most powerful for detecting 

genetic hitchhiking, while Fu and Li's tests (D. F. D*. F*) are among the best for 

detecting background selection (Fu 1997). Fu suggests that the.se tests be used in tandem 

in order to identify the most likely mechanism responsible for polymorphism. 

Additionally, the H test of Fay and Wu (2000) propo.ses to detect possible positive 

directional selection at single loci by utilizing outgroup compari.sons to identify high 

frequency derived variants (Fay and Wu 2000). 



Genome-wide factors affecting diversity 

In addition to locus-specific factors, variation in tiie genome can be shaped by 

population factors that are expected to produce similar patterns of diversity across many 

loci (TABLE l.Ol). Demographic parameters like population size, population history, 

and population subdivision are important for understanding virtually any aspect of 

genetic diversity in populations. Since these processes act on individuals, they impact 

roughly equally all genetic loci carried within those individuals. At neutral equilibrium, 

populations are expected to be of long-term constant size with random mating and 

mutation-drift equilibrium; that is. many models of demographic change a.ssume no effect 

of natural selection. Under this simplifying assumption that DNA sequence variation in a 

genomic region of interest is neutral, the amount and pattern of genetic variation is 

expected to be proportional to the population size (Ohta and Kimura 1971; Wright 1931). 

Non-random mating, due to finite population size or population structure, can result in 

non-congruency of data with predictions under the neutral model. Changes in population 

size over time can affect the amount and pattern of genetic variation within a species 

compared to that expected from a population of constant size. Changes in total population 

size, like a bottleneck due to a contraction in size or an expansion in size due to growth, 

can disrupt equilibrium conditions (Rogers and Jorde 1995). A population that has 

experienced constant population size over a long period of time will have several 

individual lineages that share mutations, while a population that has undergone recent 

growth will have many mutations unique to specific lineages (Harpending and Rogers 

2000; Pereira et al. 2001). Population structure refers to the balance between genetic drift 



and gene tlow between populations, and incorporates migration, mating system, and the 

degree of population subdivision. An organism's demography, ecology, and behavior all 

intertwine in forming genetic population structure (Chakraborty 1993). Population history 

encompasses events like range expansions and fragmentations (Templeton et al. 1995). 

and historical events like these have played an important role in human evolutionary 

history and the relationships and patterns of variation seen in contemporary populations 

(Lahr 1994). It is clear that the human population has undergone an expansion in our 

recent past, as current population size now exceeds six billion. The question is whether 

the expansion can account for all genetic variation (or lack of it) in different genomic 

regions. 

One tool commonly used to study the signature of demographic effects on genetic 

variation is mismatch analysis (Gibbons 1993; Harpending et al. 1993; Rogers 1995; 

Rogers 1996; Rogers and Harpending 1992; Sherry et al. 1994; Slatkin and Hudson 

1991). Mismatch analysis investigates whether genetic data fit a model of a population 

size expansion. Mismatch analysis relies on the comparison of sequences between all 

pairs of individuals in a sample. The number of differences between each pair of 

individuals is counted and presented in histogram form. This histogram is called the 

mismatch distribution, and its shape is considered informative about population history, 

with a unimodal bell-shaped curve expected under a model of population expansion 

(Relethford 2001). Rogers and Harpending (1992) developed methods to estimate the 

timing of an expansion as well as the size of the initial population from the data. Studies 

of human mismatch distributions in mitochondrial DNA support a rapid population 
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expansion in the Late Pleistocene, with the majority of estimates falling between 

100.000- 50,000 years ago but with a slightly earlier expansion in the African population 

(Relethford 1998a; Sherry et al. 1994). Evidence for a recent human population 

expansion is often interpreted to mean that humans had a small population size prior to 

the expansion; in turn, this suggests that humans may have reduced genetic variation 

compared to our closest living relatives, a hypothesis that has been supported by species-

level comparisons of mitochondrial. X chromosomal, and autosomal sequence variation 

(Deinard and Kidd 1999; Gagneux et al. 1999b; Kaessmann et al. 2001). Comparison of 

mismatch distributions between humans and chimpanzee mitochondrial DNA showed 

that humans and P. t. schweinfiirthii have similar demographic histories (Goldberg and 

Ruvolo 1997) suggesting that perhaps humans were affected by a global process that also 

impacted other species, rather than a human-specific event. The method does not clearly 

characterize the expectation under a historical model of constant population size. 

however (Emerson et al. 2001). and the variance of the distribution is large. 

Mismatch distributions were originally developed for the highly variable 

mitochondrial DNA locus in humans but can be u.sed with other loci as long as (1) the 

data are not confounded by recombination that brings together chromosomal regions that 

have different evolutionary histories, and (2) the data are variable enough to produce a 

reliable signal. The second condition is difficult to fulfill in non-mitochondrial DNA loci. 

However, selection events mimic demographic events in mismatch distributions just as 

demographic events can mimic selection events in tests of neutrality (Harpending and 

Rogers 2000; Pereira et al. 2001). Mismatch analysis assumes that the .sequences being 
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examined are evolving neutrally, but population growth and non-neutral selective 

processes both result in a frequency distribution skewed towards an excess of rare sites 

relative to the neutral equilibrium expectation (Begun 2001; Maruyama and Fuerst 1984). 

They will both also result in similar patterns for mismatch distributions (Relethford 

2001). Populations whose mismatch distributions suggest an expansion may simply have 

been affected by natural selection instead. If this is the case and in fact the locus under 

investigation is affected by natural selection, the graph of pairwise sequence differences 

may reflect the same pattern as expected under a population expansion. Tajima's D 

statistic al.so reflects pairwise sequence differences, and can be u.sed to examine 

hypotheses about population history as well as natural selection. Although demographic 

processes are expected to affect all loci in the genome, an increase in population size will 

generally reflect a star phylogeny and a negative Tajima's D statistic at any locus picked 

for study as new lineages are created by new mutations. However, some demographic 

conditions can result in positive Tajima's D values, such as an incomplete or short 

bottleneck event (Fay and Wu 1999; Tajima 1989a). 

There are other demographic factors that more directly mimic the diversity-

reducing effects of natural .selection simultaneously at several loci. Sex-specific 

attributes like mating system, .sex-specific dispersals and philopatry. differential 

mortality, and a high variance in reproductive success can influence the levels and 

pattei-ns of genetic variation differentially across the genome by impacting different 

genetic regions to different degrees (Caballero 1994; Cabaliero 1995; Charlesworth 2001; 

Nunney 1993). The four major compartments in the mammalian genome (mitochondrial 
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DNA. the Y chromosome, the X chromosome, and the autosomes) are differentially 

inherited depending on the choice of mating system and sex-specific dispersal patterns. 

The interaction of these two attributes affects the levels and patterns of genetic variation 

at these different compartments in ways that may mimic the effects of natural selection. 

All compartments may be affected, but they will be affected to different degrees 

depending on the number of males and females breeding in the population. For example, 

Pereira et al. (2000) compared mismatch distributions and Tajima's D values for 

European mitochondrial DNA and Y chromosome and found incongruent mismatch 

distributions between them. They concluded that either the European female population 

increa.sed in size but the male population did not. or differential selection occurred on 

either the mtDNA or the Y chromosome. As a further complication, different regions of 

the genome experience different effective population sizes under background selection, 

depending on the local recombination rate and density of targets for selection (Przeworski 

et al. 2001). If background .selection is pervasive in the genome, this .selective force may 

alter genetic diversity at different loci to different degrees. Thus, a study of any single 

genetic locus can produce patterns that are compatible with both the influence of natural 

selection and with demographic influences in the population. This is problematic if the 

underlying goal is to understand what forces are responsible for shaping genetic 

variation. 
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Distinguishing between locus-specific effects and genome-vvidc effects 

It is clearly difficult to determine which evolutionary force(s) impact levels and 

patterns of genetic variation. Genetic predictions from selective proces.ses and 

demographic processes mimic one another in patterns of frequency spectra and the 

outcome of statistical tests of neutrality and population history. Either process can result 

in patterns of variation at any given locus of interest that are also consistent with the 

alternative process (TABLE 1.03). Data from a single genetic locus thus cannot 

completely resolve which evolutionary factors have been responsible for shaping its 

genetic variation. Even if evolutionary forces remain unchanged, the stochastic nature of 

neutral evolutionary proces.ses means that a wide range of genetic diversity is expected 

from many independent samples of the genome. Each gene has its own unique history to 

.some degree, and the large variance in the evolutionary process means that several 

iterations of the .same evolutionary force may produce different results. Thus robust 

conclusions about the evolutionary proce.ss cannot be made from a single locus 

(Przeworski et al. 2000). One important difference between demographic proces.ses and 

the interaction of selection and recombination, however, is that these demographic forces 

have genome-wide effects while .selective forces are locus-specific. A demographic 

event that exerts influence at the population level is expected to impact all loci in the 

genome, whereas natural selection and its interaction with recombination rate only impact 

the locus under selection and its linked neighbors. So the most effective way to 

distinguish between the locus-specific effects of selection and mutation and the genome-



TABLE 1.03 Some commonly used methods to examine locus-speclfic and genome-wide evolutionary 
forces. 

Test Data required Test outcome Selection Interpretation PeiTrographic Interpretation 

HKA test' 
Polymorphism 
and divergence 

data from >2 loci 

Significant chi-square 
suggests 

polymorphism divergence 
ratios are unequal 

Diflerence in poly;div ratios reflect locus-
specific selection (selective sweep, or 

background selection under certain 
conditions) 

Difference in polyidiv ratios reflect the 
differential impact of population-level 

processes 

Tajima's D 
p and q estimate 

from a single 
locus 

. D statistic examines rate 
' vs. common variants and 

is a measure of the 
frequency spectrum 

Negative D: hitchhiking or presence of 
weakly deleterious mutations Positive D 

balancing selection. 

Negative D: population expansion. 
Positive D: a small brief bottleneck 

Mismatch 
Distribution' 

Pairwise 
difference data 

Shapes of parrwise 
difference histogram 

provides evidence about 
underlying process 

Unimodal distribution: recovery from 
selection event 

Unimodal distribution: population 
expansion 

1 Hudson ei al 1987 

2. TajiTia 1989, Ctiailesvvorit) el al 1993 

3 Harpendincj el nl 1993 
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wide et fects of demographic forces hke mating system and population expansion is to 

look at multiple independent loci simultaneously. 

Different approaches for distinguishing demographic processes from selective 

processes have been proposed. First, demographic events that affect all loci can be 

distinguished from selective events by determining whether reductions in diversity occur 

in multiple loci across the genome (Galtier et al. 2000). Second, since positive 

directional selection is expected to raise derived alleles to high frequencies, selective 

sweeps at a single locus could theoretically be detected by using outgroup compari.sons to 

determine the polarity of allelic variants segregating in a population at many loci (Fay 

and Wu 2000). Third, a model of genetic hitchhiking predicts that the X chromosome 

should show a greater reduction in genetic diversity than autosomes under the appropriate 

conditions because the hemizygous nature of the X allows the fixation of beneficial 

mutations faster than in autosomes (Aquadro et al. 1994; Begun and Whitley 2000). This 

pattern is opposite that predicted to result from a sex-specific demographic model in 

which female outnumber males An alternative approach is to examine closely related 

species with known demographic differences to investigate whether species-specific 

patterns of variation correlate with species behavior or are unique single occurrences. 

Clearly, a multiple locus context is neces.sary to determine whether any single locus has 

been impacted by .selection versus demographic events. Thus the combined study of 

multiple loci from different parts of the genome can help determine whether an effect of 

natural selection, mating system, or other demographic processes have been at work 

shaping genetic diversity in the different compartments of the genome. Fourth, 



knowledge about sex-specific behaviors that cause differential effects in different parts of 

the genome can provide contextual evidence to investigate discrepancies in levels of 

variation between different genetic regions (Bamshad et al. 1998: Melnick and Hoelzer 

1992: Tosi et al. 2000: Wilson et al. 2001). 

COMP.ARTMENTS OF THE GHNOiVlE 

The four compartments of the mammalian genome are all unique in their 

combination of cellular location, mode of inheritance, and copy number. Their different 

uniparental or diparental inheritance modes mean that each compartment may be 

uniquely affected by sex-specific demographic events (TABLE 1.04), and their different 

copy numbers mean they may be differentially affected by random genetic drift. 

TABLE 1.04: The four compartments of the hominoid genome. 

Compartment | Resides in Inheritence 

Mitochondrial DNA Mitochondna Exclusively maternal 

Y chromosome Nucleus Exclusively paternal 

X,chromosome Nucleus 2/3 maternal, 1/3 paternal 

Autosomes Nucleus 1/2 maternal, 1/2 paternal 

Mitochondrial DNA 

Mitochondrial DNA is the most widely studied locus in evolutionary population 

genetics. Mitochondria provide energy and cellular respiration via the oxidative 

phosphorylation pathway (Wallace 1992). Mitochondrial DNA molecules reside in the 
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mitochondria of cells, not in the nucleus like the re.st of the genetic material, and it 

numbers in the thousands of copies (Wallace 1992). Human mitochondrial DNA consists 

of a circular molecule that is approximately 16,569 ba.se pairs in length, and encodes 13 

genes essential to oxidative phosphorylation plus 2 structural rRNAs and 22 iRNAs. and 

the control region (or D-loop) which serves as the origin of replication and transcription 

(Anderson et al. 1981; Li 1997: Wallace 1992). This compact genome contains no introns 

or spacer DNA (with the exception of the control region). Mitochondrial DNA differs 

from nuclear genetic material in that it docs not recombine; thus mitochondrial DNA 

only changes from generation to generation by mutation, and not by the creation of new 

sequence chimeras. Mitochondrial DNA al.so generally exhibits a mutation rate that is 

greater than that seen in nuclear DNA (Brown et al. 1982; Ingman et al. 2000; Pesole et 

al. 1999). Mammalian mitochondrial DNA is maternally inherited because it is 

transmitted through the cytoplasm of the egg. Males carry mitochondrial DNA in their 

cells but do not transmit it to their offspring as no paternal mitochondria are thought to 

enter the egg. While there are a few reports of paternal leakage of mitochondrial D.N'A 

into the egg from the sperm acrosome (Gyllen.sten el al. 1991). broad support for this 

phenomenon is lacking. Thus, mitochondrial DNA's maternal inheritance essentially 

tracks maternally-mediated history. 

The analysis of mitochondrial DNA has played a very important role in our 

understanding of human and great ape evolution. Its lack of recombination, high cellular 

copy number, and high substitution rate made it the locus of choice in early studies of 

human molecular genetic variation. The control region is the most commonly studied 
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mitochondrial locus in humans, with over 10.000 human sequences currently known for 

at least part of the control region (M.O.U.S.E. genome database. 2001). The control 

region only comprises about seven percent of the mitochondrial genome, however, and 

shows extreme mutation rate heterogeneity at different sites (Ingman et al. 2000-. Meyer 

et al. 1999; Parsons et al. 1997; Sigurdardottir et al. 2000). Estimates of D-loop variation 

span two orders of magnitude (Horai 1995; Howell et al. 1996; Parsons et al. 1997; 

Sigurdardottir et al. 2000). Overall, mammalian mitochondrial DNA hits been reported to 

evolve up to ten-fold more rapidly than single-copy nuclear DNA (Brown et al. 1982). 

Different nuDNA loci appear to have different rates of mutation and evolution, making 

accurate substitution estimates difficult. Compari.sons of different mammalian orders 

suggest that different regions have different rates of evolution: non-synonymous sites 

and the tRNA and rRNA loci evolve on average sixteen-fold lower than synonymous 

sites and D-loop domains, and tRNA and rRNA loci evolve two times more rapidly than 

protein-coding nonsynonymous sites (Pesole et al. 1999). Mitochondrial DNA loci like 

tRNA and rRNA regions are expected to be fairly con.served. although they are more 

subject to compensatory mutations due to their secondary and tertiary structures (Pesole 

et al. 1999). Ingman el al. (2000) compared 53 complete human mitochondrial DNA 

sequences to a chimpanzee sequence and reported that the overall mutation rate of 

mitochondrial DNA. excluding the control region, is 1.70* 10""substitutions per site per 

year. Pedigree based studies have estimated the rate of mutation to be much higher than 

this, however, by up to an order of magnitude(Howell et al. 1996; Parsons et al. 1997; 

Sigurdardottir et al. 2000). Nuclear estimates of mutation rate vary, but are generally on 
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the order of 10 "' substitutions per site per year (Li 1997). ten times less than for 

phylogenetic estinnates of the mitochondrial DNA mutation rate. 

Mitochondrial DNA is historically the locus of choice for population genetic 

studies because of its uniparental inheritance and the technical ea.se of working with it. 

However, it may not make it the most appropriate marker for examining neutral 

population history because of its functional importance and its compactness; it may be 

more prone to the actions of selection than other regions of the genome. Additionally, its 

lack of recombination and exclusive maternal transmission make it potentially subject to 

genetic drift. The influence of selection on animal mitochondrial DNA has been the 

focus of many studies (Ballard and Krcitman 1994; Bergstrom and Pritchard 1998; 

Excoffier 1990; Hey 1997; Jorde et al. 1998; Nachman et al. 1994; Rand 2001a; Rand el 

al. 1994; Rogers 1996; Wallace 1992; Wise et al. 1998; Wise et al. 1997). Several 

mitochondrial di.seases in humans are known or though to result from amino acid changes 

in mitochondrial DNA sequence, including Leber hereditary optic neuropathy (LHON). 

neurogenic muscle weakness, ataxia, and retinitis pigmento.sa (NARP). Disea.ses like 

myoclonic epilepsy with ragged-red fibers (MERFF) and mitochondrial 

cncephalomyopathy. lactic acidosis, stroke-like epi.sodes (MELAS) result from mutations 

in the iRNA genes. Insertion-deletion mutations and copy number mutations may also 

cause pathology (Wallace 1992). Altogether, these diseases indicate that there is likely to 

be purifying selective pressure on mitochondrial DNA molecules, although the strength 

of this purifying .selection is unclear (Wallace 1992). 
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Studies of selection and neutrality in mitochondrial DNA are particularly 

important because mtDNA has been so widely used in studies of population and 

evolutionary history. Early studies of mtDNA variation assumed that mtDNA variation 

was neutral and could be used to reconstruct population history because it w^as assumed 

that the increased rate of mtDNA evolution resulted from a higher mutation rate and/or 

relaxation of purifying selection (Gerber et al. 200!). However, the high mutation rate 

and compactness of the mitochondrial genome may be expected to make it more prone to 

the actions of selection than other genomic regions: the lack of intronic sequence means 

that every mutational change has a greater chance to be either adaptive or deleterious. 

Some evidence exists for adaptive evolution in the mtDNA genome. Coevolution of 

mtDNA and nuclear gene products may be important in determining the role of .selection 

on the mtDNA genome; mtDNA-encoded residues in the cytochrome c oxidase complex 

(COX) that were in close physical proximity to nuclear DNA-encoded residues evolved 

more rapidly than other mtDNA-encoded residues, indicating that positive directional 

selection was important for these sites (Ballard and Dean 2001; Schmidt et al. 2001). 

Additionally, loci in the electron-transfer complex of mtDNA appear to have undergone 

accelerated evolution in the higher primates, potentially corresponding to the expansion 

of the energy-dependent neocortex (Ballard and Dean 2001; Grossman et al. 2001). 

Alternatively, the high mtDNA mutation rate coupled with the important functions of 

mtDNA loci suggests a potentially important role for background selection, since many 

known mtDNA mutations are deleterious and cause disease. 
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Correspondingly, surveys of mitochondrial DNA variation across different taxa 

suggest a trend towards an excess of replacement to silent variation within species as 

compared to between species (Ballard and Kreitman 1994; Gerber et al. 2001; Nachman 

1998a; Nachman et al. 1994; Nachman et al. 1996; Rand et al. 1994; Weinreich and Rand 

2000). While inconsistent with simple demographic changes in population size, this 

pattern is consistent with a slightly deleterious model of mitochondrial DNA evolution 

(Ohta 1992). whereby amino acid mutations are mild enough to rise to polymorphic 

frequencies but are unlikely to become fixed and appear as differences between species 

(i.e. weak background selection). Studies of mitochondrial DNA variation in humans 

generally find patterns of mitochondrial DNA variation to be inconsistent with a strictly 

neutral model (Excofficr 1990; .Nachman et al. 1996; Templeton 1996; Wise et al. 1998). 

Vlost studies of human mitochondrial DNA variation have focu.sed on the control region, 

however, where the lack of functional positions in a traditional protein-coding sense 

makes the nearly neutral model difficult to test, and it has been unclear whether this is 

due to a recent human population expansion or selection acting on mitochondrial DNA. 

An excess of rare variants here could be due to a rapid expansion from a small population 

size, as has been postulated from many studies of human mitochondrial DNA variation as 

well as nuclear microsatellite variation (Relethford 1998b; Sherry et al. 1994). 

Many studies have found an excess of rare frequency variants, and the sharply 

negative Tajima's D in human mitochondrial DNA datasets is consistent with either 

selection or exponential population growth, as discussed above (Przeworski et al. 2000). 

Not all human populations surveyed show evidence of such patterns, however (Excoffier 
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and Schneider 1999). Comparison.s of African with non-African mitochondrial DN'A 

show greater mitochondrial DNA diversity in African populations, reflecting either 

selection on non-African mitochondrial DNA (possibly resulting from adaptation to new 

climates) or a larger effective population size in Africa (Relethford 1998b). It is likely 

that both selective and population-level processes impact mitochondrial DNA diversity 

simultaneously, since its functionally compact genome is expected to be subject to 

selection pre.ssures while its maternal inheritance clearly reflects some aspects of female-

specific population history and demography. Which one plays the more important role is 

still unknown. 

The Y chromosome (NRY) 

The Y chromosome is the male determining chromosome in mammals and carries 

the major sex-determining gene, SRY. Males posse.ss a single X chromosome and a 

single Y chromosome, while females have two X chromosomes. Y chromosomes have 

evolved independently in many animal and plant groups, and many of them show 

evidence of genetic degeneration; that is. they have lost most of the genes that were 

present in the ancestral chromo.somes (Charlesworth and Charlesworth 2000). The human 

Y is the second smallest human chromosome at 60 million ba.se pairs in length (only 

chromosome 22 is smaller). Since it is carried only in males it is exclusively paternally 

inherited, making it the male counterpart to mitochondrial DNA from a population 

genetics perspective. It only recombines with the X chromosome in the small 

pseudoautosomal regions at the tips in order to facilitate correct pairing and segregation 
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during male meiosis. and is non-recombining over the remaining 95% of its length 

(Goodfeliow and Lovell-Badge 1993). This makes it the largest non-recombining block 

in the genome (Bachtrog and Charlesvvorth 2001). The non-recombining portion of the Y 

chromosome is known as the NRY (non-recombining region on the Y). In humans, the 

NRY comprises only 2-3% of the haploid genome and has the lowest density of known 

functional genes of any chromosome, with at least 24 known functional genes spread 

over 60 megabases (Lahn and Page 1997). These genes generally are involved in either 

male-specific function (like spermatogenesis) or in general housekeeping genes that have 

homologues on the X chromosome. The presence of all coding loci appears to be 

con.served between humans and the great apes; however, the gene order is very different 

between the Y chromosomes of the different species (Glaser el al. 1997; Muller and 

Schempp 1991; Toder et al. 1993). Y chromosomal structure has not been preserved in 

primate evolution, although the genes themselves have. Many species have inversions 

relative to one another, and wide differences in chromosome length exist. One 

consequence of all this shuffling is the likelihood that the non-coding DNA between loci 

has not been phylogenetically well-preserved between species. Presumably there is 

relaxed selective pressure to maintain any specific order on the Y chromosome since it 

does not recombine with any other chromosome and thus need not maintain any 

homology. 

Studies of DNA sequence variation on the human Y chromosome have suggested 

that the Y chromosome shows little to no variation, exhibits lower genetic diversity than 

other parts of the genome, and has an excess of rare variants or a complete lack of 



polymorphism (Anagnostopoulos et al. 1999; Dorit et al. 1995; Hammer 1995; 

Jaruzelska el al. 1999a; Jaruzelska et al. 1999b; Shen et al. 2000; Thomson et al. 2000; 

Whitfield et al. 1995; Whitfield 1995). Similar patterns have also been noted in the 

doecious flowering plant Silene latifoiui (Filatov et al. 2001) and in Drosophila 

(Zurovcova and Eanes 1999). This pattern is peculiar in light of the male-driven 

molecular evolution hypothesis, which proposes that chromosomes carried exclusively in 

males should exhibit higher polymorphism than other chromosomes because the high rate 

of DNA replication associated with spermatogenesis increases the mutation rate 

(Carmichael et al. 2000; Ellegren and Fridolf.sson 1997; Haldane 1935; Miyata et al. 

1987; Montell et al. 2001; Shimmin et al. 1993). While the Y chromo.some typically has 

a higher divergence rate than other genomic regions (Chen and Li 2001), it is unclear 

whether the empirical lack of intraspecific diversity reflects the actions of natural 

selection on the Y chromosome or whether it is a consequence of population factors like 

a small male effective population size (Pritchard et al. 1999). Nachman has proposed that 

the low density of genes on the Y chromo.some makes it a less likely target for selection 

and thus more likely to be influenced by genetic drift (Nachman 1998b). 

On the other hand, the NRY clearly plays an important genetic role by being the 

sex-determining chromo.some. Its role in sex determination may make it su.sceptible to 

selective sweeps and genetic hitchhiking through the fixation of adaptive mutations that 

improve sperm function or motility; conversely, the importance of its genes may make 

the majority of coding mutation deleterious and cause the NRY to be prone to purifying 

selection (and the subsequent effect of background selection at linked sites). Nearly 8% 



of men are infertile, and it has been suggested that Y chromosomal defects plays a role in 

up to a quarter of these men (Bachtrog and Chariesvvorth 2001: Stuppia et al. 1998). 

There is some evidence to suggest that natural selection (i.e. purifying selection) may 

play a role in shaping variation on the human Y chromosome: a point mutation in a 

candidate gene for spermatogenic failure has been identified (Sun et al. 1999). and 

translocations between the PRKX and PRKY loci associated with one class of infertility 

tend to arise on a single Y chromosome haplotypic background (Jobling et al. 1998). 

The.se are examples of deleterious mutations on the Y chromosome and possible targets 

for background .selection. It is less clear whether there is evidence for any advantageous 

mutations on the Y chromosome. 

Studies of Y chromo.some polymorphism have been inconclusive in determining 

the importance of selection and demography in shaping its variation. Most studies of 

human Y chromosome variation have focused on examining the frequency of haplotypes 

made up of different nucleotide or in.sertion-deletion polymorphisms across the 

chromosome in different populations (Altheide and Hammer 1997; Hammer 1995: 

Hammer etal. 1998; Hammer etal. 2001; Hammer etal. 1997; Karafetetal. 1999; 

Santos et al. 1996; Underbill et al. 1997), and these studies suggest a role for 

demographic influences. The geographic distributions of Y chromosome variation and 

mitochondrial DNA variation differ somewhat in human populations. Generally, a 

greater proportion of Y chromo.some variation appears to be partitioned between 

populations than mitochondrial DNA variation. These results have been explained by a 

higher female migration rate and a tendency towards patrilocality (Bamshad et al. 1998; 



Seielstad et al. 1998). as well as by mating system (Salem et al. 1996). However, 

additional factors like the difference in mutation rates and evolutionary histories of 

mitochondrial DNA and the Y chromosome may explain this pattern as well (Hammer et 

al. 1998). Studies of DNA .sequence variation on the human Y chromosome have 

revealed that the NRY has low levels of variability when compared to other regions of 

the genome, although these differences are not nece.ssarily statistically significant and 

cannot readily be ascribed to selective or demographic factors (Dorit et al. 1995: Hammer 

1995: Jaruzelska et al. 1999b: Nachman 1998b: Shen et al. 2000: Whitfield et al. 1995). It 

is also possible that many distinct yet intertwined factors simultaneously influence levels 

of Y chromo.some variation. So it remains unclear what forces most strongly impact 

human Y chromosome variation. 

The X chromosome 

The X chromosome is the other sex chromosome, the homologue of the Y. While 

cla.ssified as a sex chromosome, not all genes on the X chromo.some are related directly to 

.sex-specific function, similar to the Y. All individuals have at least one X chromosome: 

normal males have an X and a Y, and normal females have two X chromosomes. The X 

can be inherited from either parent, but since it does not occur in equal numbers between 

the two sexes the inheritance probabilities are different. The probability of inheriting an 

X chromosome from a female in the previous generation is 2/3. and a 1/3 probability 

exists that it came from a male. Many human genetic conditions are known to be X-

linked, such as Duchenne muscular dystrophy and red-green colorblindness. Since males 

carry the X in a hemizygous state, recessive mutations are exposed on the X more quickly 
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than on autosomes and are most commonly seen in males. This heterogamy means that 

background selection removes recessive deleterious mutation more effectively from the X 

chromosome than autosomes (Begun and Whitley 2000) because the X chromosomc is 

more exposed to the effects of natural selection. Thus, if background selection is 

predominant in shaping levels of genetic variation, and if deleterious mutations are 

recessive on average, then the X chromosome should have more diversity than the 

autosomes becau.se a larger proportion of its alleles will be mutation-free and not subject 

to removal. Expectations for levels of X-linked diversity under genetic hitchhiking are 

less straightforward and depend on many factors, including average dominance, transit 

lime to fixation, and whether selection acts on standing or new mutations; however. 

under a simplified model, if selective sweeps are predominant in the genome, it is 

hypothesized that X-linked diversity will be reduced relative to auto.somal diversity 

(Begun and Whitley 2000; Payseur and Nachman In press) 

Begun and Whitley (2000) found reduced X chromosome polymorphism relative 

to autosomal polymorphism in Drosopliila simulans and point out this pattern is 

consistent with genetic hitchhiking but not compatible with predictions under background 

selection. Other Drosophihi data suggest the same pattern (Aquadro et al. 1994). Filatov 

el al. (2001) found that the Silene latifolia X locus they examined was more polymorphic 

than the autosomal locus, although they attributed this difference to .selection on the 

autosomal locus rather than on the X (Filatov et al. 2001). Studies of nucleotide sequence 

variation on the human X chromosome have produced .somewhat conflicting results about 

the importance of selection and demography by showing different patterns. One study of 
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10 kilobases in the non-coding Xql3.3 region in humans found relatively low genetic 

diversity and a negative Tajima's D value compared to other regions of the genome 

(Kaessmann et al. 1999a). The negative Tajima's D value was not statically significant, 

however, and thus failed to reject the null hypotheses of neutral evolution and/or constant 

population size. Wooding and Rogers (2000) point out that the results of Fu's Fs test {Fu 

1997) and Roger's modeling of mismatch distributions (Rogers 1995) both reject the 

hypothesis that human population size has been constant (Wooding and Rogers 2000). 

However, these results al.so reject the hypothesis that Xql3.3 has evolved neutrally and 

suggest it could have been impacted by selection. Xql3.3 is in a region of low 

recombination and thus could reflect either the effects of natural .selection at a linked site 

or population growth. 

A study of two introns of the human Duchenne muscular dystrophy gene found 

that intron 7 had correspondingly low diversity and negative Tajima's D while intron 44 

had relative high genetic diversity and a less negative Tajima's D (Nachman and Crowell 

2000a). The DMD gene lies in a high recombination region, and the two introns are >500 

kilobases apart. Nachman and Crowell (2000) suggested that a demographic explanation 

was unlikely as all loci should be affected similarly by demographic events, and introns 7 

and 44 clearly were different. They proposed that positive directional selection was 

responsible for the pattern at intron 7. while intron 44 reflected the neutral condition of 

human genetic variation (Nachman and Crowell 2000a). Rogers has suggested the 

possibility that intron 7 reflects a population expansion and that intron 44 reflects a long 

history of balancing selection (Rogers 2001). However, the lack of linkage 



disequilibrium at DMD intron 44 suggests this hypothesis is incorrect (Nachman and 

Crowell 2000a) The PDHAI locus also shows an abundance of intermediate-frequency 

mutations, more similar to DMD intron 44 rather than to Xql3.3. although it shows a 

skew in the frequency distribution relative to that expected under a neutral evolutionary 

model (Harris and Hey 1999). PDHA I shows no evidence supporting an expansion in 

human population size. The PDHA I locus also serves as good example of the important 

role that sampling can play in determining the outcomes of genetic studies. Harris and 

Hey (1999) reported a fixed nucleotide difference between 16 Africans and 19 non-

Africans in their survey of PDHA 1. suggesting strong population subdivision between the 

two groups. Further investigation of the region with nearly three times the number of 

individuals from different population groups revealed that the position of interest was in 

fact not a fixed difference between Africans and non-Africans; rather, both nucleotide 

states were present in both the African and non-African groups (Yu and Li 2000). 

The Autosomes 

The autosomes are the rest of the chromosomes, tho.se that are inherited in pairs. 

Humans have 22 pairs of autosomes; each parent contributes one copy of each pair, so the 

autosomes are inherited equally from both sexes. Until recently, the autosomes have 

received little attention in evolutionary genetic surveys becau.se of the difficulty of 

generating DNA sequence data from them compared to the male-specific Y chromosome, 

the hemizygous X chromosome when males are .sampled, or the single-copy 

mitochondrial DNA locus. In most cases, the dual copy number of each autosomal locus 



presents a set of unique challenges for nucleotide surveys - it is often difficult to isolate 

single haplotypes or to determine linkage phase. 

Autosomal sequence variation generally shows different patterns from that seen in 

mitochondrial DNA and the NRY. with less evidence for either selection or expansion 

(Clark et al. 1998; Frisse et al. 2001; Hamblin et al. 2002; Zhao et al. 2000). Studies of 

the Melanocortin 1 receptor in humans have suggested that its coding regions and 

promoter region show different patterns of genetic diversity (Harding et al. 2000: 

Makova et al. 2001: Rana et al. 1999). Sequence variation at B-globin and Lipoprotein 

Lipase are incompatible with either models of population growth or natural selection by 

virtue of their non-skewed frequency distributions (Clark et al. 1998: Harding et al. 

1997). Examination of a region on chromosome 16. however, resulted in a skewed 

frequency distribution with an excess of rare alleles (Alon.so and Armour 2001). The 

authors argued in favor of an expansion rather than selection because the locus is in a 

region of high recombination and therefore unlikely to be affected by .selection at any 

linked sites. This is the same situation seen in intron 7 of the Duchenne muscular 

dystrophy gene and it serves to underscore the compatibility of the same genetic results 

with either natural selection or demographic proce.sses. 

EFFECTIVE POPULATION SIZE 

Effective population size is a central parameter for understanding evolution and 

nucleotide diversity in a population. Effective population size (Ne) can be defined as the 

size of an ideal population whose genetic composition is influenced by random proces.ses 



in the same way as the real population of size N (Caballero 1994; Nunney 1993: Wright 

1931). Alternatively, it can be defined as the hypothetical number of breeding individuals 

in an idealized population that will lose genetic variation at the same rate as those in the 

real population under consideration, or the size of such a population needed to explain the 

pattern of genetic variation (Chesser and Baker 1996; Crow and Kimura 1970). Effective 

population size (Ne) is not the same thing as the census size of a population; a variety of 

factors, including age structure, sex ratio, and differential fertility between individuals, 

can affect the underlying genetic size of a population (Relethford 2001). In an idealized 

Wright-Fisher population, one that has an infinitely large population size with no effects 

of mutation, migration, genetic drift, or natural selection, allele frequencies will remain 

constant from generation to generation (Caballero 1994). In real finite populations, 

however, the stochastic sampling of gametes causes fluctuation of these frequencies from 

generation to generation. This stochasticity can be quantified by effective population 

size. Effective population size can be expressed in three ways: the probability of 

homozygosity due to common ancestry (inbreeding effective size), the expected variance 

of gene frequencies in the next generation (variance effective size), and the rate of decay 

of segregating loci (eigenvalue effective size) (Emerson et al. 2001). Often the number of 

breeding individuals is incorporated into estimates of effective population size with the 

equation Ne = 4MFKM + F). where M and F are the numbers of breeding adult males 

and females, respectively (Caballero 1994: Crow and Kimura 1970). As the ratio of 

males and females departs from 1:1, the effective population size estimate reflects the 



sample size of an idealized population that shows the same amount of inbreeding as the 

population of interest. 

Within an idealized population, there are differences in the locus-specific 

effective population sizes, or relative copy numbers of the four genomic compartments. 

The equilibrium level of neutral genetic variation at a locus is governed by the product of 

the mutation rate and the effective population size (Kimura 1971). If all other factors are 

equal, the relative diversity in each genomic compartment is dependent only on its Ne 

value. With an equal number of breeding males and females, the theoretically expected 

proportion of autosomes. X chromo.somes. Y chromosomes, and mitochondrial DNA 

copies transmitted to the next generation is 4:3:1:1. This is the proportion expected from 

any given breeding pair: a single mitochondrial DNA copy can be pas.sed on (from the 

mother): a single Y chromosome copy can be pa.ssed on (from the father): 3 X copies are 

present for transmittal (2 from the mother. 1 from the father): and four copies of each 

autosome are available (two from each parent). That is to say, the effective size of the Y 

chromosome and mitochondrial DNA is expected to be one-quarter the effective size of 

the autosomes, and one-third the effective size of the X chromosome. Under neutrality, 

the nucleotide polymorphism maintained in a population is proportional to the product of 

the neutral mutation rate and the effective population size (Kimura 1983). Therefore, 

under these idealized proportions Y-linked genes and mitochondrial DNA are expected to 

show one-quarter the level ot variation seen in autosomes, and one-third that seen in X-

linked genes, while X-linked genes are expected to show three-quarters of the autosomal 

diversity level. 



Equal numbers of breeding males and females do not often exist in real 

populations in nature. This is mainly the result of differences in the adult sex ratio or in 

variance in reproductive success between individuals. There is probably generally greater 

variance in male reproductive success than female reproductive success in most species, 

due to factors listed in TABLE 1.05. As the number of breeding males and females 

change, the relative number of available copies of the different genomic compartments 

changes as well. With a high variance in male reproductive success (due to factors like 

polygyny and sexual selection), only a few males participate in most of the matings, and 

this results in a lowered male effective population size (Nn,,) relative to female effective 

population size (Np). This translates directly to a reduction in Ney relative to all other 

compartments, and a reduction in auto.somal Ne.^ relative to X chromosome Ne^: 

however, it also effectively reduces Ne^ and Ne,^ relative to that expected in an 

equilibrium population because the X chromosome and autosomes are transmitted by 

males as well as females. This change in the ratio of available copies in each genomic 

compartment from a 4:3; 1; 1 ratio has potentially important consequences for nucleotide 

diversity. A decrease in the relative effective size of a genomic compartment makes it 

more prone to the loss of genetic variation through genetic drift as well; not only is the 

expected threshold level of nucleotide variation reduced by a lowered Ne. the practical 

outcome is likely to be even lower due to genetic drift. So some parts of the genome will 

be expected to show less genetic diversity than others, even though the same 

demographic process is affecting all of them. 
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TABLE 1.05: Factors that can influence variance in male reproductive success. 

Male-specific behaviors 
Male-male aggression 
Territoriality 
War 
Hunting 
Philopatry 

Mating behaviors 
Female mate choice 

Sexual selection 
Male dominance hierarchies 
Choice of mating system 

Polygyny 
Promiscuity 

Sperm competition 

Empirical comparisons of loci with different expected effective population sizes 

Current patterns of autosomal. X. and Y diversity for many species are currently 

limited and those patterns that exist are unclear. Comparative studies of X and autosomal 

diversity in Drosophilu have found that non-African Drosnphila. X chromosomal loci 

often have le.ss diversity than predicted, but that African Drosophilci seem to show no 

deviation from the direction predicted under demographic models (Andolfatto 2001; 

Aquadro et al. 1994; Begun and Whitley 2000; Charlesworth 2001; Moriyama and 

Powell 1996). In the doccious perennial flowering plant Silene Uiiijolici X-linked 

variation is nearly 20 times as great as Y-linked variation and twice as much as 

autosomal variation (Filatov et al. 2001). In humans, mean nucleotide diversity (K) has 

been estimated to be 0.101% for both X-linked and autosomal loci (Payseur and 

Nachman In press), although other studies suggest lower diversity for both 



compartments but with slightly greater X-linked diversity relative to autosomes 

(Przeworski et al. 2000; Shen et al. 2000). 

Studies of human genetic variation have shown that studies of mitochondrial 

DNA variation generally show an excess of rare mutations and skewed mismatch 

distributions. These patterns have alternatively been ascribed to demographic factors 

(Harpending et al. 1998; Rogers and Harpending 1992; Sherry et al. 1994) and selective 

factors (Nachman et al. 1996; Wise et al. 1998). Most studies of nuclear DNA .show the 

opposite patterns. The conflict between the two genomic regions" results has led some 

authors to suggest that a common demographic history cannot be responsible (Hey 1997). 

However. Fay and Wu (1999) have demonstrated that demography alone could be 

responsible for the differences seen in levels and patterns of genetic diversity in human 

mitochondrial and nuclear DNA. because the different effective sizes of the two genomic 

compartments makes them differentially vulnerable to population crashes and 

differentially receptive to population recoveries (Fay and Wu 1999). It is also likely that 

the demographic models envisioned simply need to be more complex than simple 

changes in population size. Additional demographic components like mating system and 

variance in reproductive success can affect patterns of variation among different loci in 

the genome and mimic the effects of natural selection by changing the effective 

population size of some genomic compartments relative to the equilibrium expectation 

(Hoelzer 1997). So further interpretations of genetic data should be made with an 

emphasis on how different processes can affect different compartments of the genome. 



EFFECTS OF MATING SYSTEM AND SEX-SPECINC MIGRATION ON PATTERNS OF 
GENETIC VARIATION 

Since the different compartments of the genome exist in different copy numbers, 

and are transmitted differentially in the different sexes, it is reasonable to expect that 

differences in the number and behavior of males and females could impact geographic 

patterns and levels of genetic diversity. In addition to the geographic distribution of 

genetic diversity in different genomic compartments, the choice of mating system and 

sex-specific behaviors can influence the level of variation in those compartments as well. 

This is due to changes in the effective population size of the different genomic 

compartments. A species' mating system can alter the balance between the effective 

numbers of the different genomic compartments, making some more abundant and others 

less so. Similarly, .sex-specific migration can also influence the distribution of genetic 

variation within and between different denies of a population, resulting in different 

phylogeograpic patterns and potentially making some compartments more prone to drift 

than others. There is empirical evidence that these behaviors can have an impact on 

levels of genetic variation and the population structure inferred from the loci involved. 

Sex-specific migration 

Genetic population structure identified from a particular locus can be intimately 

linked with sex-specific behavior and dispersal patterns. Male macaques (Macaca 

iniilatta) typically leave their natal groups while female macaques typically remain for 

life (Pusey and Packer 1987). This social structure is reflected in differences between 



phylogeogruphic patterns of nuclear and mitochondrial DNA variation (Melnick 1993; 

Melnick and Hoelzer 1992; Tosi et al. 2000). Within a social group, the adolescent and 

adult males are mainly a collection of individuals who immigrated from outside, while 

the females are primarily descendants of females who have been in the group for many 

generations. The expectation is for nuclear DNA (the Y chromosome, the X 

chromosome, and autosomes) to be dispersed throughout the species' range by males, but 

for mitochondrial DNA lineages to be cloistered within the natal populations of the 

females that carry them. In accordance with the.se expectations, mitochondrial DNA 

RFLP lineages show a high degree of local homogeneity but high mitochondrial 

interdeme heterogeneity: nuclear allozyme were shown to be homogeneous across all 

populations, with only nine percent of the total species diversity across the range due to 

interregional differences (Melnick and Hoelzer 1992). These results are consistent with 

an influence from the sex-specific migration patterns of rhesus macaques. This result 

could also be potentially explained by the action of natural .selection acting to 

homogenize the nuclear genome. However, the fact that there is observed behavioral 

evidence of sex-specific migration makes it the stronger hypothesis for the cause of the 

genetic di.screpancies between the nuclear and mitochondrial genomes. Further study of 

Macaca mitochondrial and Y chromosome .sequences reinforced the importance of 

studying .sex-specific loci in species with known sex differences to best elucidate 

evolutionary history and species origins (Tosi et al. 2000). 

Connections between behaviors and patterns of genetic diversity have been noted 

in humans as well. Maternally-inherited mitochondrial DNA shows more dispersion than 



the paternally-inherited Y chromosome on a worldwide scale, suggesting widespread 

human patrilocality as females transfer into their husbands' domiciles (Seielstad et al. 

1998; Stoneking 1998). Languages were found to be more strongly correlated with 

paternal genetic lineages than with maternal genetic lineages, suggesting that children are 

more likely to adopt their father's language than their mother's (Poloni et al. 1997). 

Additional genetic surveys of sex-specific markers in human populations have suggested 

that cultural mating practices can indeed leave a mark on the genome as well. Studies of 

the Hindu caste system have shown that the different rules between the sexes for 

intercaste movement are reflected in the dispersion of mitochondrial DNA and Y 

chromosome markers (Bamshad et al. 1998). Studies of Jewish lineages show that 

individuals who identify themselves as a class of priest called Cohanim share a high 

frequency of a particular Y chromosome lineage in contrast to non-priestly Jews, and this 

is consistent with the paternal transmission of priesthood duties (Skorecki et al. 1997; 

Thomas et al. 1998). And studies of historical mating patterns and population movement 

in the British Isles have shown different signatures in the male and female-specific parts 

of the genome, suggesting that pre-Anglo Saxon cultural transitions impacted maternally-

inherited loci to a greater degree then paternally-inherited loci (Wilson et al. 2001). 

The.se results should extend beyond the Y chromo.some and mitochondrial DNA. 

however; as di.scu.s.sed previously, sex-specific behaviors should al.so impact variation on 

the X chromosome and autosomes. Nuclear variation was found to be homogeneous 

among populations in macaques because males dispersed widely and nuclear variation is 

transmitted through males as well as females. The relative results for X chromosome loci 
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might be expected to be different, however, since males transmit at most only one-third 

of the X chromosomes in the population. It would be predicted that the M. miilatta X 

chromosome would show more population subdivision than purely autosomal loci, but 

not a.s much as macaque mitochondrial DNA showed. 

Mating systems 

The above discussion of compartment-specific effective population size illustrates 

how of mating system can directly influence levels of genetic variation at different parts 

of the genome to different degrees. Many different mating systems exist and involve 

different proportions of males and females successfully contributing genes to the next 

generation, thus potentially generating different expectations for compartmental levels of 

genetic variation between the different systems. There are three general mating system 

categories in mammals: monogamous, polygamous, or promiscuous. Promiscuity usually 

indicates multiple matings with multiple partners rather than random mating (Dixson 

1998; Morin 1993). Other systems have been classified or further sub-classified in 

animals and plants, such as lekking, that are not directly present in primates but are 

related to one of the five types (i.e. polygyny) listed above. (For example. Dix.son (1998) 

identifies five major mating system in the primates; monogamy, polygyny, polyandry, 

multimale-multifemale. and dispersed.) These primate mating systems repre.sent the 

general diversity of mating system types present in other organisms. Of course, to 

classify any species as having one particular mating system or another may not be 

preci.se; it should be acknowledged that individuals within a species do not always adhere 



to behaviors ascribed to them in textbooks. The human species today cannot fit entirely 

within one of those definitions, for example: human societies practice monogamy, 

polygyny, and polyandry. Additionally, the reliability of classification of a species' 

mating system is currently only as good as the observed behavioral data. Still, an 

investigation of the genetic consequences expected from a particular mating system is 

useful in thinking about how to inteiprel patterns of genetic data. 

Monogamy is a long-term, exclusive sexual relationship between a male and 

female individual. Some primates considered monogamous include prosimians [hulri 

indri, Tcirsius spectrum), the New World family Callitrichinae. some cebids (Aotiis). 

hylobatids (Hylobates lar, Syinphcilanfius syndactyhis), and humans (Homo sapiens) 

(Dixson 1998). Under monogamy, relatively equal numbers of breeding males and 

females are expected, as partners are pair-bonded for long periods of time. This means 

that locus-specific effective population sizes are expected to follow the 4:3; 1; 1 ratio. 

.Most mammalian polygamous mating systems are really polygynous. Polygyny 

refers to a breeding relationship between a single male and a number of females in a 

"harem-type" arrangement. Dix.son restricts polygyny as a single male and a group of 

females who primarily mate with that particular male, although some authors have 

broader definitions (Dixson 1998). Polygynous primate species include gorillas, some 

baboons (Papio hamaclryas), black and white colobus monkeys, and proboscis monkeys 

[Nasalis lai-vatus). In humans, surveys have found that polygyny occurs in greater than 

80"^ of human populations (Dixson 1998). Polygynous species experience relatively 

little sperm competition and have relatively small testis size compared to non-polygynous 
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species. Females are typically not closely related to each other and social organization is 

better characterized as male-focused than female-bonded (Dixson 1998). Single-male 

based units typically occupy .separate home ranges from each other, and individuals may 

forage separately during the day but regroup at night (Dixson 1998; Schaller 1963). 

Sexual selection by female choice may play a significant role in polygynous society. 

Polygynous species are expected to show greatly reduced effective size for the Y 

chromosome, as generally only one or a few males contribute all the Y chromosomes to 

the next generation within any given group. Consequently, relative diversity on the X 

chromosome and autosomes is expected to be lowered when compared to mitochondrial 

DNA: each (unrelated) female present in the group may transmit a mitochondrial DNA 

copy, but the single male means that fewer X chromosomes and autosomes are being 

transmitted compared to a monogamous population. Polyandry, another polygamous 

mating system, is the exclusive long-term pairing of single females with multiple males, 

and is uncommon in primate species although it is practiced in some human societies. In 

a polyandrous system, assuming unrelated males, the effective size of the mitochondrial 

DNA is expected to decrease relative to the Y chromosome, but like polygyny the 

relative sizes of the X chromosome and the autosomes should also decrease due to the 

reduced number of breeding females. 

Promiscuous mating systems are those in which a female usually mates with a 

number of male partners (and conversely, a male may mate with a number of different 

females). Long-term relationships with a single female and single male do not occur, and 

although temporary associations or con.sortships can be seen, exclusivity is not 



guaranteed (Dixson 1998). Mating is not considered random, as a variety of factors like 

social rank and kinship ties influence mate choice, factors that may contribute to high 

variance in reproductive success. In general, females tend to be more sexually active 

under this system than under monogamy or polygyny (Dixson 1998). although the long 

life stages of the great apes may preclude any increa.se in number of offspring. 

Chimpanzees (Tutin 1980) (Goodall 1986) and bonobos (Kano 1992) fall into this 

category, as do some prosimians {Lemur. Propitheciis). New World monkeys (Aieles. 

Bradiyteles). and other Old World monkeys (some macaques and some baboons) 

(Dix.son 1998). It is not entirely clear what genetic patterns should be expected under a 

multimale-multifemale mating system; the extent of consortship and mate choice can 

influence the variance in individual reproductive success. However, given that there is an 

increased level of promiscuity as compared to either monogamy or polygyny, it is likely 

that all genomic compartments will maintain relatively high effective sizes, and thus 

genetic diversity is expected to be more equivalent to the expected 4:3:1:1 ratio than 

other mating systems. 

Dispersed mating systems, adapted from Dixson (1998). is a less-gregarious form 

of multimale-multifemale mating, whereby a single female mates with multiple males 

and a single male mates with multiple females, but on a more diluted scale of time and 

space: females will generally mate with a single male at any given breeding period, but 

are likely to mate with a different male the next time. 

Since mating system alone can affect the relative levels of variation at different 

loci simultaneously, an understanding of how patterns of genetic diversity come to exist 



requires examination of species in which mating systems can be at least somewhat 

quantified. The great apes (chimpanzees, bonobos. gorillas, and orangutans) are our 

closest living relatives. We share upwards of 98% of our genetic identity with these 

species, and we are similar biologically and behaviorally in many ways. While humans 

and the great apes appear karyotypically similar (Yunis and Prakash 1982) and may thus 

have similar processes acting on the four different genomic compartments, the different 

species have unique properties of their mating systems that provide convenient tests of 

the relative impacts of demographic and .selective forces on genetic diversity. If 

demographic processes drive variation in the human genome, we might expect to see 

similar demographic effects in the great apes that could be quantified acro.ss the different 

genomic compartments. Conversely, if locus-specific natural selection plays a strong 

role, perhaps the same loci would be impacted in some or all of the great apes in a similar 

way. Examination of the great apes therefore provides a contextual framework for the 

study of human genetic variation. 

THE GREAT APES 

The great apes, more commonly known as common chimpanzees, bonobos, 

gorillas, and orangutans, are our closest living relatives. Together, humans and the great 

apes comprise the Family Hominiclcie, which together with the Family Hylobatidae 

(gibbons and siamangs) comprise the superfamily Hominoidea (Groves 1986: Koop et al. 

1989) (TABLE 1.06). The taxonomy of the group is not entirely agreed upon and is 

currently undergoing somewhat of a revision (Groves 2001; Sarmiento and Gates 2000: 



Stanford 2001; Thompson 2001) ; however, this study will follow the standard taxonomy 

used in practice in recent decades. 

As our closest living relatives, they have been intensively studied both 

behaviorally and biologically. Karyotypically, humans and the great apes are generally 

similar, with many chromosomes appearing identical in banded metapha.se state across ail 

four species, although some differences exist in segment inversions and variations in 

constitutive heterochromatin (Yunis and Prakash 1982). Over three decades of rich 

behavioral and ecological data have been gathered for some populations, although 

intensive genetic surveys are in their infancy. Great apes are advantageous sample 

organisms for comparative studies to humans because the genetic study of our closest 

living relatives provides a broader evolutionary framework within which to examine our 

own patterns of genetic diversity and evolution. The endangered status and variable 

habitat of these animals suggest that we should work quickly to understand how much 

existing variation there is. how it is partitioned among extant populations, and how much 

contact tho.se populations might have had in the past. 



TABLE 1.06: The' hominoid primates. 

The classification used in this study; 

Species Subspecies Common name 

Homo sapiens 

Pan paniscus 

Pan troglodytes 

Gorilla gonlla 

Pongo pygmaeus 

P. t, schweinfurlhii 

P, t. troglodytes 
P. t. verus 

G, g. beringei 
G. g. gorilla 
G. g. graueri 

P. p. abelii 

P, p. pygmaeus 

Human 

Bonobo, pygmy chimpanzee 

Chimpanzee 

eastern common chimpanzee 

central common chimpanzee 

western common chimpanzee 

Gorilla 
mountain gorilla 
western lowland gorilla 
eastern lowland gonlla 

Orangutan 

Sumatran orangutan 

Bornean orangutan 

Hylobatidae several? Gibbon, Siamang 

Alternative classifications: 

Species Subspecies Common name 

Homo sapiens — Human 

Pan paniscus 

Pan troglodytes 

Gonlla gorilla 

Gorilla benngei 

Pongo abelii 

P. t, schweinfurthii 
P. t. troglodytes 
P. t. verus 
P. t. vellerosus 

G. g, gorilla 

G. g. diehli 

G. b, beringei 

G, b, graueri 

Gracile chimpanzee 

Robust chimpanzee 

Western lowland 
Cross River 

Mountain gorilla 

Eastern lowland 

Sumatran orangutan 

Bornean orangutan Pongo pygmaeus 

P, p, pygmaeus 

P. p. wurmbii 

P. p, morio 

Gtoveb (2001), Butynski (2001), Sarniienlo and Oalos (1996), 

Gonder el al (1997) 
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Phylogenetic history and the trichotomy problem 

Within the Hominoidea, molecular genetic approaches have played a role in 

addressing broad systematic concerns over the past thirty years (Goodman 1962; 

Miyamoto et al. 1987; Ruvolo 1997b; Ruvolo et al. 1994; Sarich and Wilson 1967; Sibley 

and Ahlquist 1984). There is no dissention in the scientific community that the great apes 

are our closest living relatives. Some debate remains over the best way to represent 

Hotno-Pan-Gorilla relationships. While some authors advocate a conservative 

trichotomous view based on the fact that some characters are not clearly or consistently 

resolvable (Deinard and Kidd 1999), most conclude that the majority of evidence 

supports a Homo-Pan relationship and that the debase is effectively closed (Chen and Li 

2001; Ruvolo 1997b). Morphologically, different suites of features can be found that 

alternatively support a Homo-Pan clade, a Homo-Gorilla clade, a Pan-Gorilla clade, a 

Pongo-Pan clade, a Pongo-Gorilla clade, and a Pongo-Homo clade (Groves 1986). It is 

generally accepted that orangutans diverged before the divergence of gorillas, chimps, 

and humans, although evidence does exist to suggest that this may not necessarily be the 

case (Groves 1986). Studies of comparative morphology appear to weakly support a 

Homo-Pan clade, but characters can also be found that support a pure trichotomy 

between humans, chimpanzees, and gorillas (Groves 1986; Shoshani et al. 1996). A 

maximum parsimony comparison of 24 nuclear and mitochondrial DNA studies 

suggested that support for a human-chimpanzee clade is so great that further investigation 

was not necessary (Ruvolo 1997b). However, some loci included in that survey did 
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suggest relationships other than Homo-Pan, similar to morphological analyses. A follow-

up study examining 45 loci concluded that only 60% of the loci unequivocally supported 

a Homo-Pan clade, while the rest supported a Homo-Gorilla, Pan-Gorilla, or a full 

trichotomy in roughly equal proportions (Satta et al. 2000). Such incompatibility 

between datasets can be caused by random lineage sorting in species that diverged very 

close in time, and such gene trees may not always reflect the true underlying species tree. 

However, a Homo-Pan relationship is almost always the case assumed in practice. 

Although the fossil record for the group is poor and exact divergence dates are not 

known, most molecular studies conclude that gorillas, chimpanzees, and humans split in 

some fashion between 9 and 4 million years ago based on an orangutans divergence of 

around 14 million years ago and (Bailey et al. 1992; Chen and Li 2001; Horai et al. 1992; 

Ruvolo 1997b; Ueda et al. 1989). Many resulting dates of human-chimp divergence lie 

around 5 million years (Chen and Li 2001; Horai 1995; Ruvolo 1997b). There are no 

good direct orangutan fossils upon which to base this divergence date, however. 

Assumption of a sister relationship between Pongo and Sivapithecus allows the 

application of a 12.5 million-year date for Sivapithecus as an upper boundary for the 

divergence of Pongo from the other hominoids (Andrews and Cronin 1982; Kappelman 

et al. 1991). However, some authors using calibration points outside the hominoid 

primates estimate divergence times about twice as old as those made based on the Pongo-

Sivapitheciis estimates, calling the molecular-based dates into question (Amason et al. 

1996). 



Homo-Pan divergence is generally estimated between 4 and 6 million years ago, 

with most studies using a date of 5 million years ago. Problematically, a new hominid 

species, Ardipithecus ramidus kadabba, has recently been reported to date to between 5.2 

and 5.8 million years ago (Haile-Selassie 2001). A. r. kadabba is thought to be close to 

the point when humans and chimpanzees diverged, but there is some uncertainty about 

whether it belongs on the human lineage, the chimpanzee lineage, or as a common 

ancestor to both (Gee 2001). Its placement may have implications for the inference of 

dating of the human-chimp split. An additional candidate for the common ancestor of 

humans and chimpanzees is Orrorin tugenensis, which is dated closer to 6 million years 

(Haile-Selassie 2001). Molecular studies often report the percent sequence divergence 

without getting into the difficulty of translating those differences into time estimates. 

The average sequence divergence between humans, chimpanzees, gorillas, and 

orangutans ranges from 1.24% to 3.12% for 53 autosomal intergenic regions (Chen and 

Li 2001). 

All of the hominoid species experience long and behaviorally complex lives. 

Social organization in primate societies has several facets, including group size, 

composition by age and sex, and permanence vs. instability; mating system; feasibility of 

inclusive group aggregation; internal group social structure; and patterns of interactions 

within groups (Morbeck 1997; Schubert 1991; Smuts et al. 1987). Hominoid primates 

share the typical large-bodied mammalian features of later ages of sexual maturity, earlier 

female than male reproductive maturity, longer gestation, larger neonates, longer 

lactation periods, dependence of offspring, constrained female lifetime reproductive 
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success, and longer lifespans than small-bodied mammals (Graham 1981; Martin and 

MacLamon 1990). Constrained and infrequent reproduction by females means that most 

males have reduced mating opportunities (Watts 1996), with the actual number being 

dependent on the number of females to which they have direct access. Males may start 

reproducing later than females, but they are not nearly as constrained in their 

reproductive efforts by age or offspring dependency. The great apes have remarkably 

diverse social systems and reproductive strategies, with males and females exhibiting 

differences in dispersal and reproductive behavior. These factors can affect the variability 

seen in higher-level organization, such as the comparative amounts of diversity seen at 

the species level (DeRousseau 1990) and the amount of genetic diversity represent in 

different regions of the genome. An understanding and appreciation of the genetic 

variation and structure of these non-human primates can thus help model the genetic 

structure and evolution of hominids (Williams-Blangero 1991). TABLE 1.07 lists some 

attributes of the hominoid mating and migratory behaviors and makes some predictions 

about the resulting levels of genetic diversity. 

Pan troglodytes 

There are three recognized subspecies of common chimpanzee: Pan troglodytes 

schweinfurthii. Pan troglodytes troglodytes, and Pan troglodytes venis (Groves 1986; 

Uchida 1996). Contemporary chimpanzee populations extend along the African 

equatorial belt, their habitats spanning dry savannahs, rain forests, montane forests, and 

dry woodland/savannah mosaic habitat (Fruth et al. 1999; Goodall 1986). 



TABLE 1.07; Some predictions of the genetic consequences o( human and great ape mating systems and social systems. 

Male migration uarian^''i!fmale Pfed'cted male Ne 
Species Social system l^aling system Philopainc sex to female qh .. relative to female 

migration Ne; 
Genetic prediction 

Humans Family groups 

Varied - serial 
monogamy, 
po^Qvnv, 
po^yantii)) 

males ? low moderate (aw 

Reduction in Y diversity; 
corresponding reductions 
in X, AutosomB diversity 

relative to mtDNA. 

Chimpanzees Fission-fusion 

multimale-
multifemale, but 
male dominance 

hierarchies 

males low moderate somewhat low 

Some reduction in Y, X, 
Autosome diversity 

relative to mtDNA, but 
relative promiscuity 
should maintain high 

diversity overall. 

Bonot)os Fission-fusion 

male dominance 
hierarchies, but 
more general 

promiscuity than 
chimps 

males low moderate - low somewhat low 

Some reduction in Y, X, 
Autosome diversity 

relative to mtDNA, but 
promiscuity should 

maintain high diversity 
overall, perhaps higher 

than chimps. 

Gorillas 
Single male -
multi female 

groups 
Polygyny neither slightly less high very low 

Greatly reduced variation 
on the Y relative to 
mtDNA, X, and 

Autosomes; X and 
Autosomes also reduced 

relative to mtDNA. 

Orangutanas Solitary? 
Unclear -- trend 

towards 
polygyny? 

Females? high? high? low 

Y chromosome diversity 
reduced relative to X, 
Autosomes. mtDNA. 
Some reduction also 

expected in X, Autosomes 
relative to mtDNA. 
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The three subspecies are all allopatric and deflned mostly on the basis of their geographic 

locations (P. t varus in western Africa, P. t. troglodytes in central/Eastern Africa, and P.t. 

schweinfurthii the easternmost subspecies). There is a great deal of morphological 

variation in chimpanzees, even within single communities, (Gagneux ct al. 2001). 

Chimpanzee subspecies thus cannot be reliably differentiated with traditional 

craniometric data or external appearance, although some dental features appear to 

differentiate P. t. verus from the other two subspecies (Uchida 1996) and some skull 

differences may exist as well (Groves 1986). Chimpanzee populations do appear to 

exhibit behavioral differences that may distinguish them from one another, however 

(Gibbons 1992). Genetically, Morin et al. (1994)'s survey of mitochondrial DNA control 

region variation in wild-living chimpanzees from across the species range resulted in 

genetic confirmation of three separate subspecies, with the P. t. verus group appeared to 

be a sister group to the P. t. troglodytes and P. t. schweinfurthii clade (Morin et al. 1994). 

There is no known contemporary genetic exchange between them and some 

subpopulations appear to have been isolated on the order of hundreds of thousands of 

years (Gagneux et al. 2001). However, recent uncertainty about the molecular 

phylogenetic division between the eastern and westem subspecies suggests that more 

thorough sampling needs to be done (Gagneux et al. 2001). Gonder et al. (1997) 

proposed the existence of a fourth chimpanzee subspecies (Pan troglodytes vellerosus) 

based on mitochondrial DNA sequences from between the Niger and Sanaga rivers in 

Nigeria; mitochondrial control region sequences from the region formed a fourth 
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monophyletic cluster, whose presence has been subsequently confirmed in further 

phylogenetic analyses (Gagneux et al. 2001; Gagneux et al. 1999b). 

Common chimpanzees are characterized by Hssion-fusion societies, continuously 

changing group structure in which individuals form temporary and varied associations 

(Goodall 1986; Halperin 1979). Fission-fusion means that the day-to-day social 

interactions of a chimpanzee are highly variable compared to other primates (Goodall 

1991). Group composition is thought to be influenced by factors such as the type of 

habitat and availability of quality food; seasonal variation in food abundance; presence or 

absence of females in estrus; and even the personality and mood of the individuals 

involved (Goodall et al. 1979). The importance of external factors on the development of 

this social system includes kin selection and foraging strategy. Wrangham suggested that 

since lactating females have to constantly maximize their feeding efficiency, they range 

less far than males, whose reproductive success depends on the number of females 

encountered (Wrangham 1979). Individual ranges overlap and allow a group of males to 

cooperatively defend a group territory, thus gaining access to more females than each 

would alone. 

Within the flssion-fiision framework, chimpanzees are unique in that it is the 

males who are philopatric, not the females (Goodall 1986). Most cercopithecoid non-

human primates (macaques, for example) that have been studied exhibit female 

philopatry, where females stay in their natal troops and males generally disperse when 

mature (Melnick and Hoelzer 1992; Moore 1984; Pusey 1979). As a general rule 

chimpanzee males stay in their natal area while adolescent females migrate outward. 
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sometimes shuttling back and forth between two communities (Pusey 1979; Pusey 2001); 

transfers may be either temporary or permanent (Tutin 1980). This means that males are 

expected to be more closely related to each other than females are, on the order of half-

siblings (Morin et al. 1994). Male-male contact is important in common chimps, with 

male alliances common (Goodall 1986) (de Waal 1997). Group size is generally small, 

with parties of 6 or less individuals common; additionally, the sex ratios in these parties 

range from 1 to 3.5 (females to males) (Nishida and Hiraiwa-Hasegawa 1987). 

Despite the alliances and strong social bonds, males form temporal dominance 

hierarchies. It has been disputed whether the alpha male generally has the majority of 

access to females (Nishida and Hosaka 1996; Takahata et al. 1996). In addition to 

monopolization of females by the dominant male, females may also travel with several 

males and mate promiscuously and opportunistically, or be monopolized by a non-

dominant male in consortship (Fruth et al. 1999; Goodall 1986; Tutin 1979). In 

chimpanzees, there is an advantage to being the first and/or only male partner of a fertile 

female since chimpanzee ejaculates form a vaginal plug that impedes subsequent 

insemination by additional males (Pusey 2001). One alpha male at the Mahale study site 

was observed to mate with mid-cycle females as much as 20 times more than other males, 

and males of descending rank mated in descending order (Nishida and Hosaka 1996). 

Constable et al. (2001) found that the alpha male at Gombe sired 36% of the offspring, 

but that opportunistic matings were basically as common as possessive matings 

(Constable et al. 2001; Mitani et al. 2002). 
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Sons of high-ranking mothers are likely to rank high as well when they mature, 

and generally are thought to have a reproductive advantage (Goodall 1991). There is 

disagreement in the literature about whether consortships or opportunistic mating is the 

most common mating strategy employed by non-alpha male chimpanzees, both at the 

interpopulational and intrapopulational levels (McGinnis 1979) (Kano 1996; Takahata et 

al. 1996; Tutin 1980). Both occur at the expense of the alpha male's opportunity, 

however, and result in non-exclusive mating dominance. 

The combination of male philopatry, female migration, and male dominance 

hierarchies might suggest that there should be large differences in the levels and patterns 

of genetic variation across the chimpanzee genome. However, these factors are mitigated 

by the temporal nature of male dominance hierarchies, by the capacity for a larger 

population to remain genetically connected through the existence of a fission-fusion 

society, and by the documented observed matings between females and lower-ranking 

males. The finding that a large number of offspring may be sired by males outside of a 

female's social group (Gagneux et al. 1997) highlighted the relatively promiscuous nature 

of chimpanzee mating; however, this finding may be overstated (Constable et al. 2001; 

Vigilant et al. 2001). Still, it appears as if chimpanzees should be considered relatively 

promiscuous from the perspective of genetic diversity, resulting in relatively high levels 

of genetic variation across all genomic compartments with a slight reduction in Y 

chromosome diversity due to the influence of male philopatry and male dominance. 
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Pan paniscus 

Pan paniscus, the pygmy chimpanzee, or bonobo, has only been known to science 

since 1929 (Coolidge 1933; Thompson 2001)]. Bonobos are the closest cousins of the 

common chimpanzee and have been correspondingly been placed in the same genus. 

While often referred to as 'pygmy chimpanzees', bonobos are not particularly smaller 

than common chimpanzees in overall size but have more paedomorphic cranial features 

than common chimpanzees (Uchida 1996). Bonobos are regarded as a single species with 

no subspecific designations. Bonobos are geographically restricted to the Demographic 

Republic of Congo (formerly Zaire), where they live south of the Congo river. The 

Congo river can reach up to 20 kilometers in width in some places and is the geographic 

barrier that separates common chimpanzees from bonobos (Fruth et al. 1999; Kano 

1992). Bonobo habitat is generally evergreen lowland rainforest, although some live in a 

mosaic of savannah and rain forest fragments at the Lukuru study site at the southem 

edge of their range (Jo Thompson, pers. comm.). 

Bonobos have a social structure very similar to that of the common chimpanzee. 

Like chimpanzees, bonobos are also generally characterized as having fission-fusion 

societies, although there is some behavioral variation among sites: less fission-fusion is 

reported at Wamba and is thought to be a result of provisioning (White 1997). Males are 

again considered the philopatric sex, as in common chimpanzees. Males also form 

dominance hierarchies and, like chimpanzees, a male's rank and mating opportunities 

may be influenced by his mother's status in the conmiunity. One of the main differences 

between bonobo society and common chimpanzee society is the social role that males 



play. In chimpanzees, males are more closely related than females, males are socially 

bonded, and males are by and large dominant to females. Bonobo society, on the other 

hand, is characterized as the opposite: male kinship without bonding, female bonding 

without kinship, and a relative inability of males to dominate females (de Waal 1997; 

White 1997). There is a male dominance hierarchy in bonobos, with a single male 

dominant, but females can dominate in some circumstances, particularly when banded 

together (White 1997). 

A second species-specific difference between chimpanzees and bonobos is the 

integral role that sex plays in bonobo society (de Waal 2001). Bonobos have unique 

copulatory behaviors and they appear to have decoupled copulation from reproduction as 

females are generally receptive throughout their sexual cycles (White 1997). Bonobos 

copulate more often than other non-human primates (Kano 1989); they copulate in a wide 

variety of positions (Savage-Rumbaugh and Wilkerson 1978); copulation or 

pseudosexual behaviors occur in social contexts other than reproduction and involves 

more than male-female interactions (de Waal 2001; Kano 1980); the frequency of sex (or 

pseudosexual behavior) is higher than most other primates (de Waal 1997); and females 

resume copulations 1 year after birth, in contrast to several years for chimpanzee females 

(Kano 1992; Nishida and Hiraiwa-Hasegawa 1987). Bonobos' rate of reproduction, 

however, is still I offspring every 5 years (de Waal 1997), the same as for chimpanzees, 

as is their sex-specific ages of maturation, breeding, and migration. So while bonobo 

males are copulating on average more often with females, the rate of reproduction is not 

affected accordingly. As in chimpanzees, bonobo dominant males are reported to do 



most of the mating (de Waal 1997): there is generally a skew towards more females in 

bonobo groupings, however, and this is thought to mitigate any sexual competition 

among males that might exist (Kane 1996), giving subordinate males more mating 

opportunities than subordinate common chimpanzees might have. 

Although characterized as a fission-fusion society, in general bonobo social units 

are more stable than chimp groups (but again, there is intersite variation and subgroup 

variation) (White 1997). Intergroup meetings between bonobos can range from peaceful 

to hostile (de Waal 1997), while they are generally characterized as hostile in common 

chimpanzees (Goodall et al. 1979). Copulations between bonobo males and females of 

different social groups occur frequently and openly, and are tolerated during intergroup 

encounters (de Waal 1997; Kano 1996). It is unclear what specific function this serves 

socially, but genetically it suggests that bonobos are even more promiscuous than 

common chimpanzees. Given the bonobo's propensity to use copulation as a social tool, 

and given that bonobos exhibit fission-fusion with more philopatry in males than females, 

the same general overall high level of genetic diversity at all loci in bonobos as in 

chimpanzees is expected. In fact, bonobos may be regarded as even more promiscuous 

than chimpanzees, which predicts that their diversity statistics should be more equivalent 

across loci than chimpanzees. 

Gorilla gorilla 

Three separate subspecies of Gorilla gorilla have been traditionally recognized 

over recent decades; G. g. gorilla (western lowland), G. g. graueri (eastern lowland) and 

C. g. beringei (mountain gorilla) (Groves 1970). There is currently debate in the 



literature over the most appropriate taxonomic status of the Cross River gorilla 

population and, by extension, whether or not Gorilla should be split into two species 

(Gorilla gorilla and Gorilla beringei) (Groves 2001; Sarmiento and Oates 2000; Stanford 

2001). This paper will focus on the traditional taxonomy of 1 species and three 

subspecies; however, many of the findings and issues are relevant regardless of which 

taxonomy is used. 

Gorilla subspecies are allopatric and spread across equatorial Africa, although 

graueri and beringei live in close proximity to one another. Eastern lowland gorillas (C. 

g. graueri) reside approximately 45 km distant from the Virunga Volcano populations (G. 

g. beringei) (Cousins 1990), while westem lowland gorillas are separated from the other 

two subspecies by approximately 1000 km (Gamer and Ryder 1996). These subspecies 

are generally identified on the basis of geography, ecological and behavioral data (Fossey 

and Harcourt 1977; Yamagiwaand Mwanza 1994) morphological characteristics (Groves 

1970; Groves 1986; Groves and Kenhelm W. Stott 1979; Maple and Hoff 1980; Uchida 

1996; Uchida 1998a), and mitochondrial DNA variation (Gamer and Ryder 1996; Ruvolo 

et al. 1993; Saltonstall et al. 1998). Reported morphological differences between the 

westem and eastern subspecies are likely to reflect local dietary and ecological 

adaptations (Uchida 1996; Uchida 1998a; Yamagiwa and Mwanza 1994). All three 

subspecies are considered endangered, particularly the mountain gorilla, where perhaps 

as few as 320 individuals live in the border regions of the Demographic Republic of 

Congo, Rwanda, and Uganda (Goldsmith 1999). Eastem lowland gorillas live in lowland 

and some highland forests between 600 and 2400 m in northeastern Democratic Republic 



of Congo and are thought to number around 17,000 (Goldsmith 1999). Western lowland 

gorillas are found up to 1500 m in altitude in Equatorial guinea, Gabon, Cameroon, 

Central African Republic, Congo, and Nigeria. They are the most numerous subspecies 

with as many as 100,000 individuals as of 1996, although the bushmeat trade in countries 

like Cameroon and the Central African Republic has surely decreased this number 

(Goldsmith 1999). Almost all gorillas displayed in captivity and museums are western 

lowland gorillas. Western lowland gorillas are sympatric with P. t. troglodytes in all 

regions where they have been studied, and Eastern lowland gorillas are sympatric with P. 

t. schweinfurthii chimpanzees throughout most of their range (Goldsmith 1999; 

Wrangham et al. 1996). Mountain gorillas have been the main focal populations of 

behavioral and ecological study, although work has also been done on eastern lowland 

gorillas and some on western lowland gorillas (Fossey 1979; Goldsmith 1999; Remis 

1997; Schaller 1963; Uchida 1996). Still, most of what is known about Gorilla 

populations comes from the two eastern subspecies. 

Gorillas are generally characterized as having single-male, muiti-female 

polygynic social groups, although Goldsmith (1999) reports that 28% of the groups 

studied had two breeding silverback males. A dominant silverback male generally heads 

a group of females and their offspring, with younger and less dominant adult males 

leading a semi-nomadic life (Maple and Hoff 1980). Unlike Pan, these cohesive groups 

are stable for very prolonged periods of time with long-term attachments of older adult 

females to the dominant male, a feature unique in the great apes (Fossey 1979). Females 

interact very little with each other, directing most interactions to the silverback male or 



their offspring (Harcourt 1979), as is predicted for polygynous groups (Dixson 1998). 

Oniy silverbacks have been seen to mate with adult primi- and multiparous females, 

although both silverbacks and biackbacks (males who have not achieved silverback 

status) mate with adolescent females (Harcourt 1979). Age of male sexual maturity is 

disputed as between 8 and 15 years (Harcourt et al. 1980; Kingsley 1988), and the 

average age for first birth in females is 10 years (Watts 1996). Gorillas exhibit a marked 

sexual dimorphism, with adult males being much larger than females. 

In Gorilla, both male and female adolescents can transfer out of their natal 

groups. Thirty years of evidence suggests the general rule is for both sexes to migrate, 

but there is considerable variation. Females are more likely to disperse than males and 

show a tendency to transfer between groups more than once (Maple and Hoff 1980; 

Robbins 1995; Watts 1996), although such transfers are not universal. One study 

documented that only 12% of G. g. beringei females of known origin made transfers out 

of their natal groups in the Virunga region (Watts 1996). Most males leave their natal 

groups and became solitary or form all-male groups, and eventually establish new groups 

with new females. An unquantified number seem to remain and become subordinates 

and eventually take over dominance of the group from their presumed father (Watts 

1996). Data suggest that these philopatric males may actually reproduce earlier than 

dispersive males (Watts 1996). Intergroup interactions, while not too frequent, range 

from almost friendly to aggressive (Harcourt 1979), with females transferring during 

these encounters. In contrast, lone male gorillas have been found roaming over very 

large distances, with one report that a male was sighted 200 kilometers from the nearest 



known gorilla population (Groves 1970). While the low variation in the quality of 

mountain gorilla habitat leads to extensive home-range overlap and thus a low cost of 

transfer between groups (Watts 1996), the overall size of gorilla groups may be 

stringently constrained by feeding competition, particularly fruit competition, leading 

individuals to splinter off once the group reaches a particular size (Tutin 1996). 

Additionally, Gorilla groups are often small enough that individuals bom into that group 

are familiar with each other, so both sexes frequently migrate out rather than mate with 

familiar ccnspecifics (Maple and Hoff 1980). These factors suggest that most adult 

individuals within a group are likely to be unrelated to one another (at least for females). 

. Recent mitochondrial DNA surveys of the control region and the COII gene show 

that the genetic differences between western lowland gorillas and the two eastern 

subspecies are slightly greater than the difference between chimpanzees and bonobos 

(Gamer and Ryder 1992; Ruvolo et al. 1993). The westem lowland subspecies alone is 

more variable at the COII locus than a globally diverse group of humans (Morell 1994; 

Ruvolo et al. 1993; Uchida 1996). Mitochondrial evidence suggests that the subspecies 

of Gorilla began to diverge approximately 2.5 million years ago, roughly the same time 

frame as divergence in the genus Pan (Ruvolo et al. 1993). Molecular data support a 

sister relationship between G. g. graueri and G. g. beringei. Given the close proximity of 

graueri and beringei subspecies, it is theoretically possible that gorillas could migrate 

between the two regions. It is much less likely that there has been substantial gene flow 

between gorilla and the other two subspecies given the distance involved. Additionally, 

the Virunga Volcanoes have been dated as hospitable only in the last 70,000 years 
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(Cousins 1990), so it is possible that graueri and beringei split only recently from each 

other. Within populations, the polygynic mating structure of gorillas combined with the 

apparent unrelatedness of females within a group suggests that great differences should 

exist between maternally and paternally influenced genetic diversity. The effective 

number of Gorilla Y chromosomes is expected to be relatively very low under polygyny, 

while mitochondrial DNA diversity should be relatively high. Levels of X chromosome 

and autosomal diversity under polygyny should also be relatively low, and decrease with 

the strength of polygyny. 

Pongo pygmaeus 

The highly sexually dimorphic orangutan Pongo pygmaeus is the most arboreal of 

the great ape species. Pongo is divided into two subspecies that are geographically 

isolated from one another: Pongo pygmaeus pygmaeus on Borneo (Kalimantan and East 

Malaysia) and Pongo pygmaeus abelii on Sumatra. The two islands are estimated to have 

been geologically separated now for at least 10,000 - 15,000 years, although they have 

separated and reconnected many times before that (Muir et al. 2000). Since they are 

physically separated, the two subspecies do not currently interact in the wild, although 

orangutans historically occurred across East and Southeast Asia during the Pleistocene 

(Rodman and Mitani 1987). Studies of morphology (Groves 1986; Groves 1992), 

isozymes (Bruce and Ayala 1979), karyotype analysis (Seuanez 1982), mtDNA 

restriction mapping (Ferris 1981; Zhi et al. 1996); isozyme and protein electrophoresis 

(Janczewski et al. 1990); nuclear minisatellites (Zhi et al, 1996); and mitochondrial 

sequencing (COII mtDNA sequences, Ruvolo et al. 1994; I6S rRNA, Zhi et al. 1996, 



whole genome sequencing, Xu and Amason 1996; NAD3 and COB, Muir et al. 2000; 

and control region. Warren et al. 2001) have uncovered substantial genetic differentiation 

between Bomean and Sumatran orangutans that meets or exceeds that seen in other 

species pairs such as the common chimpanzee and the bonobo, suggesting the two 

subspecies have been separated up to 1 million years rather than 10,000 years (citation). 

Modem captive orangutan breeding programs try to preserve the patterns and 

associations of genetic variation in the wild by not interbreeding captive Sumatran and 

Bomean orangutans with each other (Raloff 1995). Designation of captive individuals as 

Bomean or Sumatran has relied on pedigree records and karyotypic examination (L. 

Perkins, pers. com). Since most morphological and molecular studies support a major 

division between Bomean and Sumatran populations, the attributes used in those studies 

have been used to assign the taxonomic affiliation of captive individuals. However, the 

number of individuals used as test cases in some earlier genetic and karyotypic studies is 

low, and the actual geographic origin within the subspecies range of the individuals in 

question is unknown. Analyses of orangutan skulls (Groves 1992) and teeth (Uchida 

1998b) suggest that the greatest morphological differences across the species range may 

not be between Borneo and Sumatra but between populations on Borneo, in contrast to 

most genetically-based findings. Furthermore, Muir et al. (2000) found that some 

mitochondrial DNA lineages are shared between individuals from the two islands, 

suggesting that clear-cut subspecies differences may not always exist. 

Orangutans exhibit yet a different social organization from the other great apes. 

Although, like the other great apes, different populations have been studied and show 



behavioral variability, orangutans are primarily solitary individuals, the least sociable of 

the great apes. There is disagreement over the exact definition and composition of the 

orangutan social system (MacKinnon 1974; MacKinnon 1979; Rodman and Mitani 1987; 

Schurmann and van Hoof 1986; van Schaik and van Hooff 1996), as orangutans are 

notoriously shy, difficult to track in a dense arboreal canopy, and range in seasonal or 

irregular patterns, making identification of spatially distinct social units difficult (van 

Schaik and van Hooff 1996). In general a regional orangutan population consists of (1) a 

stable group of resident (but generally isolated) adult females accompanied by dependent 

offspring; (2) older individuals presumed to be their offspring; and (3) solitary adult 

males (generally 13-15 years, fully sexually mature)(Galdikas 1979). Females appear 

to have overlapping but non-identical ranges, and adult females may also utilize part or 

all of their mother's home ranges in a sort of philopatry (Rodman 1988). Additionally, 

most studies suggest that female orangutans occupy ranges within the boundaries of 

larger ranges occupied by males (Rodman and Mitani 1987). The interbirth interval for 

orangutans is most generally estimated at around 8 years (Delgado and Van Schaik 

2000), up to twice as long as the other great apes. 

Adult males have been observed to be solitary 90% of the time (Galdikas i985b), 

with the rest of the time primarily spent in the company of females. This behavior has 

been correlated with feeding ecology: it has been suggested that the cost of feeding 

together is too great for male orangutans to maintain social bonds at all, while females 

can tolerate sociality to an extent (van Schaik and van Hooff 1996). Still, females are 

not very gregarious: the largest number of orangutans Galdikas observed together was 
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nine individuals, and no adult male was present in this grouping (Galdikas 1985a). Adult 

males exhibit two distinct ranging behaviors. Some males stay in smaller areas (6 km") 

for longer times, on the order of one year ("residents"). The majority is more wide-

ranging and intermittent in their appearances at any one locality ("non-resident"). 

Orangutan adult males are thus considered very mobile (Galdikas 1985a), despite their 

apparent dependence on very large quantities of food for subsistence. Given the apparent 

mobility of adult males, it is considered unlikely that fathers and sons inhabit the same 

close areas (van Schaik and van Hooff 1996). 

Orangutan reproduction occurs in two general ways. Subadult males are prone to 

a "sneak/rape" of unwilling females, while adults engage in "consort/combat" 

consortships (Galdikas 1985a). One study suggested that most adult male orangutan 

copulations (96.7%) took place in consortships, indicating a willingness of females to 

mate with adult males (Galdikas 1985a). Temporally and spatially sparse, fertile females 

exhibit no overt sexual cues when ovulating. They have been reported to proceptively 

seek out and solicit dominant adult males, while not always being so receptive to 

subadult males (hence the "rape" strategy). Proceptive behavior and a willingness to 

engage in consortships with adult males but not subadults suggests that female choice 

may play an important role in orangutan reproductive biology. There is thus expected be 

a cori-elation between male dominance or rank and lifetime breeding success, as in most 

primate species (Galdikas 1985a). However, the lack of knowledge on how widespread 

male ranges are makes verifying this very difficult. Additionally, without better 

estimates of adult male ranges we cannot estimate how far males migrate from their natal 
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ranges, or how many other geographic areas they might be expected to father offspring 

in. 

All of the above factors make orangutan mating system difficult to define. 

Rodman and Mitani (1987) suggest that the overlapping structure of home ranges and the 

orangutan's slow locomotion mean that mating is most likely promiscuous (i.e. each 

female mating with more than one male, and each male mating with more than one 

female). However, available evidence points towards a polygynous society within this 

framework, with stronger female philopatry than male philopatry. First of all, orangutans 

are highly sexually dimorphic, a characteristic of polygynous species (whether by direct 

social structure or by female choice) (Dixson 1998). Adult males also appear to exhibit a 

dominance hierarchy, with some transient males subordinate to resident males when they 

pass through (Rodman and Mitani 1987), suggesting that there may be variation in 

reproductive success between male individuals. Thirdly, female proceptive behavior 

suggests an active female choice role and implies that some males have more 

reproductive opportunities than others. Additionally, in long-term studies, new 

individuals to a region are more likely to be male than female (van Schaik and van Hooff 

1996), and this is consistent with a predominance of female philopatry (or pseudo-

philopatry) and male dispersal. So while orangutan mating system and social structure is 

less clear than that of the other great apes, it is likely that the trend towards polygyny 

means that Y chromosome variation will be reduced relative to other regions of the 

orangutan genome, and that the X and Autosomes should be somewhat reduced relative 

to mitochondrial DNA if no other factors are influencing genetic diversity. 
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COMPARATIVE GENETIC VARIATION IN HUMANS AND THE GREAT APES 

Although human nucleotide diversity has been the subject of intense study for 

over fifteen years, comparative studies of human and great ape genetic variation are still 

relatively few and far between. Even though comparative analysis of intraspecific 

diversity in the great apes can provide valuable information about the evolutionary 

history and evolutionary processes affecting human genetic variation, to date only a few 

studies have looked at great ape variation. Chimpanzees are the best-studied great ape 

group genetically in terms of the diversity of loci examined because of their status as our 

clo.sest living relative: still, the number of published studies that have investigated 

intraspecific genetic variation in chimpanzees is low. Most studies of human variation 

are not directly interested in examining comparable regions in the great apes and simply 

prefer to use single individuals from the.se species for outgroup comparisons. 

Comparisons of intraspecific variability have important implications for understanding 

locus-specific proces.ses and the demographic history of species, however, and some of 

the most interesting and intriguing findings about human genetic variation will come 

from interspecific comparisons of hominoid genetic variation. 

Studies of human genetic variation suggest that humans have an overall average 

nucleotide diversity of about 0.001%, corresponding roughly to a difference of 1 site per 

1000 ba.se pairs of sequence between two randomly cho.sen individuals (Harding et al. 

1997; Hey 1997; Li and Sadler 1991; Zietkiewicz et al. 1998). Most molecular studies 

also support negative Tajima's D values and greater diversity of African populations than 
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non-African populations. Early studies of protein polymorphism suggested that humans 

were more polymorphic than chimpanzees (King and Wilson 1975). However, early 

studies of mitochondrial RFLP variation identified humans as the genetically depauperate 

species (Ferris et al. 1981). Studies of DNA sequence variation in mitochondrial DNA 

also suggested that humans are less genetically diverse than the other hominoid primates 

(Gagneux et al. 1999b; Gamer and Ryder 1996: Morin et al. 1994; Ruvolo et al. 1993; 

Zhi et al. 1996). This finding has been corroborated for the most part by more recent 

work on the X chromosome (Kaessmann et al. 2001) and autosomal loci (Adams et al. 

2000; Deinard and Kidd 1999). However, .some loci do suggest that humans have more 

genetic diversity than chimpanzees. Adams et al. (2000) determined that humans have 

more genetic variation than chimpanzees at one of the three MHC class I loci they 

investigated (Adams et ai. 2000), and Koda et al. (2001) found that humans have twice as 

much nucleotide diversity than chimpanzees at the FUT2 locus (Koda et al. 2001). 

Rubinsztein et al. (1995) reported that human microsatellites appeared to evolve more 

rapidly than homologous loci in chimpanzees, and Wise et al.( 1997) reported that humans 

have significantly higher short tandem repeat (STR) heterozygosity than chimpanzees 

even though humans had lower levels of mitochondrial diversity (Rubinsztein et al. 1995; 

Wise et al. 1997). Reasons for these discrepancies might be due to natural selection 

acting on particular loci in some species and not in others, or to species-specific 

demographic factors such as mating system or migrations that influence different parts of 

the genome in different ways. Few comparative studies have been undertaken, however, 

and even fewer have looked at any great apes besides common chimpanzees. The few 
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studies that have been done suggest that the great ape species themselves have different 

levels of genetic diversity at these different loci: high mitochondrial DNA diversity does 

not necessarily translate to high X chromosome or high autosomal diversity. So it is 

crucial to examine multiple loci from multiple genomic compartments to gain the clearest 

picture of hominoid genetic diversity and its implications for the actions of evolutionary 

forces. 

The Y chromosome has received the least amount of comparative attention, even 

though it provides an interesting system to pursue questions about comparative levels of 

genetic diversity. In humans, the i^RY appears to be the least diverse genomic 

compartment, showing low numbers of variable sites and a tendency to having reduced 

diversity relative to that expected from the rest of the genome (Jaruzelska et al. 1999b: 

Nachman 1998b; Wise et al. 1997). Previous investigation into comparative diversity on 

the Y has lagged behind other loci. Hammer examined 2.8 kb in the YAP region in four 

chimpanzees and detected no variation, although 3 polymorphic sites were uncovered in 

16 humans (Hammer 1995). Burrows and Ryder examined a 729 bp intron of the ZFY 

gene in 6 gorillas and 4 orangutans and found no intraspecific variation, as had 

previously been found for humans in the same region by Dorit et al. (1995) (Burrows and 

Ryder 1997: Dorit et al. 1995). Burrows and Ryder suggested that this lack of variation 

in all three species was likely due to the effects of natural selection. The most thorough 

study to date compared levels of genetic diversity across the Y chromosome in humans, 

chimpanzees, and bonobos, and found that humans had less genetic variation (Stone et al. 

2002). However, due to the small sample sizes, small length of the genetic region 
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examined, and/or the limited number of" species surveyed in these studies, it has remained 

unclear what the true nature of genetic variation on the Y chromosome across the 

hominoid primates is. A more thorough examination of Y chromosome variation in 

humans and the great apes in the context of data from other genomic compartments will 

help illuminate the processes responsible for shaping patterns and levels of variation 

across the human and hominoid genomes. 
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CHAPTER 2: MATERIALS AND METHODS 

THE SAMPLES AND LOCI USED IN THIS STUDY 

The species and samples studied 

Five species were examined in this study: Homo sapiens. Pan troglodytes. Pan 

paniscus. Gorilla gorilla, and Pongo pygmaeus. Within these species. P. t. verus, G. g. 

gorilla, P. p. pygmaeus, and P. p. ahelii were examined at the subspecies level. 

Individuals from P. t. schweinfiirthii. G. g. graiieri, and P. t. troglodytes were included in 

species-level surveys but were not considered to be populations of subspecific individuals 

for most analy.ses. The majority of the great ape samples used for the study came from 

zoos in the United States: some samples came from other research laboratories or primate 

centers in the United States, and a few samples came from outside of the country. (All 

samples imported into the country were done so under a CITES permit appropriate for 

these endangered species. The 41 humans u.sed in the study repre.sent a globally diverse 

sample of individuals from Africa. Asia. Europe, and the Americas. Some great ape 

samples u.sed in the study were taken from wild-living individuals (that is. individuals 

living in their native habitat and not in captivity), while most were from individuals who 

were born in the wild but who have been subsequently captured and are currently living 

in captivity (either in zoos or research facilities). Since the goal of this study is to 

understand what factors shape genetic diversity in these species, it is important to 

understand as much as possible about the geographic origins of the individuals under 



study in order to most accurately represent the genetic situation in the wild. Genetic 

samples from captive-born individuals were infrequently used because their genomes 

may be a hybrid of different subspecies or may not represent a combination of alleles 

found in the wild. One advantage of working with great ape species is that captive-living 

individuals generally have good pedigree information listed in the species studbook. The 

great ape samples used for this project were checked against studbook information when 

available to ensure independent sampling of NRY. mtDNA. and X chromosome lineages. 

Information on the individuals, including their laboratory identification number, 

subspecies designation or geographic origin, wild or captive birth status, studbook 

numbers and species survival plan (SSP) identifiers, donors, and haplotypic data for the 

5"SRY. I6S. and DMD44 loci can be found in TABLE 2.01a-d. 



TABLE 2.01a: Homo sapiens samples used in this study. 
Haplotypes 

YCC number SAMPLE GEO POP 
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YCC33 ALB74 SAP Pedi H2 P HumX6 

YCC32 ALB77 SAP Sotho H2 B HumX4 

YCC23 AR01 NAM Navajo H2 E HumX6 

YCC25 AR03 NAM Tohono Oodham H2 E HumX5 

YCC26 AR04 EUR English H2 E HumX7 

YCC27 AR05 NAM Porch Creek H2 E HumXI 

YCC66 CHOI EAS S. Han H2 E HumX6 

YCC67 CH05 EAS S Han H2 E HumX6 

YCC68 CH37 EAS S. Han H2 E HumX5 

YCC08 JK1029 SAP Mbuti H2 C HumX5 

YCC09 JK1031 SAP Mbuti H2 B HumX9 

YCC65 JK1033 SAP Mbuli H2 P HumX3 

YCC 12 JK1364 NAM Karitiana H2 E HumX5 

YCC 13 JK1370 NAM Karitiana H2 E HumXB 

YCC 14 JK1493 NAM Surui H2 E HumX5 

YCC16 JK1504 NAM Surui H2 E HumX2 

YCC 17 JK1624 NAM Mayan H2 E HumX2 

YCC49 JK3150 NAS Yakut H2 E HumX2 

YCC51 JK3152 NAS Yakut H2 E HumXI 

YCC56 JK3168 EUR Adygeans H2 E HumXI 

YCC71 JK3496 EUR Russian H2 E HumX2 



TABLE 2.01a continued; Homo sapiens samples used in this study. 

Haplotypes 

YCC number SAMPLE GEO POP 
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YCC72 JK3497 EUR Russian H2 D HumX9 

YCC06 JK736 SAF Biaka H2 B HumX5 

YCC07 JK741 SAF Biaka H2 E HumX5 

YCC02 YALE 123 NAM Amerindian H2 E HumX6 

YCC04 YALE218 NAM Amerindian H2 E HumX6 

YCC57 YCC57 SAS Pakistan H2 D HumX2 

YCC'ig YCC59 EUR Ashkenazi H2 D HumX2 

YCC61 YCC61 EUR German H2 E HumX5 

YCC62 YCC62 EUR German H2 D HumX5 

YCC64 YCC64 EUR German H2 E HumX2 

YCC69 YCC69 EAS Khmer H2 E HumXIO 

YCC76 YCC76 EAS Japanese H2 E HumX5 

YCC77 YCC77 EAS Japanese H2 D HumX5 

YCC78 YCC78 EAS Japanese H2 E HumX5 

YCC79 YCC79 MEA Turkey H2 E HumX5 

The sample names, Y Chromosome Consortium cell line number, geographic origin, 
population affiliation, and haplotype assignments for the human individuals used in this 
study. Geographic codes are SAF =Sub-Saharan Africa; NAM = Native American; 
EUR = European; EAS = East Asia; NAS = North Asia; OCE = Oceania; SAS = South 
Asia; EAS = East Asia; and MEA = Middle East. 



TABLE 2.01b; Pan troglodytes and Pan paniscus samples used the study. Haplotypes 

Sample Subspecies Birth Donor 
Individual 
Identifiers 
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Pan troglodytes: 

CmpOOS 

CmpOOe 

CmpOO? 

CmpOOe 

Cmp009 

Cmp013 

Cmp019 

Cmp023 

Cmp024 

Cmp027 

Cmp028 

Cmp029 

Cmp030 

CmpOGI 

verus 

verus 

verus 

verus 

verus 

? /mtDNA troglodytes 

verus 

verus 

verus 

verus 

verus 

verus 

verus 

verus 

wild-born 

wild-born 

wild-born 

wild-born 

wild-born 

captive-born 

wild-born 

wild-born 

wild-born 

wild-born 

wild-boin 

wild-boin 

wild-born 

wild-boin 

R. Ferrell/UT Bastrop 

R. Ferrell/UT Bastrop 

R. Ferrell/UT Bastrop 

R. Ferrell/UT Bastrop 

R. Ferrell/Primate Foundation of 

Arizona 

R Ferrell/Primate Foundation of 

Arizona 

T Melton/New Iberia Primate 

Center 

T. Melton/New Iberia Primate 

Center 

T Melton/New Ibena Primate 

Center 

T. Melton/New Iberia Primate 

Center 

T. Melton/New Ibena Primate 

Center 

T. Melton/New Iberia Primate 

Center 

T. Melton/New Iberia Primate 

Center 

T. f\/lellon/New Iberia Primate 

Center 

ISIS #1754 

"Bandit" 

ISIS 1755 

"Shadow" 

ISIS lt^767 

"Willy" 

ISIS #2358 "C J 

ISIS #2723 

"Cocoa" 

ISIS #4441 

"Kalioni" 

ISIS #1507 

ISIS #2060 

ISIS #2405 

ISIS #2408 

ISIS #2416 

ISIS #2555 

ISIS #1036 

ISIS #1648 
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CmpXS 

CmpX3 

CmpX3 

CmpX3 

CmpX3 

CmpX3 

CmpXI 

CmpX3 

CmpX3 

CmpX3 

CmpX4 



TABLE 2,01b continued: Pan troglodytes and Pan paniscus samples used the study. 

Sample Subspecies Birth Donor 
Individual 
identifiers 
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Cmp033 wild-born 
T. Melton/New Iberia Primate 

Cmp033 verus wild-born 
Center 

Cmp036 ? ? San Diego Zoo 

Cmp047 verus wild-born E, Adams/Yerkes 

Cmp057 • }  ? E. Adams/Yerkes 

Cmp079 ?/Y troglodytes captive E. Adams/Yerkes 

Cmp087 verus wild-born Riverside Zoo 

Cmp092 verus wild-born New Iberia Primate Center 

Cmp093 verus wild-born New Iberia Primate Center 

Cmp094 verus wild-born New Iberia Primate Center 

Cmp095 verus wild-born New Iberia Primate Center 

Cmp096 verus wild-born New Iberia Primate Center 

Cmp097 verus wild-born New Iberia Primate Center 

Cmp098 verus wild-born New Iberia Primate Center 

Cmp099 ?/ mtDNA troglodytes captive-born Gene Bank ol Pnmales 

CmplOI schweintuithii wild-born Pnmate Foundation of Arizona 

Cmp102 verus wild-born Primate Foundation ol Arizona 

Cmp103 verus wild-born Primate Foundation o( Arizona 

Cmp104 verus wild-born Detroit Zoo 

ISIS #2742 - G CmpX4 

7 CI G CmpX4 

SB #9117 

"Phineas" 
CI A CmpX3 

"Chip" C5 G CmpX5 

"Elwood" C8 A CmpX4 

SB #341 "Jack" C3 " CmpX4 

ISIS #1149 

"Walter" 
C1 G CmpXI 

ISIS #1144 CI A CmpX3 

ISIS #1225 CI " CmpX3 

ISIS #1339 CI A CmpX3 

ISIS # 1506 CI A CmpX2 

ISIS #2215 CI A CmpX3 

ISIS #2414 CI G CmpX3 

#99 "Lutz" C9 E CmpX3 

ISIS #3020 

"Kobi" 
C6 F CmpX3 

ISIS #2036 

"Sammy" 
CI A CmpX3 

ISIS #2724 

"Simba" 
CI G CmpX3 

SB #561 "Joe-

Joe" 
CI G CmpX3 



TABLE 2.01b continued: Pan troglodytes and Pan paniscus samples used the study. Haplotypes 

Sample Subspecies Birth Donor 
Individual 
Identifiers 

oc 
U) 
In 

< 
Z 
DC 

CO 
(D 

Q ^ 

IF 

CmplOe verus 

Cmp107 verus 

Cmp108 verus 

Cmp109 verus 

CmpllO verus 

Cmplll verus 

Cmp112 verus 

Pan paniscus: 

Pcmp 115 

Pcmp40 

Pcmp84 

wild-born 

Wild-born 

wild-born 

wild-born 

wild-tjorn 

wild-born 

wild-born 

wild-born 

captive-born 

Southwest Foundation for 

Biomedical Research 

Southwest Foundation tor 

Biomedical Research 

Southwest Foundation for 

Biomedical Research 

Southwest Foundation for 

Biomedical Research 

Southwest Foundation for 

Biomedical Research 

Southwest Foundation for 

Biomedical Research 

Sunset Zoo 

Georgia State University Language 

Research Center 
San Diego Zoo 

Cincinatii Zoo 

ISIS #3000 

ISIS #3214 

ISIS #1068 

ISIS #3340 

ISIS #3339 

ISIS #2435 

"fy/lac" 

"P-suke" 

"Kak" 

SB #0058 

"Vernon" 

CI 

CI 

CI 

C2 

CI 

CI 

CI 

B1 

B3 

B2 

C 

G 

G 

A 

G 

B 

A 

B 

C 

A 

CmpX3 

CmpX3 

CmpX3 

CmpX3 

CmpXI 

CmpX3 

CmpX3 

The sample names, subspecies status, birth status, donors, individiual identifiers, and haplotype assignments for the 
individuals used in this study. Subspecies status was assigned based on mitochondrial DNA typing of wild-born individuals, 
pedigree records, studbook information, or zoo records. Captive-born individuals could not be reliably assigned to a 
subspecies. Assignment of mitochondrial DNA lineages of some captive-born individuals was possible through 
mitochondrial DNA typing and comparison to published studies. Cmp079's paternal lineage was determined to Iffe t. 
troglodytes through mitochondrial DNA typing of his wild-born father. Identifiers refer to studbook numbers, ISIS 
numbers, or individual institutional numbers or names. 



TABLE 2 01c Gorilla gorilla samples for the study. 

Sample Subspecies Birth Donor 

Gor03 gorilla wild-born San Diego Zoo H320 "fVlassa" G1 GorA GorX4 

Gor05 gorilla captive-born San Diego Zoo #938 "OR802" G1 GorA GorX2 

Gor06 gorilla ? H. Ostrer ? G1 GorA GorX2 

Gor08 gorilla wild-born H. Ostrer #232 "Rann" " - GorX2 

Gorll gorilla wild-born T. Disotell #175 "Ozoum" G1 " - -

Gor15 graueri wild-born 
Houston Zoo/ M. Jensen-

Seaman 
"M'Kubwa" G1 GorC -

Gone gorilla captive-born GBP #1106 "Polepole" G1 GorA GorX2 

Gor17 gorilla captive-born GBP #729 "Dibo" G1 GorA GorX4 

Gor18 gorilla captive-born GBP #1134 "Nangai" G1 GorA GorX4 

Gor20 gorilla wild-born GBP #253 "Fritz" G1 GorB GorX4 

Gor21 gorilla captive-born GBP "Yanude" G1 GorA GorXI 

Gor22 gorilla captive-born St Louis Zoo #848 "Rafiki" G1 GorA GorXI 

Gor23 graueri wild-born 
Antwerp Zoo/ M. Jensen-

Seaman 
"Anl5" G1 GorC GorX3 

Gor29 gorilla wild-born Lincoln Park Zoo #265 "Frank" G1 GorA GorX4 

Gor30 gorilla captive-born San Francisco Zoo #580 "IVI'Kubwa" G1 GorA GorX2 

Gor31 gorilla captive-born lyliami Metro Zoo #716 "Jimmie Jr." G1 GorA GorX2 

Gor32 gorilla captive-born Lincoln Park Zoo #1107 "Kwanza" G1 GorA GorX4 

Gor35 gorilla captive-born M. Jensen-Seaman #924 "Joe" " - GorX2 

Gor36 gorilla captive-born IVI. Jensen-Seaman #774 "fVlakini" - GorXI 

Gor39 gorilla wild-born 
Columbus Zoological Gardens/ 

Jensen-Seaman 
#379 "Mumbah" - - GorX4 

Haplotypes 

> 2 5  
Studbook go i o 

^ r\ iz 
m to c 

The sample names, subspecies status, birth status, donor, studbook inlormation, and haplotype assignment for the 
samples used in this study "GBP" = Gene Bank of Primates 



TABLE 2.01 d: Pongo pygmaeus samples for the study. 

Sample Subspecies Population Studbook # 

0rg04 Sumatran zoo 1654 

Org 11 Sumatran zoo 1600 "Likoe" 

Org 12 ? zoo •)  

Org 13 Bornean zoo 664 "Padang 

Org 16 7 ? •? 

0rg20 Hybrid zoo 1903 "Kichil" 

Org22 Sumatran zoo "Jinjing"? 

Org23 Sumatran zoo 1529 " Clyde" 

Org24 Sumatran zoo 1600 " Likoe" 

Org25 Sumalran Medan? ceil line 

Org26 Sumatran Bohorol^ cell line 

Org27 Sumatran Ketambe cell line 

Org29 Sumatran Bohorol< cell line 

Org33 Bornean Gunung Palung cell line 

Org34 Bornean Kutai cell line 

Org36 Bornean Kutai cell line 

Oig38 Bornean Sarawak cell line 

Org39 Bornean Sabah cell line 

0rg40 Bornean Sabah cell line 

Org41 Bornean Sarawak cell line 

Org42 Bornean Sarawak cell line 

Haplotypes 

Birth Donor 5
'S

R
Y

 

1
6

S
 r
R

N
A

 

D
M

D
 

in
tr

o
n

 4
4

 

captive-born 7 - " OrgX2 

wild-born San Diego Zoo - - - OrgX4 

? H. Oslrer Ol - OrgXB 

wild-born San Diego Zoo 07 G OrgX3 

7 H Ostrer - - OrgX4 

captive-born T Disotell 02 " " 

captive-born I Disotell " " OrgXe 

captive-born S. O'Brien 01 - OrgX? 

wild-born S. O'Brien 02 B " 

wild-born S. O'Brien - " OrgX1 

wild-born S. O'Brien A OrgXI 

wild-born S. O'Bnen 01 A OrgX2 

wild-born S. O'Brien - C OrgX5 

wild-born S. O'Brien 04 1 OrgX8 

wild-born S. O'Bnen 07 H OrgX3 

wild-born S. O'Brien 07 G OrgX3 

wild-born S. O'Brien 05 F OrgX3 

wild-born S. O'Bnen 06 D OrgX3 

wild-born S O'Brien 03 - OrgX3 

wild-born S. O'Brieri 04 D OrgX7 

wild-born S O'Brien - - D OrgX3 
o 



TABLE 2.01 d continued: Pongo pygmaeus samples for the study. 
Haplotypes 

cc t 3 c 
^ w Q 2 
"in ID  ̂Sample Subspecies Population Studbook # Birth Donor Lf> ID c 

Org43F Bornean Sabah cell line wild-born S. O'Bnen - K 

Org44F Bornean Sabah cell line wikl-born S O'Brien - E2 

Org46 Bornean Sarawak cell line wild-born S, O'Brien 04 D 0igX7 

Org47F Bornean Sabah cell line wild-born S. O'Brien - El 

Org48 Bornean Sarawak cell line wild-born S. O'Brien 04 F OrgXa 

Org49 Bornean Sabah cell line wild-boin S O'Bnen - D OrgXa 

OrgSO Bornean Sarawak cell line wild-born S. O'Brien " D OrgX8 

OrgSI Bornean Sarawak cell line wild-born S. O'Brien " K OrgX6 

Org52 Bornean Sabah cell line wild-born S O'Brien 04 E " 

Org53 Bornean Sarawak cell line wild-born S O'Brien 04 D OrgX7 

Org54 Bornean Sabah cell line wild-born S O'Brien 04 E OrgXG 

Org55 Bornean Sabah cell line wild-born S OBrien " J •• 

Org56 Bornean Kutai cell line wild-born S O'Bnen " G -

Org57 Bornean Sabah cell line wild-born S. O'Brien 03 D OrgXB 

Org58 Bornean (?) zoo ? captive-born GBP 01 A OrgX5 

Org59 Sumatran zoo ? caplive-born GBP 01 - OrgXI 

0rg60 Sumatran zoo •> caplive-born GBP 01 - Org XI 

Org61 SiimaWan zoo 7 captive-bom GBP 02 - OigX6 

Org63 Borneati zoo 2201 "Mawas" captive-born Phoenix Zoo 04 " OrgXS 

Org64 Hybrid zoo 2431"Brunei" captive boin Brooklield Zoo 07 OigX7 

Org66 Sumalrat) zoo 2065 "Bob" captive born Cincinatti Zoo Ol - - OrgX2 

OrgAllen 7 zoo 9 7 E Adatns 77 -- OigX2 
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TABLE 2.02 shows the five loci used in this study and the number of individuals 

surveyed for each. The same general set of individuals was sequenced for the 5"SRY. 

16S, and DMD44 loci across species. All sequences for the 5'SRY region were 

generated for this project. Some orangutan 16S rRNA sequences were taken from Zhi et 

al. (1996) becau.se the same orangutans were used in this study. New .sequences for 

DMD44 were generated from H. sapiens, P. troglodytes, G. gorilla, and P. pygmaeus in 

this project. The Xql3.3 and H0XB6 sequences were taken from the literature (Deinard 

and Kidd 1999; Deinard and Kidd 2000; Kaessmann et al. 1999a; Kaessmann et al. 

1999b; Kaessmann et al. 2001). 

METHODOLOGICAL APPROACHES: 

Laboratory procedures 

DNA extractions: 

The samples used in this study were obtained either as whole blood in EDTA or 

as pre-extracted DNA. Samples that arrived as whole blood were frozen at -80 C until 

extraction. Samples were thawed and extracted according to a standard 

phenol/chloroform protocol. Samples were precipitated in 95% ethanol overnight on ice. 

washed with 70% ethanol. and resuspended in a 10 mM Tris-EDTA storage buffer. 

Samples were allowed to resuspend al least one week at 4 degrees Celsius before use. 
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TABLE 2 02; The loci used in this study, their lengths, and their reference sequences from Genbank 

5'SRY 16S D[VID44 Xq13.3- H0XB6 

Location 

Alignment Length (bp) 

Reference sequence(s) from 
Genbank 

Number of individuals used: 

H. sapiens 
P troglodytes 

P. paniscus 
G. gorilla 

P pygmaeus' 

New sequences generated 
for this study. 

H. sapiens 
P troglodytes 

P. paniscus 
G. gorilla 

P. pygmaeus 

Position in reference 
sequence 

NRY 

2880 

X96421 

41 
37 
3 
16 
27 

41 
37 
3 
16 

27 

mtDNA 

358 

AB055387 

41 
36 
3 
16 

2t - 50 

41 
36 
3 
16 
15 

X chromosome X chromosome Chromosome 17 

792 10204 1246 

M86524: 
AF280049 -
AF280009 

(Nachman and 
Crowell 2000) 

41 

36 
0 
18 

34 

41 
36 

1 8  

34 

AJ312532 -
AJ312508; 
AJ270095 -
AJ270061: 
AJ241093 -
AJ241023 

70 
30 
5 
n 
14 

9297- 12140 2619-2976 1727-2518 

AF116779 -
AF116804 

210 
38 
82 
30 
16 

The aiignea length when all species are consiaereO. this lenqtt? may dttter from the length of the referenrî s sequences 

fjiven in the taoie 

Ontci from Kaebsniann et al it959a. 1999b 2000i 

0<'ita Tom Doinard anrj Kioa ;:999 2000! 

Diffj-'reni njmocrs Qf inaiviclL.dis vsere used fcr ciffcrt-nt anaivbc-i Some from (hJS stuoy. some from Zhi ct .i! 

. 1996, .inc: some trom Ncna .n .in press) 

Locus umplificcilicms: 

Loci were amplified using the polylmerase chain reaction. PCR primers used to 

amplify the sequence fragments of interest are listed in TABLE 2.03. Reactions 

consisted of 15-20 ng of DNA, 0.1U Taq polymerase, 10 mM of dNTPs and 20 mM of 

total primer in a 30ul reaction volume. Reactions were cycled in MJ Research 

thermalcyclers. The primers used for some loci varied between species, as did the 



amount of MgCK and the PCR annealing temperatures. All PCR experiments contained a 

known positive control and a negative control (water blank). Female controls were also 

used in the amplification of the NRY fragments. All PCR products were visualized on 

1.5'^ agarose gels to ensure the presence of single PCR fragments before proceeding. .A, 

schematic of the primer order for each locus is presented in FIGURE 2.01. 
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TABLE 2.03 Primers used to amplify and sequence the 5'SRY. 16S. and DMD44 

loci. 

Locus Sequence 
Approximate 

Species Length 

5'SRY primers: 

pSRY-U 5'CAG AGG CATGTTTACACATTTCA3' 

pSRY-L 5' CCC CGC CAC ACT ACA CCT 3' 

Y-7F 5'GAG GTTCCTCTTCTTGGTTGTCAC3' 

Y-4R 5' AAG GCA CCA CAT AGG TGA AC 3" 

From Whitfield et al. (1995) 

10619-U 

11509-L 

5' AGC CAT CAC CTC TCT CTA G 3' 

5" AGC CAT CAA TTT ATC ATA TT 3" 

All 

All 

All 

All 

All 

All 

750 bp 

1000 bp 

890 bp 

11369-U 

12172-L 

5" GAC TTT CCT CCC ATT TTA TTT 3' 

5' AGT ACC CTG ACA ATG TAT TC 3" 

All 

All 

aoo bp 

16S rRNA primers: 

16S-U 

16S-L 

From Zhi et al. (1996) 

5' GTG CAA AGG TAG CAT AAT CA 3" 

5' TGT CCT GAT CCA ACA TCG AG 3' 

All 

All 
385 bp 

DMD44 primers: 

DMD1 U-A 5' GGG AAT TTA GCT TCT GTA GTA CCA 3' 

DMD1L-A 5' GTG AAG AGA CTG CTG AAT CAA TGC 3' 

DMD 1U-B 5' GGG AAT TTC GTT TCT GTA GTA CCA 3' 

DMD1L-B 5' GTG AAG AGA CCT GTC GCATCAATG 3' 

DMD 1U-C 5' GGG AAT TCA GCT TCT GTA GTA CCA 3' 

DMD1L-C 5' GTG AAG AGA CTG CTG CAT CAA TGC 3' 

Humans. 
Chimps 

Humans. 
Chimps 

Gorillas 

Gorillas 

Orangutans 

Orangutans 

500 bp 

500 bp 

500 bp 

Dr\/1D2U 

DMD2L 

5' TCA GGT CCT ACC AAA TCT ACA AT 3' 

5' CTC TTG AGG AAT AAT GCG AGT GCT 3' 

All 

All 
500 bp 
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DHPLC cumlysis and DNA seciuciicin^: 

The PCR fragments studied in this project were either directly sequenced (Y-

7F+Y-4R. DMDIU+DMDIL. DMD2U+DMD2L) or analyzed first by DHPLC 

(denaturing high performance liquid chromatography) (pSRYU+pSRYL. 

10619U+11509L. 11369U+12172L. 16SU+16SL[sequenced in its entirety after 

DHPLC]). All individuals across all species were analyzed in the same manner for any 

given region in order to avoid any potential bias towards underestimating the number of 

polymorphic sites in one species versus another. 

DHPLC utilizes heteroduplcx formation between mispaired nucleotides to 

identify polymorphic sites between two samples (Underbill et al. 1997). PCR products 

from sample individuals were mixed individually with PCR product from control 

individuals of known sequence. Mixed samples from PCR reactions that were greater 

than 500 bp in length were digested with restriction endonucleases in order to obtain 2 

fragments that were under 500 bp long and differed in length from each other by 

approximately 100 bp (TABLE 2.04). After visualization of fragments with 1.5% 

agarose gel electrophoresis to ensure complete digestion, or to ensure the success of the 
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FIGURE 2.01; Schcmatic rcprcsontaticin of the PCR fragments for the loci sequenced 
in this study. 

5'SRY region 

-2880 bp 

pSRYU+pSRYL 

Y-7F+Y-4R 

10619U-11509L 

11369U-12172L 

16S rRNA 

-360 bp 

16SU+16SL 

DMD intron 44 

-790 bp 

DMD1U+DMD1L 

DMD2U+DMD2L 
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TABLE 2.04; Table of PGR fragments that were digested prior to DHPLC analysis. 

Digested with 
Primer pair H. sapiens P. paniscus P. troglodytes G. gorilla P. pygmaeus 

pSRYU+pSRYL Ndel Ndel Ndel Ndel Fokl 

10619-11509 HinCII HinCII HinCII HinCII Sspl 

11369-12172 HinDIII HinDIII HinDIII HinDIII HinDIII 

PGR for fragments under 500 bp in length, the samples were heated to 95 C to 

denature them and allowed to cool and randomly reanneal. Samples were then run across 

the DHPLG column (WAVE DNA Fragment Analysis System by Tran.sgenomic). 

Heteroduplexed samples elute off of the DNASep column earlier than homoduple.xed 

samples because of their lower melting temperatures. All individuals that appeared to 

form heteroduplexes with the control sample were sequenced to investigate the presence 

of mutations. Additionally, 10% - 100% of individuals that appeared to match the 

homoduplex control sample were also .sequenced as controls to check the accuracy of the 

run. No discrepancies were found between the DHPLG runs and sub.sequent .sequencing 

analyses. Individuals that matched the homoduplexed control were thus a.ssumed to have 

the same .sequence as the control sample for that region. 

Other PGR fragments were surveyed by direct sequencing of PGR products after 

posi-PGR removal of unincorporated primers and nucleotides, using either Gibco 

Goncert columns, Qiagen Qiaquick columns, or Millipore Multiscreen 96-well plates. 

PGR products were cycle-sequenced and run on an ABI 377 or an ABI 3700 automated 
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sequencer at the University of Arizona. Individuals were sequenced in both directions for 

the regions, and were ensured complete coverage by the overlap of PCR contigs (or 

complete double coverage for the 16S region). Individuals that had singleton sites or any 

ambiguities were re-amplified and re-sequenced. 

Analytical procedures 

Sequence iiUgnnient: 

For each locus, sequence fragments were aligned with Sequencher 3.0 {Gene 

Codes Corporation) and checked manually. When overlapping sequence contigs existed 

for each individual, the contigs were aligned and the base calls checked, a consensus 

sequence was made for that individual, and then the individual consensus sequences were 

aligned across all taxa for the entire locus. Sequences from Genbank for the Xql3.3. 

HOXB6, and DMD44 loci were al.so aligned in Sequencher and checked by eye. Bases 

that were ambiguous or that could not be resolved were labeled as "N". Sequence 

alignments were then exported to other programs for further analyses. 

Phylogenetic analyses: 

Alignments of the individual haplotypes were imported into PAUP (Swofford 

1993) and MacClade (Maddison and Maddison 1992) for phylogenetic analyses In 

PAUP. maximum parsimony analyses were performed with the heuristic search option or 

the branch-and-bound search option. Gaps were counted as 5"" bases. Gibbon or 

orangutan sequences were used to root the phylogenies. Bootstrap analy.ses were 



performed with a minimum of 1000 replicates. MacClade was used to assist the survey 

of multiple phylogenetic trees that resulted from some of the searches. 

Population generic analyses: 

Sequence alignments were imported into DNASP 3.51 (Rozas and Rozas 1999) 

for molecular population genetic analysis. Nucleotide positions that contained an "N" 

were not counted. Two measures of nucleotide sequence variation were calculated. 

Nucleotide diversity, 7C, is based on the average number of nucleotide differences 

It A A 
between two randomly chosen sequences in a sample n = where n is the 

number of DNA sequences examined, x, is the frequency of the ith type of DNA 

.sequence in the .sample, and m, is the proportion of differences between the ith and jth 

types of sequences in the sample (Nei 1987; Nei and Li 1979; Tajima 1989b). Its variance 

L I / -  ' '  +  1  2 { / r  + / / +  3 )  ,  ^  ,  
IS mven by V { k )  =  Tt-i 7t'. i) is based on the number of seareaatiniz 

3(//-l) 9//(//-I) ^ " 

. S 
sites in the sample, corrected for the sample size; 6 = —. where S is the proportion of 

0 estimate the parameter 4Ne|i for autosomal loci (3Ne^ for X-iinked loci or Ne|i for 

mitochondrial DNA or the Y chromosome), where Ne is the effective population size and 

|i is the neutral mutation rate, assuming a sex ratio of I. 

segregating sites and a\ = ̂ 7 (Hartl and Clark 1997; Watterson 1975). Variance is 

J N-L 1 

V{d) = (Tajima 1989b). Under neutral equilibrium conditions, both 7: and 
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Divergence between species was also estimated in DNASP. Dxy. the average 

number of nucleotide differences per site between taxa. was calculated for all loci (Nei 

1987). This measure takes the hapiotypic diversity within a species into account when 

calculating divergence. 

Tests of neutrality: 

Departures from a neutral equilibrium model were evaluated using Tajima's D 

statistic and HKA tests. Tajima's D statistic investigates the relationship between T: and 

0 and provides a measure of the skew in the frequency spectrum (i.e. the distribution of 

allele frequencies at polymorphic sites). Under neutrality, the difference between K and 6 

is expected to be 0 (Tajima 1989b). Tajima's D is calculated as D= ^ ^ 
^Var(7t-6) 

(Tajima 1989b). A negative Tajima's D statistic suggests an influence of factors that 

decrease the average pairwise difference more than the number of segregating sites (or 

increases the number of segregating sites faster than the average pairwi.se difference). 

such as a recovery from a population bottleneck event or natural selection. A positive 

Tajima's D may be expected under balancing selection and certain population 

subdivision conditions or time intervals after a bottleneck (Fay and Wu 1999). 

Significance of Tajima's D is assessed under the assumption that D follows a beta 

distribution (Tajima 1989b). 

The HKA test is a goodness-of-fit test that compares the ratio of polymorphism to 

divergence at two or more loci under the premise that levels of polymorphism and 
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divergence will be correlated under the neutral model (Hudson et al. 1987). Comparison 

of the two observed ratios w ith their expccted values is done with a Chi-square 

approximation. A significant result suggests that the ratios of polymorphism and 

divergence between the loci are statistically different. Statistical tests of neutrality make 

assumptions that are not always met. and care must be taken when interpreting the results 

of a significant test. If the assumptions, such as random mating, discrete generations, no 

migration, no recombination, and that the infinite sites model, are violated, the results of 

the test may not be due to selection on the loci but rather to other, non-selective 

processes. Multilocus HKA tests were performed in Mathematica 4.1 (Wolfram 

Research 1999). using a script modified from one provided by M. W. Nachman. 

Mismatch distributions: 

Mismatch distributions were estimated in ARLEQUIN 2.0 (Schneider et al. 

2000). Mismatch distributions compare the distribution of pairwise genetic differences in 

a sample to the expected distribution under a model of sudden expansion (a unimodal 

wave) (Harpending et al. 1993: Rogers and Harpending 1992). A raggedness statistic, r, 

is computed by summing the squares of the differences between expected and observed 

points in the distribution (Schneider el al. 2000). The mean sequence divergence d is 

proportional to the mutational time .scale r = 2/i/, where t measures time in generations 

and T measures it in units of l/2ji generations (Rogers and Harpending 1992). T provides 

a rough estimate of expansion time, as the crest of the expansion wave in the mismatch 

distribution is at T=2(Xt units of mutational time after t generations (Redd and Stoneking 
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Qn 
1999; Rogers 1995). The initial population size N„ is estimated bv N„ = — . Confidence 

intervals are obtained by a parametric bootstrap approach (Schneider and Excoffier 1999; 

Schneider et al. 2000). Mutation rates for the 5'SRY. 16S. and DMD44 loci were 

estimated from human-chimpanzee divergence data assuming a split time of 6 million 

years (Stone et al. 2002), based on conservative fossil estimates (Haile-Selassie 2001). 

Human and chimpanzee were used because of the somewhat greater uncertainty in the 

dating of the orangutan-human split (Delgado and Van Schaik 2000). 

Population structure analyses: 

Comparison of the genetic structure of the loci in the orangutan populations 

presented here is investigated by an analysis of molecular variance (AMOVA) in the 

program ARLEQUIN 2.0 (Schneider et al. 2000). AMOVA tests for significant 

population structure by estimating the amount of genetic partitioning among populations. 

The distribution of genetic variation within and among populations is examined by 

defining a hierarchical structure of the different population levels. AMOVA takes the 

number of mutations between molecular haplotypes into account, rather than simply the 

frequencies of the haplotypes. Estimates of covariance components and O statistics 

(analogous to F statistics) reflect the correlation of haplotype diversity at different levels 

of the hierarchical subdivision (Excoffier 1992; Schneider et al. 2000). The significance 

of the statistics Is tested using non-parametric permutation of haplotypes. individuals, 

or populations among individuals, populations or groups (Schneider et al. 2000). 4>CT is 

the correlation of random haplotypes within a group of populations relative to that of the 
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total population; is the correlation of random haplotypes within populations relative 

to that of random haplotypes drawn from the total population: and is the correlation 

of molecular diversity of random haplotypes within populations relative to the correlation 

of random haplotypes drawn from the larger group of subpopulations (Excoffier 1992). 

The assumptions of random sampling, genetic drift, and no migration are likely violated 

in humans and the great apes, so caution should be used when interpreting the results. 

Mantel tests were used to examine whether there was any correlation between loci 

within orangutan individuals. The Mantel test is a non-parametric randomization test that 

estimates the association between two independent matrices, under the null hypothesis 

that there is no as.sociation between the corresponding elements of the two matrices 

(Sokal and Rohlf 1995). Matrices of the pairwi.se sequence differences between 

individuals were constructed for each locus and then compared with the program 

MANTEL 2.0 (Liedloff 1999). Mantel tests were also performed on population pairwise 

Fst differences generated from the program ARLEQUIN in order to determine whether 

any correlation existed in the degree of population differentiation among loci, consistent 

with a common evolutionary history. 
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CHAPTER 3: COMPARATIVE HAPLOID VARIATION IN 

HUMANS AND THE GREAT APES 

ABSTRACT 

This chapter examines genetic diversity at the haploid. uniparentally-inherited 

sex-specific compartments of the genome (the non-recombining portion of the Y 

chromosome and mitochondrial DNA) in order to begin to address questions about what 

forces shape genetic variation in the hominoid genome. Studies in humans have 

suggested that the ratio of polymorphism to divergence on the Y chromosome is reduced 

relative to that of mitochondrial DNA and other regions in the genome, and has been 

proposed to result from locu.s-specific processes like natural selection. The hominoid 

primates are all hypothesized to show an influence of a high variance in male 

reproductive success, however, which may result in a similar pattern. Comparative levels 

of Y-linked diversity in humans and great apes are required to test the hypothesis that a 

high variance in male reproductive success plays a role in shaping hominoid genetic 

diversity. Interspecific comparison of diversity at the 5'SRY region showed that gorillas 

and humans have low 5"SRY diversity compared to the other species. Polymorphism to 

divergence ratios for the 5'SRY and I6S rRNA regions across humans and the great apes 

were compared in order to determine whether the ratios were similar or different. The 

5"SRY polymorphism/divergence ratios were consistently lower than the I6S ratios 

across all species. This discrepancy is consistent with both locus-specific processes (such 
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as diversity-reducing selection or sampling bias on the NRY. the influence of the weakly 

deleterious model in mitochondrial DNA) and with a model of a high variance in male 

reproductive success. Further investigation of the NRY and mtDNA in the context of X-

linked and autosomal loci is needed in order to more fully explore the potential that sex-

specific demographic variables have played a role in shaping hominoid haploid genomic 

variation. 

INTRODUCTION 

This chapter examines haploid genetic diversity in the 5'SRY and 16S rRNA 

regions in humans and the great apes. These genetic regions map to the non-recombining 

portion of the Y chromosome (NRY) and mitochondrial DNA. While a great deal of 

comparative mitochondrial DNA studies have been done in humans and the great apes, 

mostly in the mitochondrial control region, comparative levels of levels of intraspecific 

variation in these species from the X chromosome, autosomes, and the NRY are less well 

known. To date, surveys of X chromosome variation (Kaessmann et al. 1999b; 

Kaessmann et al. 2001) and autosomal variation (Adams et al. 2000; Deinard and Kidd 

1999; Deinard and Kidd 2000) have been more extensive than comparative surveys of 

NRY variation (Burrows and Ryder 1997; Stone et al. 2002) both in the breadth of great 

ape species surveyed and in the number of individuals surveyed. Since the NRY is 

inherited through males, it provides an opportunity to examine the roles that selection and 

sex-specific demographic variables may play in shaping genetic variation. It is thus 

important to place studies of NRY variation into a larger genomic context in order to 

investigate what factors influence Y-linked patterns of diversity. 



120 

Many studies have suggested that the human Y chromosome has low levels of 

genetic variability when compared with diversity at other loci in the human genome 

(Anagnostopoulos et al. 1999: Bertranpetit 2000; Dorit et al. 1995; Ellis 1990; Hammer 

et al. 1997; Jaruzelska et al. 1999b; Shen et al. 2000; Whitfield el al. 1995). Humans have 

also been shown to have less genetic diversity than the great apes in mitochondrial, X-

linked, and autosomal loci (Adams et al. 2000; Deinard and Kidd 1999; Gagneux et al. 

1999b; Kaessmann et al. 2001; Ruvolo et al. 1994). It is not well known how the level of 

human NRY variation compares to the great apes, or how great ape NRY diversity 

compares to other loci, although these factors are important for more fully understanding 

which forces influence NRY diversity. Few studies have directly examined comparative 

NRY diversity in humans and the great apes, especially in gorillas and orangutans. 

Hammer (1995) examined 2.8 kb in the YAP region in four chimpanzees and detected no 

variation, although 3 polymorphic sites were uncovered in 16 humans. Burrrows and 

Ryder (1997) examined a 729 bp intron of the ZFY gene in 6 gorillas and 4 orangutans 

and found no intraspecific variation, as had previously been found for humans in the 

same region by Dorit et al. (1995). Burrows and Ryder (1997) suggested that this lack of 

variation in all three species was likely due to the effects of natural selection. However, 

the small sample sizes and/or small length of the genetic region examined in these studies 

makes it difficult to ascertain the true relative levels of diversity on the great ape Y 

chromosomes. The most thorough intraspecific survey to date investigated NRY 

variation in chimpanzees and bonobos and concluded that these species had more NRY 

diversity than humans (Stone et al. 2002). If humans have overall lower genetic diversity 
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than the great apes, a reduction in human Y variation relative to the great apes may 

simply reflect a human-specific population bottleneck as has been proposed by other 

human genetic studies (Fay and Wu 1999; Gibbons 1995; Kaessmann et al. 2001; 

Relethford 2001; Rogers 2001; Sherry et al. 1998; Stone et al. 2002). Beyond this 

question, a broader compari.son of NRY variation between species may reveal other 

factors shaping intragenomic variation (TABLE 3.01). If all species surveyed show a 

reduction only in their NRY variation relative to other parts of the genome, it implies 

either that all species are influenced by sex-specific variables that reduce diversity or that 

all species are subject to some sort of diversity-reducing .selection on the NRY. If the 

human NRY region shows a greater reduction in diversity relative to the rest of the 

human genome than great ape NRY regions do relative to the rest of their genomes, this 

suggests that either the human NRY is more sharply affected by natural selection or by 

variance in male reproductive success. The great apes provide an excellent framework to 

examine the patterns of NRY variation because of demographic predictions that can be 

made from their mating systems and behaviors. 

The best-surveyed locus in humans and great apes to date remains mitochondrial 

DNA. Although mitochondrial DNA has been highly informative and important for 

elucidating the evolutionary history and population structure of many species, its 

maternal inheritance repre.sents only its own .selective history and/or female-mediated 

demographic events. As with the NRY. the extent to which mtDNA variation is 

influenced by these different forces is unclear (TABLE 3.02). Selective proce.s.ses 

affecting mitochondrial DNA can occur within a cell, within an individual, within a 



TABLE 3.01; Possible patterns and causes of comparative NRY diversity in humans and the 
great apes. 

Pattern of NRY diversity Possible cause Prediction 

Human NRY variation is 
reduced relative to the 

great apes 

Humans have experienced a 
population bottleneck 

All human loci will show 
a reduction in diversity 

relative to the great apes. 

Human NRY diversity is 
reduced relative to other 
regions of the genome 

Genetic 
hitchhiking/selective sweep 

or background selection 

Sex-specific demographic 
variables cause a reduction 

in diversity in the male-
specific portions of the 

genome. 

There will be no 

correlation between levels 
of diversity in different 

genomic regions 

Levels of diversity in 
different genomic regions 
should be correlated with 

the degree of maternal 
inhentance 

Great ape NRY diversity 
is reduced relative to other 

regions of the genome 

Genetic 
hitchhiking/selective sweep 

or background selection. 

Sex-specific demographic 
variables that cause a 

reduction in diversity in the 
male-specific portions of 

the genome. 

There will be no 
correlation between levels 

of diversity in different 
genomic regions 

Levels of diversity in 
different genomic regions 
should be correlated with 

the degree of maternal 
inhentance and degree of 

polygyny. 

Human NRY diversity is 
more strongly reduced 

relative to other regions of 
the genome than is great 

ape NRY diversity 

Human NRY variation is 
more strongly affected by 

diversity-reducing selection 
than great ape NRY 

variation is. 

Human NRY variation is 
more strongly impacted by 

a high variance in male 
reproductive success than 
great ape NRY variation. 

There will not be a 
correlation of levels of 
diversity across other 

genomic compartments in 
humans or the great apes. 

There will be a sharper 
skew in the levels of 

genetic diversity across 
different genomic 

compartments in humans 
than in the great apes. 



TABLE 3.02: Possible patterns and causes of comparative mtDNA diversity in humans and the 
great apes. 

Pattern of mtDNA 
diversity 

Possible cause Prediction 

Human mtDNA variation 
IS reduced relative to the 

great apes 

Humans have experienced a 
population bottleneck 

All human loci will show 
a reduction in diversity 

relative to the great apes 

Human mtDNA variation 
is elevated relative to the 

expectation under 
divergence 

The presence of weakly 
deleterious mutations 

Sex-specific demographic 
variables cause an increase in 
diversity in the female-specific 

portions of the genome 

There will be an increase 
in the frequency of rare 

alleles, and an increase in 
the relative proportion of 

replacement 
polymorphisms relative to 

other regions of the 
genome. 

Levels of diversity m 
different genomic regions 
should be correlated with 

the degree of maternal 
inheritance 

Great ape mtDNA 
diversity is elevated 

relative to the expectation 
under divergence 

The presence of weakly 
deleterious mutations 

Sex-specific demographic 
variables cause an increase in 
diversity in the female-specific 

portions of the genome 

There will be an increase 
in the frequency of rare 

alleles, and an increase in 
the relative proportion of 

replacement 
polymorphisms relative to 

other regions of the 
genome. 

Levels of diversity in 
different genomic regions 
should be correlated with 

the degree of maternal 
inheritance and degree of 

polygyny. 
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species, or between species (Ballard and Dean 2001; Rand 2001b). Studies of the fitness 

effects of distinct mtDNA haplotypes and of statistical tests of the neutral model of 

molecular evolution have reported nonneutral evolution of mitochondrial DNA (Ballard 

and Dean 2001; Ballard and Kreitman 1994; Excoffier 1990; Gerber et al. 2001; Kennedy 

and Nachman 1998; Nachman 1998a; Nachman et al. 1994; Nachman et al. 1996; Rand 

2001a; Rand 2001b; Templeton 1996; Weinreich 2001; Wi.se et al. 1998). Population 

genetic analyses in humans and mice have suggested that this is the result of the presence 

of weakly deleterious mutations, which are typically rare alleles. Medical studies have 

shown that many mutations in mitochondrial DNA have clinical manifestations such as 

blindness, deafness, dementia, generalized weakness, cardiac failure, movement 

disorders, liver disease, and renal dysfunction (Wallace 1992). Many of these effects 

appear late or increase in severity with age. facilitating their persistence in the population. 

Surveys of mitochondrial ND2 (Wi.se et al. 1998) and ND3 (Nachman el al. 1996) 

in humans and chimpanzees have suggested that human genetic diversity is evolving 

nonneutrally and is characterized by an excess of rare sites compared to a neutral 

frequency distribution and a significant excess of replacement polymorphisms compared 

to the expectation from interspecific comparisons under a neutral model. Additionally, in 

studies of the mitochondrial control region, COII, ND2, and ND3, all the great ape 

species surveyed were more diverse than humans (Gagneux et al. 1999b; Garner and 

Ryder 1996; Jensen-Seaman and Kidd 2001; Morin et al. 1994; Muir et al. 2000; 

Nachman et al. 1996; Ruvolo 1997a; Ruvolo et al. 1994; Warren et al. 2001; Wi.se et al. 

1998; Wi.se et al. 1997; Zhi et al. 1996). It is unclear, however, whether the relative 
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reduction in human mtDNA diversity relative to the great apes results from human-

specific reductions in mtDNA diversity due to selection, or whether it results from a 

species-wide reduction in genetic variation such as from a population bottleneck. Wise et 

al's (1998) finding of an excess of replacement polymorphisms in human ND2 suggests 

weak selection and/or a small effective population size for mtDNA allow the 

maintenance of slightly deleterious mutations in the population. Few mitochondrial 

coding regions have been examined in the great apes other than chimpanzees to address 

this question across the Honiiiwidea. however, and little work has been done to 

investigate why the great apes have relatively high levels of mitochondrial DNA diversity 

relative to humans, or what drives the different mitochondrial patterns .seen between the 

great apes themselves. 

As each locus may present a unique picture of genomic diversity and history that 

is not representative of the rest of the genome, it is important to examine multiple loci in 

order to better disentangle the roles that demographic factors versus locus-specific effects 

can play in causing interlocus patterns of genetic variation. Since the different species 

(humans, chimpanzees, bonobos, gorillas, and orangutans) are predicted to have some 

differences in their .sex-specific parts of the genome due to their mating systems and 

philopatric behaviors, the haploid, sex-specific region of the genome were investigated 

for the same set of individuals in order to determine whether the NRY shows a reduction 

in diversity relative to mitochondrial DNA across all hominoid species, and to begin to 

address what the reasons might be for such a pattern. This chapter presents the results of 

a survey of 2.8 kilobases of Y chromosome sequence and 360 bases of mitochondrial 
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DNA sequence in 41 humans. 37 chimpanzees. 3 bonobos. 16 gorillas, and 27 

orangutans. It is the largest intraspecific examination of NRY sequence variation 

including all of the great apes to date, and one of the first to compare these two haploid 

genomes directly in the same set of individuals. Intraspecific patterns and interspecific 

comparisons of genetic variation at both loci are presented in order to quantify and 

understand the nature of haploid genomic variation in the humans and the great apes. 

GENETIC VARI.ATION INTHE 5'SRY REGION 

Samples used 

41 humans (globally distributed). 37 chimps (31 verus, 1 schweinfiirlhii. 1 

troglodytes. 4 unknown). 3 bonobos. 16 gorillas (14 western lowland. 2 eastern lowland), 

and 27 orangutans (17 Bornean, 9 Sumatran. I unknown) were surveyed for genetic 

variation in a 2.8 kilobase region upstream from the functional SRY gene (5"SRY). 

Information on all individuals studied for this locus from all species may be found in 

Chapter 2. The sequence length, sample sizes, number of segregating sites, number of 

haplotypes. nucleotide diversity, and measure of the frequency distribution are 

summarized in TABLE 3.03. The aligned length of sequence for all species was 2880 

bp; however, this length varied between species and ranged from 2844 bp in humans to 

2763 bp in orangutans due to insertion/deletion events. 



TABLE 3.03: Nucleotide polymorphism in the 5' SRY region 

Species 
subspecies Length Sample size S /('haplotypes •T (%) It (%) Tajima's D 

Humans 2844 41 1 2 0,003 (0,002) 0,008 (0,008) -0 841 ns 

African 10 1 2 0,013 (0.006) 0.012(0.012) 0,015 ns 

Non-African 31 0 1 0,000 (0.000) 0.000% ... 

Chimpanzees 2818 37 16(17) 9 0.038 (0,017) 0.136 (0.051) -2,425- P<0,01 

-2,352"' P<0,01 

schweinfurthii 1 ... 1 ... . . .  ... 

troglodytes 1 ... 1 ... . . .  ... 

varus 31 3 4 0,007 (0,004) 0.026 (0,017) -1 731 ns 

unknown 4 14 4 0 249 (0,082) 0.271 (0,158) •0.845 ns 

Bonobos 2813 3 4 3 0,095 (0,068) 0.095 (0.068) . . .  

Gorillas 
gorilla 

graueri 

Orangutans 

pygmaeus 

abelii 

unknown 

2809 

2763 

16 
14 

2 

26 
16 
9 

1 

0 
0 
0 

7 

4 

1 

1 
1 

7 

5 

0,000 (0.000) 
0.000 (0.000) 
0.000 (0.000) 

0 066 (0.006) 

0.032 (0.006) 

0,020 (0.003) 

0.000 (0,000) 
0,000 (0.000) 
0.000 (0.000) 

0.066 (0.031) 

0.044 (0.026) 

0,013(0,013) 

0,002 
-0,836 

1,401 

ns 
ns 
ns 

Statistics calculated lor subspecies with at least 2 individuals 

Y chromosome subspecies status assigned on basis of (a) mtDNA typing of a wild-born individual, or (b) studbook pedigee records, or 

[c] mtDNA typing of a wild-born father, 

S = number of polymorphic sites (number of mutations) 

.7, (I calculated with Jukes-Cantor correction in DNASP 

'calculated using the number of mutations 

•"calculated using the number of segregating sites 

Alignment length is 2880 bp, 

KJ 
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5'SRY nucleotide diversity 

Nucleotide diversity was measured by 7t, the average number of pairwise 

differences between all sequences (Tajima 1983). Humans exhibit one of the lowest 

values of species-level diversity (n =0.003%). Overall, the average NRY pairwise 

difference in humans is 50 times less than the average pairwise difference across the great 

apes' NRY. The single human polymorphic site in this region (site 1541) was previously 

de.scribed by Whitfield et al. (1995) in a survey of 18 kilobases of DNA in 5 individuals 

(site 10818). No new variable sites were detected in this region even though 8 times the 

number of modem humans were surveyed as in Whitfield et al. (1995). The only species 

to posses no NRY chromosome variation at all in this region was Gorilla. This lack of 

variation is striking given that the two subspecies examined (G. g. i>orilla and G. 

graueri) are known to be mitochondrially diverse (Garner and Ryder 1996; Jensen-

Seaman and Kidd 2001). Chimpanzees exhibit 12 times greater nucleotide diversity than 

humans at the 5'SRY locus; the P. t. verus subspecies alone has twice as much diversity 

as humans. Chimpanzees have more than twice the number of segregating sites as any 

other species surveyed here, but ic is relatively low in chimpanzees (71=0.038%') becau.se 

most of the segregating sites (13 out of 16) exist as singletons. There are actually 17 

mutations present at the 16 chimpanzee .segregating sites, as one site has three nucleotide 

characters in chimps (site 173). This can be contrasted with orangutans, who have few 

singleton sites. Orangutans have the second highest number of variable sites at the 

species level, but because few of the sites exist as singletons they have the second-

greatest K value (0.066%). Bonobos have the greatest value of k (0.095%). Although the 
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number of bonobos sampled here is small (N=3), the nucleotide diversity in bonobos 

exceeds humans by 32 times. This number is much greater than that reported by Stone et 

al. (2002) and may reflect an artifact of sampling in the very small number of bonobos 

surveyed here. Of the 20 combined segregating sites in chimpanzees and bonobos. one 

site was polymorphic in both species (site 1347). There are akso two polymorphic 

inserlion-delelion events in chimpanzees, both of which distinguish haplotype C9 from 

the rest. 

At the human population level. Africans are the only group possessing more than 

one haplotype. and all other human population groups are monomorphic (TABLE 3.03). 

This is consistent with other surveys that suggest higher diversity in Africa (Ingman et al. 

2000; Nachman and Crowell 2000a; Vigilant et al. 1991; Zietkiewicz et al. 1998). At the 

subspecies level, Bomean orangutans had slightly greater nucleotide diversity than 

Sumatran orangutans. For chimpanzees, subspecies diversity can only be addressed for 

the verus subspecies, and it appears to have relatively low diversity compared to 

chimpanzees as a whole. The group of chimpanzees who could not be assigned to any 

particular subspecies becau.se of incomplete genealogical or .sampling information 

("unassigned". TABLE 3.03) had the greatest levels of diversity of any group surveyed 

here. This high diversity is due in large part to the presence of the highly divergent C9 

haplotype, as well as to the potential mixing of other subspecies-specific lineages. The 

two Gorilla subspecies surveyed here were both completely devoid of any 

polymorphism. 
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5'SRY Tajima's D values 

Tajima's D statistic provides a measure of the skew in the frequency spectrum. 

At the species level, humans and chimpanzees have negative Tajima's D values. 

reflecting an excess of rare polymorphisms (TABLE 3.03). Chimpanzees had a 

significantly negative Tajima' D (P<0.01) both when D was calculated using the number 

of segregating sites (16) and when using the number of mutations (17). This negative 

Tajima's D reflects the large number of singletons and the large divergence between 

haplotype C9 and the others. This may indicate a significant departure from the 

assumptions of neutral equilibrium, or more likely a strong sampling bias. Tajima's D in 

P. t. veriis, humans, and orangutans is not significantly different from the null expectation 

of zero. Orangutans have a slightly positive Tajima's D value while the other species 

exhibit negative Tajima's D values. Although only three bonobos were examined, the 

similarity between their T: and 0 make it unlikely that their Tajima's D value would 

depart significantly from the null model. At the subspecies level, verus chimpanzees and 

Bornean orangutans also have negative Tajima's D values, although not significantly so. 

Sumatran orangutans and African humans have slightly positive Tajima's D values as 

well, although they too are non-significant. 

Phylogenetic analysis of hominoid NRY haplogroups 

The NRY region examined here resulted in two human lineages. 9 chimpanzee 

lineages. 3 bonobo lineages. 1 gorilla lineage, and 7 orangutan lineages (TABLE 3.04). 

Branch-and-bound maximum parsimony analysis resulted in 4 most parsimonious trees. 



each of treelength 540. The trees differed in their placement of haplotype C7 and 

haplotype B3 due to variation at sites that mutated more than once on the tree. The strict 

consensus tree is shown in FIGURE 3.01. The tree was rooted with a single gibbon 

sequence (Hylobaies lar) as an outgroup. The topology supported in this tree is a 

human+(chimp+bonobo) clade. with gorillas as the sister group to the H+{C+B) clade 

and orangutans as sister to the G+(H+(C+B)) clade. This topology has strong bootstrap 

support (100%) at each node defining it. 

There were 18 insertion-deletion events that are included in the branch length 

counts. Two resulted in polymorphic insertions in chimpanzees (bp 2456 - 2471 and bp 

2435). The remaining 17 insertion-deletion events occurred between species or clades of 

species (excluding gibbon). 9 of these differentiated orangutans from the other species; 

4 were shared between humans, chimpanzees, and bonobos; 2 were common only 

between chimpanzees and bonobos: and 2 were human-specific insertions. 



Table 3.04: Y chromosome haplotype frequencies by species and subspecies. 

N HI H2 
Humans 41 0.049 0.951 

Africans 10 0.200 0.800 
Non-Africans 31 0.000 1.000 

N CI C2 C3 C4 C5 C6 C7 C8 C9 
Chimpanzees 37 0.757 0.027 0.027 0.027 0,027 0.027 0.027 0.027 0,027 

P. t. verus 31 0.903 0.032 0.032 0,000 0,000 0.000 0.032 0.000 0.000 
P.t. schweinfurlhii 1 0.000 0,000 0.000 0.000 0,000 1.000 0.000 0.000 0.000 

P.t. troglodytes 1 0.000 0.000 0.000 0.000 0,000 0.000 0,000 1.000 0,000 
unassigned 4 0.250 0.000 0.000 0,250 0,250 0.000 0,000 0.000 0,250 

N B1 82 83 
Bonobos 3 0.333 0.333 0.333 

N G1 
Gorillas 16 1.000 

G. g, gorilla 14 1.000 
G. g. graueri 2 1.000 

N Ol 02 03 04 05 06 07 
Orangutans 27 0.259 0.111 0.074 0,296 0.037 0,059 0.148 

P. p. pygmaeus 17 0.000 0.000 0.118 0,471 0,059 0,059 0,235 
P. p. abelii 9 0.556 0.333 0.000 0,000 0.000 0,000 0,000 
unassigned 1 1.000 0.000 0.000 0,000 0.000 0,000 0,000 

The haplotypes present in the 5'SRY region and their frequencies in each species and subspecies examined here. 
The top row refers to the haplotype name. 
Frequencies are summed to 1 by species/subspecies. 
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5'SRY Phylogeography 

In humans, the single polymorphic site resulted in two lineages. H1 is present in 

5% of the total .sample, is found only in African individuals, and is the ancestor to the H2 

lineage (TABLE 3.04). Haplotype C1 is the most frequent haplotype found in 

chimpanzees, in 90% of the chimpanzees surveyed. It is the most ancestral haplotype 

(except for C9). giving rise to haplotypes C2 through C8. C2 through C8 are all found in 

single individuals and are defined by single mutational events. CI. C2. C3, and C7 are all 

found in the \ erus subspecies (CI is also found in an individual of unknown ancestry). 

Haplotype C6 is found only in a wild-born individual of the P. t. schweinfiirthii 

subspecies; a derivative haplotype. C4. is found in an individual of unknown subspecies 

designation. Haplotype C8 is found in an individual whose wild-born father (and thus the 

Y chromosome lineage) was determined to belong to the P. t. troglodytes subspecies 

through examination of mitochondrial DNA control region sequence (A.C. Stone. T. K. 

Altheide, and M.F. Hammer, unpublished data). Haplotype C5 is derived from this 

troglodytes lineage and is found in a single individual of unknown subspecies 

designation. C9 is a very divergent haplotype; it is 11 mutational steps away from 

haplotypes CI -C8. which comprise the known diversity in the 3 recognized chimpanzee 

subspecies. A single individual of unknown subspecies designation carries haplotype C9. 

C9 falls phylogenetically into the chimpanzee clade, being more similar to common 

chimpanzee Y chromosomes than bonobos; however, the tree requires only one 

additional step (treelength = 541) to constrain C9 to be a bonobo lineage. The C9 



haplotype and the bonobos have the ancestral state (identical to gorillas and humans) at 

the mdel from bp 2456 - 2471. although all common chimpanzees have an insertion at 

that site (that is, they have a derived state). These factors suggest that genetic changes 

common to all three recognized subspecies of chimpanzees likely happened after the 

splitting of C9 and the rest of the chimpanzee clade. The intemode separating 

chimpanzees and bonobos is quite short relative to the longer branches, reflecting a clo.se 

evolutionary history. Additionally, one of C9's unique defining sites (bp 1347) is also 

polymorphic in bonobos. potentially as a result of the short intemode. 

All three bonobos surveyed had unique Y chromosome haplotypes (Bl - 83). 

These were defined by 4 SNPs; one distinguishing 81 (the most ancestral type) from 82 

and three distinguishing B1 from 83. In contrast, all 16 gorillas surveyed had the same 

Y chromosome haplotype (G1). even though two of the three recognized subspecies of 

Gorilla were examined. For orangutans, the seven segregating sites defined seven Y 

chromosome haplotypes (01 - 07). Haplotypes 03 - 07 are found exclusively in 

Bornean orangutans and haplotype 02 is found exclusively in Sumatran orangutans. 

Haplotype OI is found in 56% of Sumatran orangutans and the single individual of 

unassignable subspecies status, but also in a single captive-born individual assigned to 

the Bornean subspecies (Org58). However, data at other loci suggest this individual may 

in fact be Sumatran and not Bornean. 
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GENETIC VARIATION AT THE 16S RRNA LOCUS 

16S rRNA nucleotide diversity 

A region of the 16S rRNA mitochondrial locus corresponding to bp 2615 - 2976 of the 

Cambridge reference sequence (Anderson et al. 1981) was examined in 41 humans 

(globally distributed), 36 chimps (30 venis. 1 schweinfiirthii, 5 unknown). 3 bonobos. 16 

gorillas (14 western lowland, 2 eastern lowland), and 21 orangutans (15 Bomean. 5 

Sumatran. I unknown). All individuals were also surveyed for 5'SRY diversity, although 

fewer were u.sed here. Information on all individuals studied for this locus from all 

species may be found in Chapter 2. The sequence length, sample sizes, number of 

segregating sites, number of haplotypes. nucleotide diversity, and measure of the 

frequency di.stribution are summarized in T.ABLE 3.05. The aligned length for all data 

generated for this study was 358 ba.se pairs; however, this length varies between species 

due to gaps and some missing data that could not be unambiguously a.ssigned to a 

particular nucleotide state. 

At the species level, orangutans have the highest levels of nucleotide diversity 

(K=\.5\'7C), followed by Gorilla (0.817%). Pan panisciis (0.755%). and Pan tros^lodytes 

(0.355%). Humans have relatively low diversity (71=0.248%'). as has been found in other 

studies of mtDNA diversity. The three bonobos surveyed here each have unique 

haplotypes. as was found for the 5'SRY region. Patterns at the subspecies level are 

different than the species level. P. t. verus individuals have fewer segregating sites and 

fewer haplotypes than humans, and have a nearly equal K value to humans; in contrast, 

the groups of unassigned chimpanzee individuals have one of the highest n values 



TABLE 3.05: Nucleotide polymorphism in the 16S rRNA mtDNA region 

Species 
subspecies Length Sample size S M H .T (%) (sd) ii('>i (sd) Tajima's D 

Humans 358 41 6 7 6 0,248 (0,064) 0 392 (0.190) -0.974 

African 358 10 6 6 5 0,581 (0 104) 0 592 (0.325) -0.106 
Non-African 358 31 1 1 2 0.078 (0.025) 0.070 (0,025) 0,18 

Chimpanzees 354 36 8 8 8 0.357 (0 064) 0 545 (0,244) -1.016 
schweinfurthii 356 1 ... . . .  1 . . .  . . .  . . .  

verus 356 30 4 4 5 0.255 (0.036) 0 285 (0.161) -0.276 
unassigned 357 5 4 4 4 0.620 (0.151) 0 538(0.355) 0.957 

Bonobos 353 3 4 4 3 0.755 (0.252) 0 755 (0.544) ... 

Gorillas 358 16 13 13 3 0.835 (0,419) 1.094 (0.481) -0.977 
gorilla 358 14 1 1 2 0.040 (0,033) 0.088 (0.088) -1.155 

graueri 358 2 ... ... 1 ... ... ... 

Orangutans 358 21 21 22 9 1.536 (0 289) 1 630 (0.636) -1.449 
pygmaeus 358 15 10 10 6 0 536 (0.172) 0.859 (0.400) -1.45 

abelii 358 5 3 3 3 0.449 (0,139) 0.402 (0.284) 0.699 

Statistics calculated for subspecies with at least 2 individuals. 
mtDNA chromosome subspecies status assigned on basis of (a) mtDNA typing of a wild-born individual, or (b) studbook 

pedigee records, 
S = number of polymorphic sites 
M= number of mutations 
H = number of haplotypes 

All Tajima's D values are nonsignificant at PcO 05. 
Alignment length is 358 bp 
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(0.620%). G. gorilla values are extensively lower than those for the species as a 

whole, with only a single segregating site present within this subspecies. The two G. 

i-raueri individuals examined were identical in their 16S sequence. The two sub-species 

of orangutan also have reduced diversity, with only one-third to one-half of the diversity 

seen at the species level. However. P. p. pygmaeiis and P. p. abelii are more diverse than 

either G. g. gorilla or P. t. verus, consistent with previous studies of mtDNA variation. 

165 rRNATajima's D values 

Tajima's D statistic measures the deviation in the frequency distribution from the neutral 

expectation. Tajima's D values are negative for all species, although not significantly so. 

indicating a hominoid-wide trend towards an excess of rare sites (TABLE 3.05). The 

similarity between K and 0 of bonobos suggests that they al.so show no deviation from the 

neutral expectation, although sample sizes are too small for statistical assessment. 

Tajima's D values are slightly positive for the two orangutan subspecies, although not 

statistically significant, in contrast to the slightly negative values seen for P. i. verus and 

G. g. gorilla. 

Phylogenetic analysis of hominoid mitochondrial DNA haplotypes 

The I6S rRNA region was analyzed phylogenetically to examine interspecific and 

intraspecific haplotype structure. Most haplotypes are characterized by only one or two 

mutational differences from other haplotypes, but some of these sites include multiple 

mutations at the same sites within species as well as between species. A heuristic search 

using PAUP (Swofford 1993) for the most parsimonious evolutionary relationships of 



these haplotypes resulted in 48 trees of length 142 when all five species were included. 

The strict consensus tree of these 48 different trees is presented in FIGURE 3.02. The 

strict consensus tree shows no resolution within chimpanzees, although analysis of 

chimpanzee sequence data suggested that a single chimpanzee tree could be 

reconstructed. Bonobos showed a relatively high degree of homoplasy (25%). When 

bonobos were excluded from the analysis, the dataset resulted in 6 most parsimonious 

trees, each with a treelength of 134 (FIGURE 3.03). These 6 trees differed in the 

structure of the human and orangutan clades. but only in a single phylogenetic 

reconstruction for the chimpanzee 16S region. All trees suggest a Pa//- Gor/V/a sister 

relationship, contrary to the Pan- Homo relationship found in most other phylogenetic 

analyses ((Ruvolo 1997b) but see (Deinard and Kidd 1999)). Bootstrap support for the 

Pan-Gorilla clade was low in both the full consensus tree and the dataset excluding 

bonobos, most likely as a result of homoplastic sites. 
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FIGURE 3.02 16S rRNA consensus hapiotype tree. 
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FIGURE 3.03: The strict consensus 16S rRNA haplotype tree with P.paiiiscus excluded. 

16 

23 

100 

100 

91 

89 

50 

99 

97 

95 

35 

51 

99 

54 

60 

OrgF 

OrgE 

OrgG 

OrgH 

Orgi 

OrgO 

OrgC 

OrgB 

OrgA 

GorA 

GorB 

GorC 

CmpB 

CmpE 

CmpD 

CmpF 

CmpA 

CmpC 

CmpG 

CmpH 

HumB 

HumC 

HumE 

HumF 

HumD 

HumA 

Gibbon16S.txt 

Gib02.txt 

Tiie strict consensus KiS rRN.-\ haplotype tree from 6 trees. 
Biiotstrap support (out of !()()() replicates) is shown below the branches, 
and the mininium number of changes is shown above the branches. 
Gibbon sequences were used as outgroups. 



142 

I6S rRNA Phylogeography 

The 16S region examined here resulted in 6 human lineages. 8 chimpanzee lineages, 3 

gorilla lineages, and 9 orangutan lineages (TABLE 3.6). Orangutans have the greatest 

number of haplotypes. with 9 generated for this set of individuals; chimpanzees follow 

closely with 8. Humans have 6 haplotypes. which is more than the 3 present in gorillas. 

Within humans, the African population possesses 5 of the 6 haplotypes. whereas the non-

African population has only HsaD and HsaE. These two haplotypes form a cluster with 

haplotype HsaF in both con.sensus trees, suggesting a clo.se phylogenetic relationship of 

the haplotypes pre.sent in non-African populations. It thus appears that non-African 16S 

diversity is a subset of African 16S diversity, as has been reported for other studies of 

human genetic variation (Tishkoff 1996). The subspecies frequency distributions of 

orangutan and gorilla 16S haplotypes reveal no apparent intersubspecific haplotype 

sharing in either species, and long branches separate the subspecies. Chimpanzees also do 

not appear to share haplotypes between individuals of known sub.species affiliation. The 

single P. t. schweinfiirthii individual has a unique haplotype (CmpF). Two individuals 

were captive-born and their mitochondrial DNA control region clusters phylogenetically 

with the P. t. trofilaclytes subspecies (Stone et al. 2002). The.se individuals had 

haplotypes CmpD and CmpE, which were not present in the P. i. veriis sample either. 

Haplotypes CmpD, CmpE, and CmpF cluster phylogenetically in the consensus analyses, 

supporting the phylogenetic subdivision between chimpanzee subspecies reported for 

mitochondrial DNA control region data ((Morin et al. 1994), but see (Gagneux et al. 

2001). 



TABLE 3.06: 16S rRNA haplotype frequencies by species and subspecies. 

N HsaA HsaB HsaC HsaD HsaE HsaF 
Humans 41 0.024 0.073 0.024 0.122 0.707 0.049 

Africans 10 0.100 0.300 0.100 0.000 0.300 0.200 
Non-Africans 31 0.000 0.000 0.000 0.161 0.839 0.000 

N CmpA CmpB CmpC CmpD CmpE CmpF CmpG CmpH 
Chimpanzees 36 0.361 0.056 0.056 0.028 0.028 0.028 0.389 0.056 

P. t. verus 30 0.400 0.067 0.067 0.000 0.000 0.000 0.400 0.067 
Rt. schweinfurthii 1 0.000 0.000 0.000 0.000 0.000 1.000 0.000 0.000 

P. t. troglodyges 2 0.000 0.000 0.000 0.500 0.500 0.000 0.000 0.000 
unassigned 3 0.333 0.000 0.000 0.000 0.000 0.000 0.667 0.000 

N BonA BonB BonC 
Bonobos 3 0.333 0.333 0.333 

N GorA GorB GorC 
Gorillas 16 0.813 0.063 0.125 

G. g. gorilla 14 0.929 0.071 0.000 
G. g. graueri 2 0.000 0.000 1.000 

N OrgA OrqB OrgC OrgD OrqE OrgF OrqG OrgH Org! 
Orangutans 20 0.100 0.050 0.050 0.350 0.100 0.100 0.150 0.050 0.050 

P. p. pygmaeus 15 0.000 0.000 0.000 0.467 0.133 0.133 0.200 0.067 0.067 
P. p. abelii 4 0.500 0.250 0.250 0.000 0.000 0.000 0.000 0.000 0.000 

The haplotypes present in the 16S rRNA region and their frequencies in each species and subspecies examined here. 
The top row refers to the haplotype name. 
Frequencies are summed to 1 within species/subspecies. 
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COMPARISON OF THE 5'SRY AND 16S RRNA LOCI 

The paternally and maternally inherited compartments of the genome should 

reflect aspects of male and female population history as well as any unique locus-specific 

processes they have undergone. Data from the two hominoid haploid genomes can be 

compared with one another to investigate similarities and differences in the levels and 

patterns of genetic variation between loci within species and across species. 

Interspecifically. humans show one of the lowest levels of 5'SRY diversity, consistent 

with the recent NRY data of Stone et al. (2002). Humans also show relatively low 16S 

diversity compared to Gorilla and Poiif^o. although not to Pan troglodytes. These data are 

consistent with the hypothesis of a general reduction in human genetic diversity due to a 

human-specific population bottleneck that has been postulated from studies of human 

intraspecific variation and comparative hominonid mitochondrial, X. and autosomal loci 

(Aguade 1999: Deinard and Kidd 1999; Kaessmann et al. 2001; Rogers 1995; Ruvolo 

1994; Sherry et al. 1998; Sherry et al. 1994). 

Comparison of the 5'SRY and I6S rRNA regions within each species shows that 

the diversity levels of NRY and mitochondrial DNA appear different from each other, but 

their relationships are similar across species (FIGURE 3.04). Every species examined in 

this study shows a trend in a reduction of NRY variation relative to miDNA variation. 

Differences in k values between the two loci range from 4 to 9-fold in bonobos and 

chimps. 23-fold in orangutans and 83-fold in humans (gorillas cannot be readily 

quantified in this manner because of the lack of variation found on the NRY) (TABLE 

3.07). These di.screpancies are expected since the mitochondria and the NRY exhibit 
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TABLE 3.07: .TMTDNA/ .TNRY for humans and the great apes. 

H. sapiens 82.67 
P. troglodytes 9.34 
P. t. verus 36.43 
P. paniscus 4.01 
G. gorilla 
G. g. gorilla 
P. pygmaeus 22.88 
P. p. pygmaeus 13.64 
P. p. abelii 22.35 

•T values with Jukes-Cantor correction calculated in DNASP. 
The ratio was not possible to calculate irGorilla because of the lack of 5'SRY diversity. 

TABLE 3.08; Locus-specific divergence values for 5'SRY and 16S rRNA. 

Dxy values 
Divergence between; 5'SRY 16S rRNA 

Humans - Orangutans 0.0467 0.1194 
Bonobos - Orangutans 0.0486 0.1336 
Chimps - Orangutans 0.0477 0.1333 
Gorillas - Orangutans 0.0454 0.1398 
H. sapiens - P. p. pygmaeus 0.0486 0.1216 
P. troglodytes - P. p. pygmaeus 0.0477 0.1333 
P. t. verus-P. p. pygmaues 0.0491 0.1371 
G. gorilla-P. p. pygmaeus 0.0454 0.1398 
G. g. gorilla-P. p. pygmaeus 0.0468 0.1398 
P. p. abelii - H. sapiens 0.0482 0.1135 
P. p. pygmaeus - H. sapiens 0.0486 0.1216 
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differences in mutation rate (p.) and diversity estimates the parameter Nefi. Since at least 

part of the discrepancy probably results from differences in mutational rates or functional 

constraint between the two regions. TABLE 3.08 presents locus-specific divergence 

values (Dxy) used to adjust the diversity ratios. To make the most appropriate divergence 

corrections, divergences were standardized by flanking the node on both the 5'SRY and 

16S phylogenetic trees that separated orangutans from humans, bonobos. chimpanzees, 

and gorillas; that is. divergence from humans, chimpanzees, bonobos. and gorillas was to 

orangutans (P. p. py^niaeus was u.sed for subspecific contrasts), and tests requiring a 

divergent species from orangutan were done using humans. FIGURE 3.05 shows the 

ratios of to Dxy divergence (rpj) (Akashi 1995) for the 165 and 5"SRY regions. 

Correcting for divergence reduces the discrepancy between diversity values at the two 

loci, but their r^j-ratios are still different. When corrected for locus-specific divergence, 

the difference between human mtDNA and NRY variation becomes 32-fold, compared 

with 3-fold for chimpanzees, 1.5-fold for bonobos. and 9-fold for orangutans (TABLE 

3.09). 
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TABLE 3.09: (.TMTDNA/Dxy)/( .TNRY/Dxy) for humans and the great apes. 

H. sapiens 32.35 
P. troglodytes 3.34 
P. t. verus 13.05 
P. paniscus 1.47 
G. gorilla 
G. g. gorilla 
P. pygmaeus 8.95 
P. p. pygmaeus 5.45 
P. p. abelii 8.75 

.1 values with Jukes-Cantor correction calculated in DNASP. 

Dxy values with Jukes-Cantor correction calculated in DNASP 
Dxy values for humans, chimpanzees, and gorillas are divergence to Bornean orangutans. 
Dxy values for Bornean orangutans and Sumatran orangutans are to humans. 
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HKA tests (Hudson et al. 1987) were performed on the ratios of polymorphism to 

divergence between the 5'SRY and 16S regions. HKA tests examine the ratios of 

polymorphism to divergence between two or more loci in order to assess the likelihood of 

statistical departure from neutral equilibrium. HKA tests were performed at the species 

level and at the level of subspecies (where at least 3 individuals were available). 

Significance results of the HKA tests between 5'SRY and 16S are shown in TABLE 

3.10. Five tests show a significant departure from neutral equilibrium between the two 

loci. Four involve humans and orangutans, and one involves gorillas. No significant 

tests involve chimpanzees or bonobos. Significant tests involving humans and orangutans 

result from using human polymorphism data as well as orangutan polymorphism data. A 

significant result was seen using Gorilla but not G. g. gorilla, suggesting that the large 

number of polymorphic sites within Gorilla at 16S is the cause of the significant test. 

These data are consistent with previous data from the literature that suggest that the 

human NRY has a relatively low level of genetic variation when compared with 

mitochondrial DNA. Additionally, these data suggest that great ape NRY rj^ is relatively 

low compared to great ape mtDNA rpj, similar to the pattern for humans. This suggests 

that there is a broadly general pattern of genetic variation in the Hominoidea. 
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TABLE 3.10; Results of HKA tests between the 5'SRY and 16S rRNA 
regions. 

Species-level comparisons; 

H. sapiens 
P. paniscus 
P. troglodytes 
G. gorilla 
P. pygmaeus 

P. pygmaeus P. p. pygmaeus H. sapiens 
0.001 r — — 

0.9961 — — 

0.3857 — — 

0.0002* — — 

— — 0.0003* 

Subspecies level comparisons; 

H. sapiens 
P. t. verus 
G. g. gorilla 
P. p. pygmaeus 
P. p. abelii 

•P<0.005 

P values are reported in the columns for the corresponding tests. 
Intraspecific polymorphism data is from the taxa on the left, and 
divergence is to the taxa in the top row. P value is Bonferroni corrected 
for multiple tests. 

P. pygmaeus P. p. pygmaeus H. sapiens 
— 0.0007* ... 

... 0.0870 — 

— 0.1073 — 

— — 0.0023* 
— ... 0.0132 

DISCUSSION 

It is most appropriate to begin addressing questions about the influence of sex-

specific demography on the genome by looking at the haploid uniparentally-inherited loci 

that are most likely to be affected by such processes. Mitochondrial DNA is the most 

extensively studied locus in humans and the great apes, and much is known about the 

level of mitochondrial DNA sequence variation in these species. There are currently over 

10,000 published HVl human control region sequences in M.O.U.S.E (Mitochondrial 

and Other Useful SEquences) 2.0 database, along with 387 chimpanzee, 35 bonobo, 33 



gorilla, and 52 orangutan sequences (http://vvvvw.burckhardt.de/gen-epi/mouse/). Studies 

of control region diversity generally show that humans are much le.ss diverse than the 

great apes, while chimpanzees, gorillas, and orangutans have high diversity, even with 

the disparity in the numbers of individuals surveyed (Gagneu.x et al. 1999b). Other 

regions of the mitochondrial genome besides the control region (cytochrome oxida.se 11 

(Ruvolo et al. 1994), ND2 (Wise et al. 1998), ND3 (Nachman et al. 1996)) also suggest 

that humans have reduced diversity relative to chimpanzees (and to gorillas and 

orangutans for the COII survey). The 16S region has been explicitly surveyed for great 

ape genetic variation (Noda et al. In press: Zhi et al. 1996) but not for human diversity. 

Likewise, the ND3 and CytB regions have been surveyed in orangutans (Muir et al. 

2000). but not comparatively in humans. The pattern of mitochondrial DNA variation in 

humans have been suggested to be inconsistent with a strictly neutral model (Excoffier 

1990: Gerber et al. 2001: Nachman et al. 1996; Wise et al. 1998), although neutrality is 

commonly assumed when inferences are made about population history (Helgason et al. 

2000: Kaessmann et al. 1999a: Sherry et al. 1994). As different loci may each pre.sent a 

unique hi.story that is not representative of the rest of the genome, it is important to 

examine multiple loci in order to better understand population history and to detect the 

true signal of demographic effects versus locus-specific effects such as natural selection. 

Less is known about comparative patterns and levels of genetic variation on the 

NRY in the hominoids species than for mtDNA, even though the NRY is the obvious 

counterpart to studies of mitochondrial DNA variation. Both loci are non-recombining, 

allowing the reconstruction of evolutionary relationships without the complications of 

http://vvvvw.burckhardt.de/gen-epi/mouse/


recombination. Additionally, the paternally inherited Y chromosome provides a sex-

specific complement to the maternally-inherited mitochondrial DNA molecule. The 

NRY has not been as e.xtensively surveyed for population variation as mitochondrial 

DNA. although hundreds of human males have been haplotyped for greater than 200 

known SNPs (The Y Chromosome Consortium 2002). Few studies of sequence variation 

have been performed on the human NRY; the studies that have been done generally find 

low levels of variation relative to other regions of the genome. The average level of 

pairwise sequence diversity across the human genome is estimated to be 0.11% (Li and 

Sadler 1991), but sequencing studies of the Y chromo.some consistently find lower levels 

of variation than that (Dorit et al. 1995; Hammer 1995; Shen et al. 2000; Whitfield et al. 

1995). Jaruzelska et al. (1999) suggested that the human Y chromosome might be subject 

to natural selection and hitchhiking since it exhibited at least 19 times less diversity than 

other human genetic regions. However, it has also been pointed out that the NRY may be 

a poor target for selection because of its low density of genes and that drift may be a 

better explanation for low NRY diversity (Nachman 1998b). It has also been shown 

that marriage practices can result in reduced NRY diversity relative to mtDNA diversity 

(Salem et al. 1996). Both of these explanations suggest that the NRY is expected to have 

low diversity, and that the existing diversity is likely to be reduced relative to other loci 

in the genome. The standard neutral model predicts only a 4-fold reduction in NRY 

variation relative to other regions of the genome, however (Charlesworth 2001; Kimura 

1971), so any reduction greater than 4-fold requires additional explanation. 
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The expectation for comparative levels of diversity between human and great ape 

mtDNA and NRY is based on comparative studies from other loci. The higher levels of 

great ape variation seen at published mitochondrial loci (Gagneux et al. 1999b; Gamer 

and Ryder 1996; Morin et al. 1994; Muir et al. 2000; Nachman et al. 1996: Ruvolo et al. 

1994; Warren et al. 2001: Wise et al. 1998; Wise et al. 1997; Zhi et al. 1996) predict that 

human 16S variation would also be lower than the great apes, and this prediction is met. 

The expectation for comparative human and great ape NRY variation was unclear, 

however. Comparative X and autosomal studies (Deinard and Kidd 1999; Deinard and 

Kidd 2000; Kaessmann et al. 1999b: Kaessmann et al. 2001) also generally suggested 

that humans had lower genomic diversity than the great ape .species. However. Wise et al. 

(1997) reported that humans had greater auto.somal STR diversity than chimpanzees, and 

Adams el al. (2000) found that humans and greater diversity than chimpanzees at a MHC 

cla.ss 1 gene. Additionally, one study of comparative NRY diversity found that all 

hominoids were lacking intraspeciflc variation (Burrows and Ryder 1997; Dorit et al. 

1995). another suggested humans potentially had greater diversity (Hammer and Horai 

1995). and a third has shown less NRY variation in humans than chimpanzees (Stone et 

al. 2002). The majority of the genomic evidence suggested that humans were likely to 

have less NRY diversity than the great apes, and this prediction has been met with the 

exception of the lack of variation in Gorilla. 

Within great ape species, the relative relationship of NRY variation to variation at 

other loci has not been well characterized because of a lack of data. Only four published 

studies (COII (Ruvolo et al. 1994), Xql3.3 (Kaessmann et al. 2001), HOXB6 (Deinard 
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and Kidd 1999). ZFY (Burrows and Ryder 1997)) have included Gorilla and Pon^o in 

iheir assessment of comparative human and great ape genetic diversity. More work has 

been done on chimpanzees and bonobos, including Stone et al's (2002) comparison of 

NRY variation between Homo and Pan. The rank order of chimpanzee diversity within 

the hominoid primates varies from locus to locus, from one of the highest levels of 

diversity at HOXB6 (Deinard and Kidd 1999) to intermediate at 5'SRY to one of the 

lowest at 16S. 

The overall high levels of genetic diversity seen at both 5'SRY and I6S in 

orangutans compared to the other hominoid species studied here are consistent with other 

surveys that suggest the orangutan genome is very rich in genetic variation (Deinard and 

Kidd 1999; Janczewski 1990; Kaessmann el al. 2001; Muirei al. 2000; Warren el al. 

2001; Xu and Arnason 1996; Zhi et al. 1996). Orangutans have 22 times the 5"SRY 

nucleotide diversity of humans (P. p. pyi>maeus and P. p.abelii subspecies 7 and 13 times 

greater, respectively), and 4 times the 16S nucleotide diversity of humans (P. p. 

pygmaeus and P. p.abelii subspecies 2 times greater and equal, respectively). Clear 

phylogenetic subdivision between Bornean and Sumatran orangutans is shown for both 

loci studied here as well, suggesting a long enough separation time for lineage sorting to 

occur between the subspecies" haploid genomes. The one exception to this pattern is 

Org58. a captive-born individual recorded to be of Bornean de.scent analyzed for this 

study. Org58 has been excluded from the analyses in this study because his NRY and 

16S sequences both appear to cluster with the Sumatran individuals even though he is 

reported to be Bornean. Although Muir et al. (2001) has reported that some 



mitochondrial DNA haplotypes cross the subspecies boundary in orangutans, the fact that 

this captive-bom individual exhibits Sumatran haplotypes in both haploid lines suggests 

that the database information is simply incorrect and that in fact this individual has 

Sumatran maternal and paternal lineages rather than Bornean. 

The only species that did not exhibit greater NRY variation than humans are 

gorillas, whose 5'SRY region appears to have no nucleotide variation. This finding is in 

accord with that of Burrows and Ryder (1997) whose investigation in the ZFY region 

also showed no SNP variation, even between Gorilla subspecies. At the species level, 

gorillas have the second greatest nucleotide diversity at the 16S locus, but the lowest at 

the 5'SRY locus. However, gorillas have been found to have high mitochondrial control 

region and X chromosome diversity in other studies (Garner and Ryder 1996; Jensen-

Seaman and Kidd 2(X)l; Kaessmann ei ai. 2001; Ruvolo el al. 1994). These Gorilla 

surveys, combined with the data from studies of the other species and the new data 

presented here, suggesting a contrast between the NRY data and other genomic 

compartments across the Hominoidea. At the subspecies level, comparison across the 

different groups suggests that humans are more similar to great ape subspecies than to 

great ape species in terms of their genetic parameters. This has been previously noted in 

other comparative surveys of human and great ape diversity (Goldberg and Ruvolo 1997; 

Kaessmann et al. 2001). 

Reasons for the discrepancy 

. Each of the hominoid species .surveyed in this study shows a trend towards 

reduced NRY diversity relative to mtDNA diversity. One advantage of these data is that 



they have been collected from the same set of individuals, which helps to correct for 

individual sampling bias that could artificially cause a skew in the comparative levels of 

diversity. There could be several reasons for the discrepancy between the levels of 

diversity seen between the two sex-specific haploid regions of the hominoid genome 

(TABLE 3.11). Sampling variance at each locus due to independent evolutionary 

histories may cause the regions studied here to be unusual compared to other genomic 

regions; however, this should be accounted for by the HKA tests. Another hypothesis 

concerns the influence of natural selection on the NRY. The low degree of diversity on 

the NRY relative to mtDNA may be due to genetic hitchhiking or background selection 

on the NRY. resulting in a reduction of its variation relative to that expected from the 16S 

data. Alternatively. mtDNA diversity may be inflated as a con.sequence of the transient 

maintenance of weakly deleterious mutations (Nachman 1998a; Ohta 1992; Ohta and 

Kimura 1971). These data may also result from a high variance in male reproductive 

success that reduces paternally inherited variation relative to maternally-inherited 

variation. From a locus perspective, the 5'SRY region may be an unusually depauperate 

region on the Y chromo.some. or 16S rRNA may be an unusually variable region of 

mitochondrial DNA. Alternatively, an unusually high divergence for 5'SRY or an 

unusually low divergence at 16S rRNA may also be responsible for the different 

rt/divergence ratios. The likelihood ofthe.se events can be a.ssessed by placing the 5'SRY 



TAlil.l-. 3.11: l^)s.sihlo lor iho cli^cicpancy bclwecn NR^' aiul inlDNA i.li\orsity seen in the Honiinioiilea. 

Hypothesis NRY MTDNA 

Sampling variance from the individuals 
used in the study 

Sampling variance from the regions 
used in the study 

Genetic hitchhiking 

Background selection 

Weakly deleterious model 

All individuals were sequenced for both All individuals were sequenced for both 
loci, reducing sample variance. loci, reducing sample variance. 

5'SRY has slightly lower n than other slightly lower Dxy than other 
NRY regions, mIDNA regions. 

Low density of genes on NRY unlikely Any hitchhiking would reduce mtDNA 
to cause a reduction in diversity, 

especially across species 
simultantously. 

Unlikely to cause a reduction in NRY 
diversity due to weak effect. 

diversity relative to NRY diversity and 
reduce the discrepancy between loci. 

Background selection would cause a 
reduction in mtDNA diversity relative to 

NRY diversity and reduce the 
discrepancy between loci. 

Any effect on NRY would increase n Possible evidence for an effect on 

relative to divergence and decrease 9'®®' f 
discrepancy between NRY and 

mtDNA, 

to be the cause of higher mtDNA 
diversity relative to NRY. 

High variance in male reproductive Predicted to result in low NRY relative Predicted to result in high mtDNA 
success to mtDNA. diversity relative to NRY. 
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and 16S regions into larger NRY and mtDNA contexts to determine if either region is an 

outlier. Investigation of each of these general scenarios is presented below. 

Comparison of the 5' SRY region to other human Y chromosome data 

If the 5'SRY region chosen for study is unusually low in diversity compared to 

other regions on the NRY. this could explain its relative depauperateness compared to the 

16S region. The human 2.8 kb SRY region examined here can be compared to other 

surveys of human NRY variation in order to see how its level of diversity compares to 

additional NRY-linked loci. Similar compari.sons cannot readily be done for the great 

ape species since hardly any NRY data exist, and the data that do exist to date show no 

variation (Burrows and Ryder 1997; Hammer 1995). However, by comparing the human 

data to the relative wealth of human NRY datasets. we can examine how this region 

compares to other regions on the NRY and whether it can be regarded as typical in terms 

of its level of polymorphism and divergence. 

TABLE 3.12 shows data for some published and unpublished studies of 

noncoding human NRY sequence variation. Two studies have focused on the SRY 

region: this one and Whitfield et al. {1995). The region investigated in this study is a 

subset of the region examined by Whitfield et al. (1995). although eight times more 

individuals were surveyed in the present study. The YAP locus is represented by an 

unpublished dataset with the same 41 individuals used here for 5'SRY and I6S. A region 

of the ARSD pseudogene is also represented by one unpublished dataset consisting of the 

same 41 individuals. FIGURE 3.06 shows comparisons of some NRY Tt/divergence 

values after standardizing them for human-chimp divergence. The human SRY data 



TABLE 3.12: Human NRY statistics for published and unpublished surveys. 
Zfy intron SRY region SMCY DFFRY DBY UTY1 YAP ARSDP 5'SRY 

# chromosomes 38 5 53 70 70 72 41 41 41 
Length 729 18,300 35,311 9,031 7,017 12,077 2,697 11,320 2,844 
# Seg Sites 0 3 44 10 14 18 5 12 1 

.1 (°'o) 0.000 0.008 0.008 0.010 0.011 0.014 0.017 0.010 0.003 

H-C Div. (%) 0.69 1.32 1.32 1.02 1.25 1.24 1.90 1.30 1.46 

-t/D 0.000 0.006 0.006 0.010 0.008 0.011 0.009 0.008 0.002 
Reference; 1 2 3 3 3 3 4 4 5 

Published data are taken from the literature. Human-Chimpanzee divergence is calculated as either Dxy or the percent 
sequence difference between one randomly chosen human allele and one randomly chosen chimpanzee allele. 

1: Dorit et al. (1995) 
2: Whitfield et al. (1995) 
3: Shen et al (2000) 
4: Hammer et al. unpublished 
5: This study 

c> 
c 



161 

collected for this study have a relatively low Tpj value of 0.002% compared to the overall 

average r,^ of 0.007%. Whitfield et al.'s (1995) Tpj value of 0.006% is greater than the fpj 

value for this study on part of the same region, even though many more individuals were 

surveyed for this study. 

These NRY non-coding data suggest a polymorphic site can be expected every 

1 1.500 bp on average, consistent with published estimates from other NRY sequencing 

studies (Hammer and Zegura 2002; Venter et al. 2001). This value compares with a 

human whole-genome average of approximately one polymorphic site every 1000 - 2000 

bp (Hammer and Zegura 2002: Venter et al. 2001). The SRY data generated for this 

study only suggests 1 polymorphic site every -33.330 bp. much le.ss than the average for 

the NRY. FIGURE 3.06 is consistent with the hypothesis that the SRY region's 

polymorphism value is contributing to its low 7c/divergence ratio, at least in humans. 

NRY divergence values between humans and chimps exhibit a 3-fold range in values 

from 0.62% for the SMCY coding region (Shen et al. 2000) to 1.90 for the YAP region 

(Hammer 1995). with an overall average of 1.38%. A model of male-driven molecular 

evolution, which postulates increased mutation rates on regions of the genome that spend 

proportionally more time in males, predicts that the NRY should have an increased 

divergence rate relative to other regions of the genome (Ellegren and Fridolfsson 1997; 

Miyataet al. 1987; Shimmin et al. 1993). Many of these NRY regions have high 

interspecific divergence relative to other non-mitochondrial DNA loci, consistent with 

the model. These higher divergence values could be contributing to a reduction in overall 
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diversity to divergence ratios for the NRY: however, male-driven molecular evolution is 

expected to contribute to polymorphism as well as divergence, and the 5'SRY region's 

divergence is just about equal to the average across all NRY loci. 

The region with the greatest amount of polymorphism relative to diversity is the 

UTYl region, which is comprised here of non-coding, intronic data: YAP region is a 

close second. However, the ARSD pseudogene is expected to evolve similarly to the 

YAP region by virtue of its lack of function, but its r,,j value is average rather than high. 

Compari.son across 5'SRY. ARSDP. and YAP reveal different patterns of polymorphism 

even though the regions are linked and are surveyed in the same 41 individuals. Since 

levels of divergence are relatively similar, but levels of polymorphism are different, the 

low Tpj for 5'SRY is most likely due to sampling variance in the 41 individuals surveyed 

for this locus, rather than to any effects of functional constraint or other selection. 

Overall, it appears that low nucleotide diversity is driving the reduction of 5'SRY 

TT/divergence ratio compared to other human NRY loci. Whether this is also true in the 

great apes is unknown. 

Compari.son of the 16S rRNA region to other mitochondrial DNA data 

A similar comparison can be made for the 16S region to determine whether it is 

unusually high in diversity and contributing to the skew between the two loci. TABLE 

3.13 and FIGURE 3.07 show rpj values for different human mtDNA regions: 16S (this 

study), con , com, ND2, ND3, and all 13 mtDNA protein coding genes, their 1st. 2"'', 

and 3"* positions, and the 16S region from Ingman et al. (2000). The 53 whole 

mitochondrial DNA sequences from Ingman et al. (2000) plus the Anderson .sequence 



TABLE 3.13: Human miDNA statistics for published and unpublished surveys. 

ngman 16S 13loci 13Loci1st 13Loci2nd 13loci3rd ND2 COM ND3 com 16S 
# chromosomes 54 54 54 54 54 21 6 61 41 41 
Length 358 11379 3792 3792 3796 1041 684 345 792 358 
S 10 432 95 30 307 20 7 11 19 6 

.1 (%) 0.341 0.321 0.230 0.053 0 678 0.240 0.341 0.390 0.266 0.248 

H-C Div. (%) 5,820 10.569 5.410 1.915 26.710 9.798 9.356 10.145 9.225 5.650 

jt/D 0.059 0.030 0.043 0.028 0.025 0.024 0.036 0.038 0.029 0.044 
Reference; 1 1 1 1 1 2 3 4 5 6 

Published data are taken from the literature. Human-Chimpanzee divergence is calculated as either Dxy or the 
percent sequence difference between one randomly chosen human allele and one randomly chosen 
chimpanzee allele. "13Loci" represents the 13 mitochondrial DNA protein-coding loci, taken from Ingman et 
al. (2000); "13Loci1st", "13Loci2nd", and" 13Loci3rd" are data from the first, second, and third codon 
positions, respectively. 

1 Ingman et al. (2000) plus Anderson et al. (1981) 
2. Nachman et al. (1996) 
3. Ruvolo et al. (1994) 
4. Wise et al. (1998) 
5. Hammer et al. unpublished 
6. This study 
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(Anderson et al. 1981) (n=54) were u.sed as a direct comparison of the 16S region. The 

I6S rpj value for humans in this study is 0.044% . Average Tpj for the.se mtDNA loci are 

0.035%. The 16S r^^ ratio appears to be slightly above average. K values for 16S are 

similar to those from studies of other regions, whereas divergence appears to be lower 

than the mitochondrial average (TABLE 3.13). MtDNA 1" and 2"'' position protein 

coding sites also have a relatively low divergence values, consistent with a high level of 

functional .sequence constraint; these sites also have low diversity, in contrast to the 

average diversity at I6S. 

It is interesting to note that a comparison of the 16S data generated here with the 

I6S region from the Ingman et al. (2000) data.set suggests that the two different samples 

are similar, implying that the human 16S dataset examined here is not an unusual outlier 

but a relatively accurate representation of average human diversity at the 16S rRNA 

locus. Although not as much comparative data exist for the great apes, the I6S data 

generated here can be directly compared to the I6S sequences generated by Noda et al. 

(in press). The same 358bp region generated here was analyzed from the additional 16S 

data from Noda et al. (in press), and are presented along with the Ingman et al. (2000) 

data in FIGURE 3.08. It can be seen that the I6S data generated in this study are 

comparable to tho.se from Noda et al. (Project Silver, or PS) and Ingman et al. (2000) in 

terms of their levels of variation. Gorillas appear to be an exception when comparing the 

data from this study to those of Noda et al. (in press). However, the "Gorillas" generated 

for this project include both western lowland and eastern lowland samples. The "WL 
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Gorillas" generated for this project arc very similar to the "PS Gorilla" data, which most 

likely includes only western lowland gorillas as the sequences are all very similar and do 

not exhibit any of the divergent lineages seen in the EL data generated here. One 

explanation for the lack of 5'SRY diversity and subsequent lack of 16S diversity in the 

western lowland gorillas examined in this study is sampling; that is, the chance that all 

western lowland gorillas used in this survey were unusually closely related and thus 

artificially reduced the levels of genetic variation relative to what exi.sts in nature. 

However, the fact that the two independent samples of western lowland gorillas shown in 

FIGURE 3.08 both have low r^j ratios for I6S suggests that the lack of i6S diversity 

noted in this study (together with the lack of 5'SRY diversity) is probably not the result 

of sampling. It is unclear why western lowland gorillas should exhibit such relatively 

low 16S diversity when their diversity is reported to be relatively high for control region 

variation (Garner and Ryder 1996; Jen.sen-Seaman and Kidd 2001). Additionally, the fact 

that individuals from two subspecies (C. gorilla and G. g. grciueri) were sampled and 

showed no NRY divergence between them argues against a simple sampling bias within 

western lowland gorillas as a cau.se of a lack of NRY diversity. 

Selection on the NRY 

One explanation for the di.screpancy between the I6S and 5"SRY loci is the 

possibility that locus-specific effects are shaping the diversity at each region. A 

reduction in polymorphism but not in divergence, such as that seen for the 5'SRY region, 

is consistent with the action of selection. However, it is also consistent with an influence 

of sampling at the 5'SRY region, since the .same individuals are more polymophic for 
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other NRY regions. An elevation in polymorphism as seen at the 16S locus is consistent 

with the influence of the weakly deleterious model. Either (or both) processes could be 

responsible for the discrepancy between the datasets. 

Genetic hitchhiking: 

Diversity-reducing .selection on the NRY could result from genetic hitchhiking 

following a selective sweep. Hitchhiking is expected to result in low genetic diversity, an 

excess of rare derived alleles, and a negative Tajima's D statistic, all features exhibited 

by the human NRY. Of the 40 known functional genes on the NRY (D. Page, personal 

communication), about half are multi-copy male-specific genes expres.sed only in the 

testis and the rest are general housekeeping genes with homologues on the X 

chromosome (Lahn and Page 1997). 

Nachman (1998) has argued that the small number of genes on the NRY makes 

hitchhiking less likely. Extrapolating from the rate of adaptive fixation of 3x10"* 

generations estimated for Drosnphila (Aquadro and Begun 1993), Nachman (1998) 

suggested that an adaptive fixation is expected on the human NRY approximately every 

1.5 X 10 generations, greater than the average coale.scent time expected under neutrality 

for the NRY (9375 generations using the data of Hammer [1995]). Thus, the probability 

of capturing a hitchhiking event with these data is remote. Assuming that the number 

and function of genes are similar on the NRYs of great apes (Glaser et al. 1998; Glaser et 

al. 1997; Muller and Schempp 1991), then the expected number of adaptive fixations is 

similar across the hominoid primates. Even if the orangutan coalescent time is 22 times 

greater that of humans (as suggested by 5'SRY nucleotide diversity data), there is still 
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only a low probability of identifying a selective sweep on the Pon^o NRY. 

Consequently, if hitchhiking is a rare event, it is even less likely to affect all hominoid Y 

chromosomes at once and thus may not be the most appropriate explanation for the 

reduction in hominid NRY diversity relative to mtDNA diversity seen in this study. 

However, the large number of male-specific genes on the NRY may acquire 

adaptive mutations and be selected for improved and/or novel aspects of male 

reproduction (such as spermatogenesis, or improved sperm competition), driving a 

haplotype to fixation. Sperm competition may be an important positive selection pressure 

in species with promi.scuous mating system, such as chimpanzees and bonobos. If the 

genes responsible for a fitness advantage in a multi-ejaculate mating system are located 

on the NRY, then a positive sweep on the NRY should result, and species with more 

sperm competition would be expected to be more susceptible to selective sweeps than 

more polygynous species. Wyckoff et al. (2000) noted an excess of replacement 

substitutions between humans and chimpanzees but not replacement polymorphisms for 

protamine genes on chromo.some 16. consistent with positive directional selection: 

although their study did not survey the NRY. it is possible that related male-specific 

genes on the NRY could exhibit similar patterns. However, the overall pattern seen here 

is not consistent with the actions of hitchhiking via sperm competition, as a species that is 

considered relatively highly promiscuous {Pan troglodytes) shows more NRY diversity 

than a species that is considered polygynous (Gorilla). 

It may aKso be possible that positive .selection could act to reduce diversity on 

mtDNA as well. The mitochondrial energy-generating pathway is comprised of both 
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mitochondrial and nuclear components that must coordinate and work together. While 

this implies that there should be strong constraint on sequence evolution in the interacting 

regions, there is some evidence that cytonuclear interactions may actually drive positive 

selective pressures on mitochondrial DNA. For example, in the cytochrome c oxidase 

(COX) complex, mtDNA-encoded residues in close physical proximity to nuclear DNA-

encoded residues evolve more rapidly than other mtDNA-encoded residues, consistent 

with the actions of positive directional selection (Ballard and Dean 2001; Schmidt et al. 

2001). So positive selection may play some role in reducing diversity at both loci, not 

just the NRY. 

Tajima's D statistics do not support non-neutral evolution for any of the locus-by-

species interactions studied here, with the exception of the chimpanzee 5"SRY region. 

The.se data showed a significantly negative Tajima's D value, traditionally interpreted as 

evidence of a selective sweep. However, the pattern of haplotype variation at this locus 

was consistent either with balancing selection maintaining a very divergent lineage or 

with large population subdivision and isolation. The lack of diversity on the Gorilla NRY 

IS consistent with a selective sweep model (and is exactly what is predicted after a recent 

sweep), but selection cannot necessarily offer a better explanation of why C. i,'. {gorilla 

and G. g. graueri, separated by 1000 km and by at least hundreds of thousands of years 

(Doran and McNeilage 1998), share a single haplotype than a small male Ne can. In 

humans, the more derived 5'SRY haplotype (H2) is the more frequent haplotype, in a 

pattern consistent with the occurrence of a partial selective sweep (Fay and Wu 2000). 

However, studies of human NRY haplotype variation have shown that the human Y 
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chromosome appears very subdivided (Hammer et al. 1998: Hammer et al. 2001). and 

the same distribution of ancestral and derived haplotypes could result from population 

subdivision and a subsequent population expansion. One line of evidence supporting an 

intluence of selection on the human NRY comes from comparison of human and great 

ape coding SRY and SMCY sequences. A survey of the pattems of substitutions across 

primates at the SRY gene reported that the locus has high ratios of replacement 

substitutions relative to synonymous substitutions, consistent with the occurrence of 

positive directional selection across many species (Whitfield 1993). However, this 

elevation occurred mo.stly in the regions of unknown function flanking the HMG box (the 

"high mobility group" domain), raising the possibility that a lack of selective constraint 

could also be responsible. There also appears to be a slight elevation of non.synonymous 

substitutions relative to synonymous substitutions on the human lineage, consistent with 

the actions of adaptive evolution (M. F. Hammer, unpublished data). However, the 

number of sites involved here are very small, and much more in-depth study of NRY 

coding regions is needed before it can be determined whether the human NRY truly 

shows such a signal. 

Background selection: 

The potential for purifying .selection and associated background .selection on the 

NRY is more obvious since it carries genes that are important in male fertility, sex 

determination, and general housekeeping. There is some evidence that certain human 

NRY haplotypes are more predisposed to infertility (Joblinget al. 1998: Kuroki et al. 

1999), suggesting that functional differences between NRY haplotypes may result in their 



removal from populations. One possible cause for the relatively low polymorphism in 

the 5'SRY region could be that all loci in TABLE 3.12 with greater rp., ratios represent 

introns. whereas the 5'SRY region may contain regulatory elements like promoters 

(Veitia et al. 1997). Since both studies involving the SRY region appear on the low end 

of the rpj scale, there may be high functional constraint on the region. However, 

divergence data do not support this argument, as the 5'SRY region has an average 

divergence. Additionally, the Tpj ratio accounts for any differences in divergence between 

regions. 

Nachman (1998) suggested that loss of NRY heterozygosity through background 

selection was unlikely due to the small number of loci and the resulting low NRY 

deleterious mutation rate. Background selection is expected to reduce heterozygosity by 

Jb, where Jb - exp(-U/2hs). U is the regional deleterious mutation rate, h is the average 

dominance, and s is the average .selection coefficient for deleterious mutations 

(Charlesworth et al. 1993). If the genomic deleterious mutation rate is approximately 1 

(Nachman 1998b). and there are approximately 30,000 genes in the human genome 

(Venter et al. 2001) and 40 genes on the NRY (David C. Page, personal communication), 

then the NRY deleterious mutation rate is roughly 1 x 40/30,000 = 1.33 x 10 ". Using 

Charlesworth et al.'s (1993) estimate of 0.02 for hs, then Jb = 0.967, similar to Nachman 

(1998) estimate of 0.993, which results in no practical reduction of NRY heterozygosity 

under background selection due to the low density of NRY genes. Although the number 

of loci on the great ape Y chromosomes is not as well known as in humans, comparative 

mapping studies suggest it is likely that all species are reasonably clo.se in gene number 
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(Glaser et al. 1998: Glaser et al. 1997; Toderet al. 1993). So background selection is an 

unlikely explanation for the low levels of NRY diversity relative to mtDNA diversity in 

this study. 

Weakly deleterious mutation model on mtDNA 

The I6S rRNA locus studied here shows greater diversity than the 5"SRY region 

in all hominid species examined, and it is possible that 16S is responsible for this pattern 

rather than a reduction of NRY diversity. Studies of mitochondrial DNA across many 

species show high levels of sequence diversity, and many studies have suggested 

mtDNA evolves in a non-neutral fashion (Gerber et al. 2001; Kennedy and Nachman 

1998; Nachman 1998a; Nachman et al. 1994; Nachman et al. 1996; Rand et al. 1994; 

Wi.se et al. 1998), often exhibiting an excess of amino acid replacement polymorphisms 

that increa.se the level of polymorphism relative to divergence under a neutral model. 

There are three models that can account for this excess: the slightly deleterious model 

whereby weakly selected mutations remain in the population and contribute to 

intraspecific diversity but not interspecific divergence (Kimura 1983; Ohta 1992; Ohta 

and Kimura 1971); a recent relaxation of selective constraint on amino acid sites; and 

temporally or spatially fluctuating selection (Gillespie 1991; Kennedy and Nachman 

1998). The slightly deleterious model is most often favored as a probable cause, since it 

is difficult to imagine a relaxation of .selective constraint simultaneously acro.ss many 

different taxa and temporal/spatial fluctuations in selection require the maintenance of 

multiple linked replacement polymorphisms at low frequencies (Kennedy and Nachman 

1998). 



16S rRNA does not code for amino acids, so a direct examination of its sequence 

properties to address the hypothesis of the weakly deleterious model cannot be done. 

However, the whole human mitochondrial data from Ingman et al. (2000) can be used to 

test the hypothesis of the weakly deleterious model. A McDonald-Kreitman test on the 

concatenated 13 mtDNA protein coding regions {using divergence to P. troglodytes) 

shows a significant excess of replacement to silent polymorphisms compared to 

replacement to silent divergence across the whole mitochondrial genome (P<0.001), 

consistent with an influence of the weakly deleterious model. The weakly deleterious 

model is expected to influence levels of variation at functionally important sites such as 

P' and Z"** codon positions more so than 3"^ codon positions. Under the weakly deleterious 

model, P' and 2"'' position sites will have greater polymorphism than expected. However, 

it is possible that 3"* position sites are also under selection for codon bias, which would 

make them prone to the effects of the weakly deleterious model as well, resulting in 

greater polymorphism than expected from divergence. FIGURE 3.07 suggests that P' 

codon positions are more strongly influenced by the weakly deleterious model, as the r^^ 

is much greater than for 3"* position or Z'"* position sites. 3"' position sites are still 

absolutely greater than P' and 2"'' position sites, with 3 times the diversity and 5 times the 

divergence of 1st position sites and 13 times the diversity and 14 times the divergence of 

2nd position sites. However, the magnitude of the difference between P' and 3"^ position 

sites is consistent with the influence of the weakly deleterious model on human 

mitochondrial DNA. This suggests that 16S variation may also be influenced by the 

weakly deleterious model, as its rpj ratio is similar to that of P' position sites. 
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An excess of mtDNA diversity compared to the expectation based on divergence 

has also been noted in pedigree-based studies of the human mitochondrial DNA mutation 

rate (Howell et al. 1996; Parsons et al. 1997; Sigurdardottir et al. 2000). These studies 

note a ten- to twenty-fold higher mutation rate from pedigree studies than studies based 

on interspecific phylogenetic comparisons. If the weakly deleterious model has a large 

influence on the number of polymorphisms that contribute to within-species diversity but 

that do not contribute to between-species divergence, then tests such as the HKA test are 

likely to be invalidated by the existence of different mutation rates in the numerator and 

denominator. However, it is unclear what proportion of the mutations noted in the 

pedigree studies remain in the population long enough to reach polymorphic frequencies 

and substantially impact estimates of nucleotide diversity, and what proportion are 

tliminated by genetic drift or by purifying selection (Parsons et al. 1997). If a substantial 

number of the mutations noted in pedigree studies do not attain polymorphic frequencies 

through either genetic drift or the influence of the weakly deleterious model, then the 

impact on measures of polymorphism and divergence is lessened. 

At least three disease-related mutations are known in this gene in humans 

(http://www.gen.emory.edu/cgi-bin/MITOMAP/bin/tbl9gen.pl). One of these sites. 

2835T. is associated with Rett Syndrome and is present in the 358bp region surveyed 

here. None of the 41 humans examined has the disease-causing T nucleotide: however, it 

serves to underscore the fact that selective pressure on the mitochondrial DNA molecule 

surely exists. Perhaps the most striking evidence for a possible influence of selection on 

the 16S region studied here is the relatively low level of diversity in G. g. gorilla. While 

http://www.gen.emory.edu/cgi-bin/MITOMAP/bin/tbl9gen.pl
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other mtDNA studies have noted high diversity in gorillas, the results here suggest little 

variation exists in the 16S region. Why should control region variation be relatively large 

and 16S variation be relatively low? One explanation is the choice of samples used; the 

individuals surveyed here and in Noda et al.(in press) were not surveyed for control 

region variation, so no direct comparison to published estimates is possible as a test of 

this hypothesis. However, the fact that two independent datasets show low levels of 16S 

variation strongly suggest it is a real signal in Gorilla. A second explanation is that there 

is some sort of functional constraint in the gorilla 16S region that minimizes the amount 

of variation maintained in the region without too adversely impacting the rest of the 

mtDNA molecule. However, the data generated for this .study show a relatively large 

number of mutations bitween G. g. gorilla and G. g. graueri 16S sequences, suggesting 

that functional constraint is low. Additionally, examination of the length of the branch 

leading to Gorilla and G. g. gorilla show no slowdown in substitution rate compared to 

the rest of the tree, as would be predicted under a model of functional constraint. 

Unfortunately, other estimates of mitochondrial DNA sequence variation from 

other regions are not yet known. A .selective sweep is le.ss likely on the Gorilla mtDNA 

molecule precisely because of the great control region variation seen in other studies; a 

sweep would be expected to eliminate variation in the whole molecule. The human 

pattern appears to be somewhat consistent with a model of geographic expansion, rather 

than .selection, as haplotypes D and E contain both African and non-African individuals 

while the root haplotypes and other haplotypes derived from the root are exclusively 

African. Tajima's D values are negative in all of the species and subspecies examined 
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here. Since a negative Tajima's D value can result from models of both selection and 

demography, it is not possible to determine with certainty the reason for the negative D 

values obtained. 

High variance in male reproductive success 

Since the NRY and mtDNA are sex-specific and uniparentally inherited, it is 

reasonable to assume that any sex-intluenced factors, such as the breeding sex ratio or 

patterns of geographic dispersal, will be reflected in these haploid regions. Under a 

neutral model, levels of genetic diversity in different genomic regions are expected to 

correlate with effective population size for that genomic compartment. Ncy and 

are expected to be one-quarter the effective size of autosomes (Ne^). and one-third that of 

Ne^. These ratios change as the operational sex ratio changes, however, and the 

interlocus ratios only conform to the standard expectation when the breeding sex ratio is 

1. Species characterized by a high variance in male reproductive success, where not all 

males have an equal chance of reproduction due to a polygynous mating system, alter 

their breeding sex ratio in the direction of fewer males, and this is predicted to 

correspondingly reduce their NeY values and corresponding levels of NRY variation 

relative to mtDNA diversity as well (Caballero 1994; Nunney 1993). Thus a model of 

high variance in reproductive success makes qualitative predictions about the relationship 

of diversity between different genomic compartments. The humans and great apes all 

show a reduction in NRY variation relative to mtDNA diversity, perfectly consistent with 

the hypothesis of a sex-specific demographic influence on genetic variation. Given that 

each species and subspecies investigated appears to exhibit substantially more mtDNA 
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than NRY variation (as represented by rpj). it is of interest to know whether this pattern 

is expected from the different mating behaviors in each species. 

Concordance of results with demographic expectations 

from species-specific behaviors 

Humans: 

There are many sex-specific factors that can influence the relative levels of 

genetic diversity between the haploid regions of the genome, including a high variance in 

male reproductive success mediated by polygyny, female choice, differential male 

mortality, and patrilocality, which may reduce levels of paternally-inherited diversity due 

to the stochastic loss of paternal lineages within populations. The cultural diversity of 

modern humans, both spatially and temporally, makes it difficult to quantify the expected 

patterns of genetic diversity based on sex-specific behaviors. Several studies have 

attempted to address the influence that marriage practices may have on genetic variation. 

Population-level surveys have focu.sed on the influence of language affinity or religious 

doctrine approximations for sex-specific behavior. One study of the Hindu caste system, 

in which women can marry up to a higher caste but men cannot, reported that the 

mitochondrial genetic distances between castes corresponded to their social rank, 

consistent with stepwise upward female mobility (Bamshad et al. 1998). In contrast, 

genetic distances between Y chromosome haplotypes found no correlation with caste 

status, although NRY genetic distances were greater than for mtDNA. Another study of 

central Asian populations based on mitochondrial DNA sequence data and NRY STR 
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haplotypes concluded that there was evidence for greater female migration between the 

groups (Perez-Lezaun et al. 1999). Thus sex-specific differences in migration and 

marriage practice have been reported to play a role in shaping patterns of human mtDNA 

and NRY evolution. These findings have been extrapolated to the global scale, where 

greater population structuring of NRY variation than of mtDNA variation has been 

interpreted as evidence for greater global patrilocality than matrilocality (Seielstad et al. 

1998). 

Some studies also have directly suggested a role for polygyny to influence the 

haploid regions of the genome. In a study of the Sinai Peninsula, where tribal groups 

traditionally practice polygyny and where children become members of their father's 

tribe, a 14-fold reduction in NRY haplotypic diversity was seen between tribal 

populations and other non-poiygynous populations in the Nile valley while no 

comparable reduction was detected in mitochondrial DNA sequence diversity (Salem et 

al. 1996). This pattern is consistent with the polygyny practiced by the group under 

study. Perez-Lezaun el al. (1999) report that there is a global average of 2.6 wives per 

polygynous husband, resulting in 0.862 males for every female. Since up to two-thirds of 

populations may practice some degree of polygyny (Seielstad et al. 1998), and it is 

reasonable to assume that a high variance in male reproductive succe.ss due to polygyny 

may play a role in shaping human genetic diversity. Additionally, the evidence for 

patrilocality across human populations (Bamshad et al. 1998; Perez-Lezaun et al. 1999; 

Poloni et al. 1997; Seielstad et al. 1998) also suggests that female-mediated genetic 

compartments will have larger effective populations sizes and the male-infiuenced 
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genetic compartments may be more prone to diversity reduction through the effects of 

drift. 

Chimps and bonobos: 

Chimpanzees and bonobos exhibit high levels of species diversity at the 5'SRY 

locus relative to the other great ape species. Stone et al. (2002) also found that these two 

species had 6-7 times the level of NRY diversity that humans have. Studies of 

mitochondrial DNA variation generally report greater diversity in chimps and bonobos 

than humans (Gagneux et al. 1999b: Nachman et al. 1996: Stone et al. 2002: Wise et al. 

1998: Wise et al. 1997). and the 16S data examined here are consistent with this finding 

as well. Still, these relatively high NRY diversity values are still less than the amount of 

16S mtDNA diversity present. Within the fission-fusion framework of chimpanzee social 

groups, males tend to be philopatric while the females tend to migrate out of their natal 

groups (Pusey 1979: Pusey and Packer 1987). Male philopatry suggests that the male-

specific portion of the genome is not being distributed around the community as widely 

as other parts of the genome, thus potentially resulting in a reduced Ne for the NRY 

within any given deme. In addition to sex-specific migratory behaviors, chimpanzee 

populations also exhibit a variety of complex sexual behaviors, characterized by a male 

dominance hierarchy and mating strategies like opportunistic non-competitive mating, in-

group possessiveness, and consortships (see (Tutin 1979)). However, in captive-living 

colonies of chimpanzees where mating behavior can be more readily documented, some 

alpha males are responsible for up to three-quarters of ail matings (de Waal 1989). 

Female reproductive success is expected to be high under all scenarios (excluding infant 
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mortality issues) and the transfer of females between communities is expected to 

maintain a diverse pool of mtDNA lineages. Male chimps all likely have a low 

probability of mating success from promiscuous opportunistic mating with females in 

oestrus; given that 73% of observed copulations in one study were of the opportunistic 

type (Tutin 1979). it could be concluded that all males chimps have an equal probability 

of siring offspring and thus that variance in male reproductive success is low. However, 

the additional greater reproductive success of certain males over others due to position in 

the dominance hierarchy and in-group possessive and con.sortship matings will increase 

the variance in chimpanzee male reproductive success. If coupled with the male-specific 

population subdivision effect of philopatry. then it is expected that the chimpanzee NRY 

will show reduced genetic variation relative to mitochondrial DNA (due to the effects of 

philopatry and a slight increase in the variance associated with male reproductive 

success). This is consistent with the pattern seen in the comparative data from the chimp 

haploid genomes presented here, where mtDNA diversity is greater than NRY variation. 

One study of chimpanzee kinship in the P. t. schweinfurthii community of Gombe 

suggested the existence of slightly greater relatedness among group males than among 

group females, corroborating female-bia.sed dispersal patterns and male philopatry 

(Morin et al. 1994). There is the possibility that female chimpanzees actively seek to 

mate with males outside their communities, effectively resulting in male gene flow and 

dispersal of NRY lineages between communities (Gagneux et al. 1999a); however, the 

extent to which this may actually occur is disputed (Constable et al. 2001; Vigilant et al. 

2001). 
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Bonobos generally have a social structure similar to common chimpanzees; 

fission-fusion societies, male philopatrj'. and an increased likelihood for dominant males 

to participate in most of the matings (de Waal 1997; de Waal 1995); consequently. 

similar predictions may be made for bonobos as for chimps. In fact, bonobos may be 

expected to have more NRY variation than chimps because the decoupling of sex from 

reproduction suggests that bonobos are more promiscuous than chimpanzee populations 

and consequently that lower-ranking males may have a reproductive advantage relative to 

their chimpanzee counterparts (Stone et al. 2002). This study suggests that bonobos may 

indeed have even more NRY diversity than chimpanzees, supporting this hypothesis; 

however, the small number of bonobos examined here may not be a reliable estimator of 

bonobo NRY diversity and should be interpreted with caution. 

Orangutans: 

Orangutans are primarily solitary individuals in the sen.se that true aggregate 

social groups do not exist like they do for other hominoid species. The uncertainty about 

orangutan social systems and mating strategies makes it difficult to predict what genetic 

patterns are expected. The data that do exist suggest that a demographic cause for the 

reduction in orangutan NRY variation relative to mtDNA variation is likely. The 

majority of orangutan males appear to range widely and are intermittent in their 

appearance at any one locality. Adult males are thus considered to be very mobile, 

despite their dependence on large quantities of food for subsistence (Galdikas 1985a). 

There is some data to suggest that fertile females in the wild proceptively seek out and 
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solicit dominant adult males while not always being so receptive to subadult males 

(Galdikas 1985a). This would suggest that a combination of a male dominance hierarchy 

and female choice may increase the variance male reproductive success among male 

orangutans. This prediction fits with the pattern seen in the data presented here: both at 

the species and subspecies levels, orangutans have more mtDNA variation than NRY 

variation, even when corrected for locus-specific mutation rate. 

Gorillas: 

Gorilla f>orilla is the species in which a sex-specific demographic effect is 

expected to be the most pronounced if all other factors are equal. Gorillas are 

characterized as (generally) having single-male, multi-female polygynic .social groups 

(Doran and McNeilage 1998; Harcourt et al. 1981; Hrdy and Whitten 1987; Stewart and 

Harcourt 1987; Tutin 1996), although up to 28% of some groups have more than one 

adult male for at least some period of time (Doran and McNeilage 1998). Although data 

from G. g. graueri suggests that blackback males (not-quite-mature males) often exist in 

the.se groups and mate occasionally with adolescent females, it is generally silverbacks 

that have been observed to mate with adult primi- and multi-parous females (Harcourt 

1979). While most males and females apparently migrate out of their natal groups, some 

males stay and eventually take over the dominance of the group from their presumed 

father; they also generally begin reproducing earlier than dispersive males do (Watts 

1996). Male gorillas may roam long distances as they move out of their natal groups; one 

report of a lone male occurred 200 kilometers from the nearest known gorilla population 

(Groves 1970). One study suggests that a single male had fathered 90% of the offspring 
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in a G. herin^ei group (Gibbons 2001). This polygynous mating system coupled with 

male dispersal suggests that very few NRY lineages should exist within interconnected 

groups of gorillas. The fact that Gorilla exhibits no NRY variation is consi.stent with the 

hypothesis that a high variance in male reproductive success is influencing genetic 

variation in this species. 

The large mtDNA variation noted within gorillas in the literature is consistent 

with the fact that each family unit is comprised of (generally) unrelated females who are 

bonded to the male and not to each other, thus potentially maintaining a large number of 

independent mtDNA lineages in the population (Garner and Ryder 1996; Jensen-Seaman 

and Kidd 2001; Saltonstall et al. 1998). The large divergence between subspecies for I6S 

variation stands in contrast to the relative lack of intrasubspecific I6S variation in G. 

gorilla seen both in samples analyzed for this study and those from Noda et al. (in press). 

Whether these data result from sampling differences remain to be seen. Although 

western and eastern gorillas are separated by up to 100 kilometers (Garner and Ryder 

1996) and might be expected to show differentiation (as they do for the I6S locus), a low 

male effective population size may mean only a few haplotypes or segregating sites are 

being maintained in the population, and this -3kb survey may not be extensive enough to 

uncover the few NRY haplotype differences that do exist between western and eastern 

gorillas. 

CONCLUSIONS 

Overall, levels of mtDNA and NRY variation, represented by rpj. appear to differ 

in the hominoid primates. Human NRY diversity appears reduced relative to great ape 
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NRY diversity, as has been seen in other genomic regions, and supports the hypothesis of 

a human-specific bottlenecic. Remarkably, all species exhibit a reduction in NRY 

relative to mtDNA r^,,. as had previously been shown for human data. While not 

statistically significant in all comparisons, this pattern is consistent with sex-specific 

demographic variables such as a high variance in male reproductive success, or diversity-

reducing selection on the NRY. or possibly the relative enhancement of mtDNA variation 

due to a high mutation rate. A high variance in male reproductive success is the most 

parsimonious explanation for these data, requiring no additional factors to be at work, 

and is consistent with the behaviors of each of the species, while diversity-reducing 

selection on the NRY and the weakly deleterious model on mtDNA may be le.ss likely 

explanations. 

[f the levels of genetic diversity on the NRY and mtDNA are being shaped by sex 

specific demographic factors like a high variance in male reproductive success, all four 

genomic compartments should be impacted since a reduction in male Ne will impact Ney. 

Ne^, and Ne,^ to some degree independent of Ncmtdna- Comparison of data across the four 

genomic compartments should not match the 4:3:1:1 ratio predicted under neutrality but 

rather levels of genetic diversity/divergence should be correlated with the degree of 

maternal inheritance. Gorillas in particular might be expected to show a strong skew in 

diversity across the different genomic compartments because of their generally 

polygynous nature and because they show a large discrepancy between levels of NRY 

and mtDNA variation. If the levels of variation responsible for this pattern on either the 

NRY or mtDNA are being driven by selection and all other factors are relatively equal. 



then the relative ratio of locus-specitlc effective population sizes from across all four 

genomic compartments, except for that locus experiencing selection, should be equivalent 

to the ratio predicted under a neutral model (4:3:1:1). 

In order to further address the roles that locus-specific factors and sex-specific 

genome-wide factors may play in shaping hominoid genetic variation, the biparentally 

inherited compartments of the genome (the X chromosome and the autosomes) will be 

compared to the sex-specific haploid compartments of the hominoid genome to 

investigate whether cross-compartmental differences in diversity are more consistent with 

the influence of sex-specific demographic processes or with locus-specific selection. 
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CHAPTER 4: EXAMINING MULTILOCUS DIVERSITY IN 

HUMANS AND THE GREAT APES 

ABSTRACT 

The 5'SRY and 16S rRNA regions show a large discrepancy in their levels of 

nucleotide diversity in humans and the great apes. Reasons for this discrepancy include 

locus-specific factors such as diversity-reducing selection and the maintenance of weakly 

deleterious mutations, or genome-wide sex-specific factors such as a high variance in 

male reproductive success. To further test the hypothesis that a high variance in male 

reproductive success is influencing patterns of genetic diversity in the hominoid primates, 

the 5'SRY and 16S regions were compared to data from Xql3.3, HOXB6. and DMD 

intron 44 across the hominoids in order to determine whether genome-wide patterns of 

genetic diversity could be explained by a sex-specific demographic model or by the 

actions of locus-specific factors. Patterns of diversity at 16S, Xql3.3, HOXB6. and 

5'SRY are consistent with a high variance in male reproductive succe.ss across all taxa 

examined, as is predicted from mating and migratory behaviors. Diversity at DMD44 

shows species-specific patterns that are not easily reconciled with a model of 

demographic influence. Possible explanations for these findings are di.scus.sed in the 

context of the implications for studies of human and great ape genetic diversity. 
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INTRODUCTION 

Chapter 3 showed that levels of NRY and mitochondrial DNA diversity to 

divergence ratios ( rpj ) appeared unequal in the hominoid primates, and that this pattern 

could be explained either by locus-specific effects on one (or both) loci or by a genome-

wide influence such as a high variance in male reproductive success. Studies of single 

loci cannot discriminate effectively between selective events or demographic effects. The 

different expectations of the two processes on other loci, however, suggest a possible way 

to determine which force has had a greater effect on genetic variation. In this chapter, 

biparentally inherited loci from the X chromo.some and an autosome are introduced and 

compared to the results from the haploid NRY and mtDNA in order to further as.sess the 

likelihood of locus-specific selection or of genome-wide demographic effects. 

Specifically, examination of r,^ ratios at multiple loci from across the genome can 

illuminate whether certain loci exhibit higher or lower levels of diversity in a manner that 

could be expected from demographic attributes of the species of interest. Data are now 

available from all four compartments of the genome (mitochondrial DNA. X 

chromo.some, autosomes. Y chromo.some) for humans, chimpanzees, gorillas, and 

orangutans. The utilization of a multi-species framework will help place the patterns of 

species-specific variation within an evolutionary framework to aid the understanding of 

whether there are forces common acro.ss the genomes of hominoid primates or whether 

specie.s-specific and locus-specific patterns exi.st. 

A complementary multispecies framework can provide a broader phylogenetic 

and demographic perspective by looking for species-specific effects and looking for 
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correlations between genomic patterns and demographic processes common across a 

range of species. If mating system and other sex-specific factors play a role in shaping 

hommoid NRY variation, there should be a genome-wide correlation of nucleotide 

diversity with degree of maternal inheritance. Highly polygynous species like Gorilla 

should manifest the genetic signature most consistent with a sex-specific effect. Since all 

hominoid species show some tendency towards an increase in male reproductive variance 

due to mating system and marriage practices, the presence of male dominance 

hierarchies, and/or substantial sexual dimorphism, a general prediction can be made that 

all hominoids should exhibit a reduction in NRY diversity relative to other regions of the 

genome and that the other compartments of the genome should show signatures of 

concordant reductions in diversity proportional to their male inheritance. If locus-specific 

factors are a more dominant force in shaping genome evolution, levels of diversity should 

be independent of the degree of maternal inheritance and are less likely to be congruent 

across species. It is possible that similar selective forces may act in the same way on the 

same loci across species, and that some concordant interspecific signals may be detected 

as a result. However, the pattern of intercompartmental variation expected under a model 

of increased variance in male reproductive success is predicted to trend in a particular 

direction and order whereas simultaneous multi-locus selection in the hominonid 

primates is less likely to follow a predicted pattern. 

The first section introduces data from an X chromosome locus (Xql3.3) and an 

autosomal locus (HOXB6) from the literature in order to provide a broader context for 

investigating levels of genetic diversity in the different genomic compartments. The 
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second section compares these loci to the 5SRY and 16S rRNA data generated for this 

study in order to study patterns of genetic diversity across the NRY. X chromosome, 

autosomes, and mitochondrial genome. The third section introduces an X chromosome 

locus (DMD intron 44) surveyed in the same set of individuals studied for the 5'SRY and 

16S regions. If locus-specitlc selection is responsible for the NRY results .seen in 

Chapter 3. for example, then the other loci (i.e. excluding the locus under selection) 

should generally conform to the 4:3:1:1 ratio of levels of diversity predicted under neutral 

equilibrium. If a reduction in male Ne is responsible, however, then the genomic ratio 

should be skewed away from 4:3:1:1 in a direction consistent with increa.sed diversity in 

the maternally-influenced portions of the genome. With the addition of these data from 

the Y chromosome upstream 5"SRY region, the mitochondrial I6S rRNA locus, and the 

X-linked DMD intron 44 locus, it is now possible to compare patterns of genetic 

variation in all four compartments of the genome across the humans, chimpanzees, 

gorillas, and orangutans in order to investigate the roles that selection and demography 

might play in hominoid genome evolution. 

THE XQ 13.3 LOCUS 

The Xql3.3 locus was surveyed by Kaessmann and colleagues (Kaessmann et al. 

1999a; Kaessmann et al. 1999b: Kaessmann et al. 2001) in a series of papers examining 

diversity in humans, chimps, bonobos. gorillas, and orangutans. First. 10 kilobases of 

non-coding DNA in a low recombination region on the X chromosome were surveyed in 

70 humans in order to study the level and pattern of variation in a non-coding region of 
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the human genome (Kaessmann et al. 1999a). They then compared the level of variation 

seen in chimpanzees and bonobos to humans in order to compare levels of variation 

between the species and concluded that humans have less diversity than chimpanzees 

(Kaessmann et al. 1999b). Finally, they e.xamined the same region in gorillas and 

orangutans in order to determine whether human diversity was unusually low or whether 

chimpanzee diversity was unusually high in diversity (Kaessmann et al. 2001). 70 

humans. 5 bonobos, 30 chimpanzees (\1P. t. troglodytes. \1 P. t. verus. and 1 P. t. 

schweinfiirthii). 11 gorillas (10 G. g. gorilla and I G. g. beringei). and 14 orangutans (6 

P. p. cibelii and 8 P. p. pygmcieiis) were surveyed. 69 of the 70 humans were selected to 

represent 16 of the 17 language phyla defined by Ruhlen (Kaessmann et al. 1999a; 

Ruhlen 1991). One additional individual was included in the data.set u.sed in Kaessmann 

et al. (2001) (Accession # HSA312532) but no geographic or linguistic information is 

given. All great ape subspecies are represented by at least a single individual e.xcept for 

G. g. graiieri (Eastern lowland gorilla). All great ape sequences are available in 

Genbank. Sequences were aligned in Sequencer 3.0. Alignments were then exported to 

DNASP 3.53 for analyses. 

Xql3.3 nucleotide diversity 

TABLE 4.01 presents summary statistics for the Xql3.3 locus. At the species 

level, orangutans have the highest level of nucleotide diversity (7C=0.278% ), followed by 

gorillas (0.176%) and chimpanzees (0.132%) Humans are low (0.033%). but bonobos 



TABLE 4.01: Nucleotide polymorphism in the Xq13.3 region. 

Species 
(subspecies) 

Lenth 
excluding 

gaps 

Sample 
size 

S t! haplotypes K (s.d.) (%) (1 (s.d.) (%) Tajima's 1 

Humans 10164 70 33 20 0.033 (0.002) 0.067 (0.021) -1.616 

Bonobos 10151 5 5 3 0.022 (0.007) 0.024 (0.015) -0.562 

Chimpanzees 10149 30 85 23 0.132 (0.018) 0.211 (0.068) -1.466 
schweinfurthii 10149 1 . . .  1 . . .  . . .  . . .  

troglodytes 10151 12 64 12 0.175 (0.014) 0.209 (0.083) -0.752 
verus 10152 17 24 11 0.050 (0.007) 0.070 (0.028) -1.17 

Gorillas 9874 11 40 6 0.176 (0.020) 0.138 (0.058) 1.254 
berengei 9874 1 . . .  1 — . . .  . . .  

gorilla 9875 10 39 5 0.168 (0.025) 0.140 (0.060) 0.982 

Orangutans 9877 14 77 8 0.278 (0.033) 0.245 (0.094) 0.585 
pygmaeus 9885 8 31 3 0.134 (0.050) 0.121 (0.055) 0.559 

abelii 9880 6 61 5 0.294 (0.0520 0 270 (0.130) 0.534 

Sequence data taken from Kaessmann et al (1999), Kaessmann et al. (2001). 
Sequences were aligned in Sequencher 2.0 and analyzed with DNASP 3.0. 
Total alignment length = 10204 bp. 
Statistics calculated for subspecies with at least 2 individuals. 
S = number of polymorphic sites (number of mutations). 

n, t) calculated with Jukes-Cantor correction in DNASP 
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appear lo be the least diverse species at this locus (71=0.022%). At the subspecies level. 

P. p. cihelii has the greatest diversity, both for K (0.293%) and 0 (0.270%). P. i. 

ir()f>lodyies also has high diversity (;t =0.175%, 0 =0.209%); in contrast. P. t. verus (K 

=0.050%; 0 =0.070%) appears similar to humans. G. gorilla has moderate diversity, 

less than P. t. troglodytes but greater than P. p. pygmaeus. So it appears that orangutans 

and gorillas have the greatest diversity at the species level for this locus and humans and 

bonobos have the lowest, while the subspecies differ from the rank pattern seen at the 

species level. 

Xql3.3 Tajima's D values 

Tajima's D values are also presented in TABLE 4.01. Humans, chimpanzees, 

and bonobos all exhibit negative Tajima's D values, although none are significantly 

negative. Bonobos have the smallest number of segregating sites by far of any species 

examined here, and their pairwi.se diversity is also the lowest, resulting in only a 

marginally negative Tajima's D. Gorillas and orangutans have positive Tajima's D 

values. The trends do not change when subspecies are examined. 

Phylogenetic analysis of hominoid Xql3.3 haplotypes 

The Xq 13.3 locus surveyed here resulted in 20 human haplotypes, 3 bonobo 

haplotypes, 23 chimpanzee haplotypes, 6 gorilla haplotypes, and 8 orangutan haplotypes 

(TABLE 4.02). Even though Xql3.3 is in a region of low recombination, it was not 
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possible to reconstruct a single tree for this locus, as was noted by Kaessmann et al. 

(1999). Phylogenetic re-analyses of these haplotypes, rooted with a gibbon sequence, 

resulted in >16.000 most parsimonious trees of treelength 849. A strict consensus tree is 

shown in FIGURE 4.01. and a majority rule consensus tree is shown in FIGURE 4.02. 

All trees support a Homo-Pan clade. The majority rule consensus tree supports 

reciprocal monophyly between P. troglodytes and P. paniscus, while the strict consensus 

tree suggests chimpanzees are paraphyletic with respect to bonobos. Phylogenetic 

structure in bonobos, gorillas, and orangutans was invariant between the two consensus 

trees. There appears to be either recombination or homoplasy in the data, particularly 

within chimps, that make the tree difficult to resolve, so the data were reanalyzed with 

chimps removed. Removal of the 23 Pun troglodytes haplotypes resulted in 9 most 

parsimonious trees of treelength 739. with the trees differing in the placement of the 

human haplotypes. 

No clear ancestral sequence or clade can be determined for humans under either 

reconstruction. Kaessmann et al. (1999) report that two trees are possible for the human 

data when rooted with a single chimp; however, analysis of human Xql3.3 sequences 

here suggests that multiple human trees are possible depending on (a) which chimpanzee 

haplotype is u.sed as an outgroup, and (b) whether other species are aLso u.sed as 

outgroups. Within Gorilla, even though the G. g. beringei haplotype was unique to that 

individual, G. g. gorilla did not form a monophyletic cluster exclusive to G. g. beringei. 

Two major Gorilla clades exist for Xql3.3, one with only western lowland gorillas and 

the other with both western lowland and mountain gorillas. Two major clades also exist 
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FIGURE 4.01: Strict consensus tree tor Xq 13 3 haplot\ pes. 
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within Pongo. but these too do not fall directly along subspecific boundaries. Neither 

clade belongs exclusively to one subspecies; lineages are mixed between the two eludes. 

The chimpanzee clade XqT5 - XqT3 appears in both reconstructions, but 

re.solution of the rest of the chimpanzee lineages varies between the two. Analysis of Pan 

troglodytes alone resulted in 11 12 most parsimonious trees of treelength 97; both strict 

consensus and majority rule consensus trees result only minor phylogenetic structure. In 

unrooted consensus analyses, there appears to be a cluster of P. t. troglodytes haplotypes 

and a cluster of P. t. troglodytes + P. t. verus + P. t. schweinfiirthii haplotypes. Inclusion 

of P. troglodytes in a consensus tree of all species results in two major chimpanzee clades 

with the same basic structure as when P. troglodytes is analyzed alone; however, in the 

larger consensus tree there is less resolution than when the chimpanzee sequences are 

analyzed alone. 

Xql3.3 phylogeography 

TABLE 4.02 shows the frequencies of the different haplotypes across the 

different species and subspecies. Human lineages are interspersed between African and 

non-African populations. Four human haplotypes are shared between African and non-

African populations: 7 appear only in African individuals, 8 appear exclusively in non-

.Africans. and one is shared between a non-African and the unknown individual. Although 

no overall clear phylogeographic pattern exists, some clades appear to be broadly 

geographically related. The non-African lineages XqH4, XqH5, and XqH7 are closely 



TABLE 4.02: Xq13.3 haplolype frequencies by species and subspecies. 

N XqHI XqH2 XqH3 XqH4 XqH5 XqH6 XqH7 XqH8 XqH9 XqHIO 
Kaessmann et al. D E F 1 G L H M 0 P 
(1999) haplotype 

D G H M 0 

Humans 70 0.143 0.014 0.014 0.014 0.029 0.014 0.014 0.014 0.071 0.029 
Africa 23 0.217 0.000 0.043 0.000 0.000 0.000 0.000 0.000 0.043 0.087 

Non-Africa 46 0.109 0.022 0.000 0.022 0.022 0.022 0.022 0.022 0.087 0.000 
Unknown' 1 0.000 0.000 0.000 0.000 1.000 0.000 0.000 0.000 0.000 0.000 

N XqHIl XqH12 XqH13 XqHI 4 XqHI 5 XqHI 6 XqHI 7 XqH18 XqHI 9 XqH20 
Q A S T R J K N B C 

70 0.029 0.114 0.014 0.014 0.014 0.229 0.014 0.014 0.186 0.014 
Africa 23 0.087 0.174 0,043 0.043 0.043 0.000 0.000 0.043 0.174 0,000 

Non-Africa 46 0.000 0.087 0,000 0.000 0.000 0.348 0.022 0.000 0.196 0,022 
Unknown' 1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0,000 

N XqTI XqT2 XqT3 XqT4 XqTS XqT6 XqT7 XqT8 XqT9 XqTiO 
Chimpanzees 30 0.033 0.0333 0.0333 0.0333 0.0333 0.0333 0.0333 0.0333 0.0333 0,0333 

P. t. verus 17 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
P. t. troglodytes 12 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 

P. t. schweinfurthii 1 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000 0.000 0.000 

N XqTI 2 XqTVII XqVI XqV2 XqV3 XqV4 XqV5 XqV6 XqV7 XqV8 
30 0.0333 0.067 0.167 0.033 0,067 0.033 0.033 0.067 0.033 0,033 

P. t. verus 17 0.000 0.059 0.294 0.059 0,118 0.059 0.059 0.118 0.059 0.059 
P. t. troglodytes 12 0.083 0.083 0.000 0.000 0.000 0.000 0.000 0.000 0,000 0 000 

P. t. schweinfurthii 1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 



TABLE 4.02 continued; Xq13.3 haplotype frequencies by species and subspecies. 

N XqV9 XqViO XqSl 
30 0.033 0.033 0,033 

P. t. verus 17 0.059 0.059 0.000 
P. t. troglodytes 12 0.000 0.000 0.000 

P. t. schweinfurthii 1 0.000 0.000 1.000 

N XqBI XqB2 XqB3 
Bonobos 5 0.600 0.200 0.200 

N XqGl XqG2 XqG3 XqG4 XqG5 XqG6 
Gorillas 11 0.091 22.000 0.273 0.091 0.091 0.364 

G. g. beringei 1 1.000 0,000 0.000 0.000 0.000 0.000 
G. g. gorilla 10 0 000 0.200 0.300 0.100 0.100 0.400 

N XqOl Xq02 Xq03 Xq04 Xq05 Xq06 Xq07 Xq08 
Orangutans 14 0.071 0.143 0.071 0.071 0.071 0.071 0.357 0.143 

P. p. abelii 6 0.167 0.333 0.167 0.167 0.167 0.000 0.000 0,000 
P. p. pygmaeus 8 0.000 0.000 0.000 0.000 0.000 0.125 0.625 0,250 

The haplotypes present in the Xq13,3 region and their frequencies in each species and subspecies surveyed. 
The top row refers to the haplotype name 
Frequencies are summed to 1 within species/subspecies. 
Sequences from Kaessmann et al. (1999), Kaessmann et al. (2000), and Kaessmann et al. (2001). 
' Individual of unknown geographic origin included in Kaessmann et al. (2001) but not Kaessmann et al. (1999). 
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related phylogenelically. The non-African clade XqH8. XqH6. XqH16. and XqH17 

appears derived from the African XqH18 in the majority rule consensus tree. Xq20 is 

non-African and it is derived from Xql9 (present in both African and non-African 

individuals). There is no clear geographic root for the human haplotypes,, although 

Kaessmann et al. (1999) suggest that the ancestral human sequence is Xq 12 becau.se of its 

sequence similarity to chimpanzee. However, this multispecies phylogenetic analysis 

does not conclusively support that hypothesis. 

Chimpanzees have the largest number of haplotypes of all the species. Humans 

also have a high number of haplotypes. nearly as many as chimpanzees, even though the 

human sample size is more than twice as large as the chimpanzee sample size. None of 

the 8 orangutan haplotypes are shared across the subspecies boundary: however, the 

subspecies do not form reciprocally monophyletic clusters on the tree. Gorillas also 

appear to be completely distinct haplotypically, as the G. g. beringei haplotype is not 

present in the G. g. gorilla sample, but the XqG4 haplotype appears to be derived from 

within G. g. gorilla diversity. The two subspecies of chimpanzee that are represented here 

with multiple sequences (P. t. verus and P. t. troglodytes) .share one haplotype in common 

(XqVTl 1). with a single individual of each subspecies posse.ssing it. The P. t. 

schweinfurthii individual has a unique haplotype that appears most closely related to P. i. 

troglodytes haplotype XqT9. 

THE H0XB6 INTERGENIC LOCUS: 

Deinard and Kidd (1999) surveyed the H0XB6 locus in order to examine the 

nature and amount of intraspecific variation in the hominoid primates. The ~1 kilobase 



region is located between 17q2I-q22 on chromosome 17 (and appears to be in roughly 

the same chromosomal location in the other species (Yunis and Prakash 1982)). The 

region is a non-coding intergenic region located between H0XB6 and HOXB7 (although 

it will be referred to here as H0XB6 for convenience). The region was previously known 

as HOX2B. and 240 basepairs were previously surveyed for hominoid intraspecific data 

(Ruano et al. 1992). 105 humans from 21 different ethnic and geographic populations 

were sampled for this locus (210 chromosomes). Since autosomal loci cannot be directly 

sequenced at the allelic level without either cloning or some allele-specific targeting. 

Deinard and Kidd (1999) screened the humans by combining DNA from five unrelated 

individuals into single PCR reactions prior to denaturing gradient gel electrophoresis 

(DGGE). This strategy was used to rapidly sample a large number of individuals while 

simultaneously enhancing the potential resolution of different sequence variants. 8 

orangutans (N=16 unrelated chromosomes). 16 gorillas (N=30 unrelated chromosomes). 

19 bonobos (N=38 chromosomes) (see Table 2 in Deinard and Kidd 1999) and 45 

chimpanzees (N=82 chromosomes) (Deinard and Kidd 2000) were examined. Haplotype 

sequences were taken from Genbank and the frequency of each haplotype reported in 

Table 1 of Deinard and Kidd (1999) or Table laof Deinard and Kidd (2000) was 

multiplied by the number of sequences examined in order to determine the number of 

copies of each haplotype to use in the analyses for this study. 
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HOXB6 nucleotide diversity 

TABLE 4.03 presents the summary statistics for the HOXB6 locus. Some 

statistics differ slightly from those presented in Deinard and Kidd (1999. 2000). All 

further analyses are based on the values given in TABLE 4.03 in order to maintain 

consistency with the analyses in the other species. At the species level, bonobos 

{7C=0.179'7o), chimps (K =0.176%), and gorillas (7C =0.171) are all similarly high in terms 

of their nucleotide diversity. Orangutans have relatively low diversity compared to the 

other great apes (K =0.127%). and humans are the least diver.se (n =0.060%). At the 

subspecies level. Sumatran orangutans have the highest diversity (JC=0.156%). followed 

by P. t. troglodytes (7r=0.105%), P. l. veins (7C=0.105%). and P. p. pygmaeiis 

{7C=0.065%). Three polymorphic insertion-deletion events were noted in the data; a 94 bp 

tandem duplication in GorillaF haplotype, a 120 bp tandem duplication in HomoD. and a 

single point deletion in GorilUiE . 

H0XB6 Tajima's D values 

Tajima's D values for the species and subspecies were all non-significant, 

although they showed different trends in the different groups. Humans. P. t. veriis. and 

P.t. troglodytes all exhibit slightly negative Tajima's D values (particularly for humans 

and P. t. troglodytes). Tajima's D was positive for all other groups. Orangutans show 

particularly striking differences between their 7t and 0 values, resulting in large (although 

non-significant) Tajima's D values. Due to the relatively low numbers of segregating 



TABLE 4.03: Nucleotide polymorphism in the H0XB6 region. 

Species 
(subspecies) 

Length 'Sample size S U haplotypes .1 (s.d.) (%) 1) (s.d.) (%) ^Tajma's 

Humans' 1025 210 4 4 0.060 (0.004) 0.066 (0.035) -0.160 

Bonobos' 1020 38 6 5 0.179 (0.025) 0.140 (0.068) 0.742 

Chimpanzees 1020 82 8 8 0.176 (0.011) 0.158 (0.067) 0.292 
verus 1020 58 5 4 0.105 (0.021) 0.106 (0.054) -0.020 

troglodytes 1020 18 5 5 0.119 (0.027) 0.143 (0.077) -0.532 
schweinfurthii 1020 6 0 1 — ... ... 

Gorillas' 1029 30 6 5 0.171 (0.026) 0.147 (0.073) 0.464 

Orangutans 1027 16 3 3 0.127 (0,021) 0.088 (0.057) 1.269 
pygmaeus 1027 4 1 2 0.065 (0.020) 0.053 (0.053) 1.633 

abelii 1027 10 3 3 0.156 (0.020) 0.103 (0.069) 1.831 
unknown 1027 2 0 1 — ... ... 

Sequences and frequencies frorrOeinard and Kidd (1999) and'Deinard and Kidd (2000) 
Sequence data reanalyzed in DNASP 
Total alignment length = 1246 bp. 
'Refers to the number of chromosomes examined. 

8 = number of polymorphic sites (number of mutations). 

II calculated with Jukes-Cantor correction in DNASP 
Tajima's D values were all nonsignificant. 
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sites in orangutans, it is likely that the power of this test to detect a significant signal in 

H0XB6 is weak. 

Phylogenetic analysis of hominoid HOXB6 haplotypes 

The HOXB6 locus examined here resulted in 4 human haplotypes. 5 bonobo 

haplotypes. 8 chimpanzee haplotypes, 6 gorilla haplotypes. and 3 orangutan haplotypes 

(TABLE 4.04). A maximum parsimony analysis of the haplotypes (including both SNPs 

and indels) resulted in five most parsimonious trees of treelength 80. This is a slightly 

different result from the analysis of Deinard and Kidd (1999). who found 10 most 

parsimonious trees. In both analyses, the trees differed mostly in the placement of 

chimpanzee haplotypes. The majority rule consensus tree of the 5 most parsimonious 

trees reconstructed here reveals the same basic topology as that represented in Figure 2 of 

Deinard and Kidd (1999) (FIGURE 4.03). Both analy.ses support an (orangutan 

(goriIla(human(chimpanzee+bonobo)))) topology. The inferred ancestral haplotype for 

humans was not sampled but lies on the branch between HSA-D and HSA-( A/B/C). For 

chimpanzees, PTR-H is ancestral as all other chimp and bonobo clades are derived from 

it. Likewise, GGO-A is the ancestral Gorilla type, and PPY-B is the ancestral orangutan 

haplotype. The two consensus analyses also agree on the finding of paraphyly in 

bonobos, as Deinard and Kidd (1999) found; the two bonobo clades. PPA-B/C and PPA-

A/D/E appear to be derived independently from PTR-H. 



TABLE 4.04: H0XB6 haplolype frequencies by species and subspecies. 

N HSA-A HSA-B HSA-C HSA-D 
Humans 210 0.481 0.481 0.019 0.019 

N PTR-A PTR-B PTR-C PTR-D PTR-E PTR-F PTR-G PTR-H 
Chimpanzees 82 0.561 0.293 0.012 0.012 0.024 0.073 0.012 0.012 

P. t, verus 58 0.793 0.172 0.017 0.017 0.000 0.000 0.000 0.000 
P. t. troglodytes 18 0.000 0.444 0.000 0.000 0.111 0.333 0.056 0.056 

P. t. schweinfurthii 6 0.000 1.000 0.000 0.000 0.000 0.000 0.000 0.000 

N PPA-A PPA-B PPA-C PPA-D PPA-E 
Bonobos 36 0.639 0.250 0.028 0.056 0.028 

N GGO-A GGO-B GGO-C GGO-D GGO-E GGO-F 
Gorillas 30 0.433 0.033 0.033 0.300 0.067 0.133 

N PPY-A PPY-B PPY-C 
Orangutans 16 0.250 0.375 0.375 

P. p. abelii 10 0.400 0.200 0.400 
P. p. pygmaeus 4 0.000 0.500 0.500 

unknown 2 0.000 1.000 0.000 

Data from Deinard and Kidd( (1999) and Deinard and Kidd (2000). 
The frequencies of haplotypes were taken from Table 1 of Deinard and Kidd (1999) and Table 2 of Deinard and Kidd (2000). 
The top row refers to the haplotype name. 
Frequencies are summed to 1 within species and subspecies. 
All gorillas surveyed were G. g. gorilla . 

N repesents the number of chromosomes surveyed. 
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FIGURE 4.03: Bootstrap consensus tree lor the HOXB6 locus. 
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Bootstrap values for the strict consensus tree are fairly robust: the branches defining 

orangutans, gorillas, and the chimpanzees and bonobo clade have 100% bootstrap 

support. The branch defining humans only received 62% support and the clades within 

bonobos and gorillas received similarly low values. Presumably the.se values are due to 

the low number of segregating sites differentiating these clades from others, possibly due 

to chance resolutions of polymorphism in the Pan-Homo-Gorilla common ancestor 

(Deinard and Kidd 1999). 

HOXB6 Phylogeography 

TABLE 4.04 shows the frequencies at which the different haplotypes appear in 

the species and subspecies surveyed by Deinard and Kidd (1999). Bonobos. chimps, and 

gorillas have the greatest number of haplotypes at this locus, followed by humans and 

then orangutans. It is not possible to accurately determine the frequencies of haplotypes 

between human African and non-African populations from the data given, although 

Deinard and Kidd (1999) state that haplotypes HSA-C and HSA-D are found only in 

African populations. Only one chimpanzee haplotype, PTR-B, is shared between 

subspecies, and it is found in all three. The remaining P. troglodytes haplotypes are 

subspecies-specific. For gorillas, only the western lowland subspecies is repre.sented so 

it is not possible to compare haplotype sharing across subspecies. Two of the three 

orangutan haplotypes appear to be shared across subspecies (PPY-B and PPY-C), with 

only PPY-A being private to Sumatran orangutans. Sumatran orangutans have all three 
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orangutan haplotypes while Bomean orangutans only have two of the three. In chimps. 

P. t. verus and P. t. irof^loclytes share some haplotypes and each have some private ones 

as well. 

MULTILOCUS COMPARISON OF 5'SRY, 16S, XQ13.3, ANDH0XB6 

Comparison of genetic data from the four genomic compartments (NRY. mtDNA. 

X. and Autosomes) in humans and the great apes may help elucidate the factors 

responsible for the levels of variation present in each compartment and species. Chapter 

3 showed that the hominoid mtDNA and NRY differed in their levels of diversity, and 

that such a pattern could be due to locus-specific factors or a genome-wide effect of a 

variance in male reproductive success. Different predictions can be made from the two 

models about the levels of genome-wide genetic variation, and the.se predictions can be 

tested using a combination of NRY. mtDNA. X. and auto.somal data (TABLE 4.05). 

Sex-specific factors like a high variance in male reproductive succe.ss predicts that a 

single variable can influence genetic diversity differentially acro.ss the genome, resulting 

in a reduction of NRY diversity relative to other compartments as well a.s a reduction in 

autosomal relative to X and in X relative to mtDNA. If a high variance in male 

reproductive success is responsible for the correlation, highly polygynous species like 

Gorilla are expected to show a strong signal of correlation across loci. In contrast. 

genetic hitchhiking and background selection on the NRY are expected to reduce NRY 

diversity but are not predicted to impact diversity on other loci as a direct result (although 

a general pervasiveness of genetic hitchhiking across the genome will reduce X diversity 
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TABLE 4.05 : Possible causes of the discrepancy between 
mtDNA and NRY. and predictions for other genomic 
compartments 

Possible cause of mtDNA/NRY 
discrepancy 

Predictions for patterns of 
diversity across genomic 

compartments 

High variance in male 
reproductive success 

Genetic hitchhiking on the NRY 

Background selection on the 
NRY 

Weakly deleterious mutation 
model on mtDNA 

A correlation will exist between 
the degree of maternal inheritance 

and the relative degree of 
diversity. The degree of 

discrepancy will depend on 
Nef/Ne..,. 

NRY-specific reductions will be 
seen. There will be no 

correlation between the degree of 
maternal inheritance and genetic 
diversity. Patterns at other loci 

may differ among species. 

A reduction in NRY diversity 
will result. There will be no 

correlation between the degree of 
maternal inheritance and genetic 
diversity. Patterns at other loci 

may differ among species. 

mtDNA will show higher 
polymorphism than expected. 
Patterns at other loci will be 
uncorrelated and may differ 

among species. 

relative to autosomal diversity (Begun and Whitley 2000)). Likewise, the ratio of 

polymorphism to divergence for mtDNA has been increased due to the maintenance of 

weakly deleterious mutations, other genomic loci should show no correlation to each 

other in terms of levels of diversity. These predictions can be tested using data from the 
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four genomic compartments across the hominoid primates: mtDNA (16S). X 

chromosome (Xql3.3). autosomes (HOXB6). and the NRY (5'SRY). 

Predictions of a model of high variance in male reproductive success 

Under a model of sex-specific demographic influence such as a high variance in 

male reproductive success, the predicted pattern for rank-ordered levels of compartmental 

genetic diversity depends on the number of breeding males relative to females (Caballero 

1994: Caballero 1995: Charlesworth 2001; Hoelzer 1997: Nunney 1993). TABLE 4.06 

reports the expected Ne values for different proportions of males and females (N,; + = 

N). When the N,yN^, =1 (i.e. equal numbers of males and females), it can be seen that 

the relative proportions of the X and the autosomes are 3 to 4, respectively, as expected 

under neutral equilibrium at an equal sex ratio. As the relative proportion of breeding 

males decreases (that is, N,yNv, increa.ses), the relative Ne values of X and autosomal loci 

decrease from their expected values at an equal sex ratio. Ne,,^ is greater than Ne^ at a 1:1 

ratio, but it declines faster than Ne^ as the number of males declines. 

FIGURE 4.04a represents the influence of the breeding sex ratio on the 

expectation of locu.s-specific effective population size and relative levels of diversity 

among the four genomic compartments. On the X axis (N,::Nv,), values to the left reflect a 

reduction in the proportion of male breeders (such as under polygyny), and values to the 

right reflect a reduction in the number of female breeders (such as under polyandry). At 

a N/Nn, of I, the four curves are at a proportional ratio of 4:3:1:1, as predicted under a 

neutral equilibrium model. As the proportion of male breeders decreases, the relative 
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TABLE 4.06: The relative Ne ratios expected under different NeNe,.r ratios. 

Ne^iNe,., Relative Nauctu. Relative Nek Relative Na Relative Ne 

99.00 1.98 0.18 0.16 0.02 
49.00 1.96 0.35 0.31 0.04 
9.00 1.80 1.47 1.44 0.20 
4.00 1.60 2.40 2.56 0.40 
2.33 1.40 2.91 3.36 0.60 
1.50 1.20 3.09 3.84 0.80 
1.00 1.00 3.00 4.00 1.00 
0.67 0.80 2.70 3.84 1.20 
0.43 0.60 2.22 3.36 1.40 
0.25 0.40 1.60 2.56 1.60 
0.11 0.20 0.85 1.44 1.80 
0.02 0.04 0.18 0.31 1.96 
0.01 0.02 0.09 0.16 1.98 

Ne. =2(4N.NM/(N.+N,,) ) 
Nex=2(9N pNM/(2Nr+4NM)) 
Nei/TQMA 
Nev=NeF., 

expected diversity of autosomal and X loci declines along with NRY diversity as the 

number of males decrease. Autosomal and X values decrease faster than Y values do (all 

other things being equal). In contrast, the relative expectation for mitochondrial DNA 

variation increases because the number of females contributing to diversity increases 

relative to the number of males (since males are declining in number). At approximately 

N,/N„ =7. the expected Ne^roNA intersects and surpasses the expected Ne for the X and 

autosomes. When the model is standardized to correct for expected differences in locus-

specific effective population size at a breeding sex ratio of 1, the relative magnitude of 

the differences between the different genomic compartments changes accordingly 

(FIGURE 4.04b). So a model of a high variance in reproductive success predicts 

increa.sed maternally-mediated diversity and decreased paternally-mediated diversity 



FIGURE 4.04a: The relative influence of operational sex ratio on effective size for the different genomic compartments. 
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FIGURE 4.04b: The relative Ne values after standardizing for the expected locus-specific effective population sizes 
under an equal sex ratio. 
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above and beyond what can be corrected for by the standard neutral model. If a high 

variance in male reproductive success accounts for the difference in diversity between the 

5'SRY and I6S loci across the Hominoidea, then it is predicted that the Xql3.3 and 

H0XB6 loci should show relatively intermediate levels of diversity. 

Comparative analyses of 5'SRY, 16S. Xql3.3, and H0XB6 in 

the hominoid primates 

Since each of the four datasets is comprised of different numbers of individuals 

and different subspecies, comparative analyses focus on groups that are standard across 

the four loci: H. sapiens. P. t. vents. G. gorilla. P. p. abelii. and P. p. pygtmieus. 

Bonobos are not included because of the small number (N=3) used in both the 5'SRY 

survey and the 16S survey. TABLE 4.07 presents the number of individuals, the length 

of sequence, the number of segregating sites, 7C. and Tajima's D values from each of the 

species/subspecies used in the following comparative analyses. Most taxa have greater 

than 10 individuals analyzed for each data.set; the exception is P. p. abelii. for which 10 

or less individuals were surveyed at each locus. P. p. pyginaeiis also has low numbers of 

individuals sampled for Xq 13.3 and HOXB6. At least 41 humans were sampled for each 

locus, and the same 41 were sampled for 5'SRY and 16S rRNA. 

TABLE 4.07 shows that the 5'SRY region generally shows the lowest k value of 

all loci in all species, and that the 16S region generally has the greatest diversity. 

Diversity values for Xql3.3 and H0XB6 are generally intermediate. A direct 
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TABLE 4.07: Data for the 5'SRY. 16S, Xq13.3. and H0XB6 loci used in this study. 

5' SRY region 16S rRNA Xq13.3 region H0XB6 region 
Homo sapiens 

N 
L 
S 

T (%) + s.d.{°o) 

Tajima's D 

41 41 70 210 
2844 358 10163 1025 

1 6 33 4 

0.003 -t- 0.002 0.249 + 0.064 0.033 + 0.002 0.060+0.004 

-0.841 -0.974 -1.616 -0.160 

Pan troglodytes verus 
N 31 30 17 58 
L 2835 354 10152 1020 
S 3 4 24 5 

.T (%) + s.d.ro) 0.007 + 0.004 0.255 + 0.036 0.050 + 0.007 0.105 + 0.021 

Tajima's D -1.731 -0.276 -1.170 -0.020 

Gorilla gorilla gorilla 
N 14 14 10 30 
L 2809 358 10204 1029 
S 0 1 39 6 

rt (%) + s.d.(%) 0.000 -t- 0.000 0.040 -f- 0.033 0.168-1- 0.025 0.171 + 0.026 

Tajima's D - -1.155 0.982 0.464 

Pongo pygmaeus pygmaeus 
N 16 15 8 4 
L 2766 358 9885 1027 
S 4 10 31 1 

.T (°bj + s.d.(°o) 0.032 + 0.006 0.536 + 0.172 0.134 + 0.050 0.065 + 0.020 

Tajima's D -0.836 -1.45 0.559 1.633 

Pongo pygmaeus abelii 
N 9 5 6 10 
L 2765 358 9880 1027 
S 1 3 61 3 

n (%) + s.d.(%) 0.020 + 0.003 0.449 + 0.139 0.294 + 0.052 0.156 + 0.020 

Tajima's D - 1.401 0.699 0.534 1.831 

N= Number of individuals; L=length of intraspecific sequence; S=number of segregating sites 
All values were calculated in DNASP 3.0 

71 values are Jukes-Cantor corrected and are uncorrected for the expected locus-specific Ne. 
' The number of mutations was greater than the number of segregating sites. 
All Tajima's D values are non-significant. 
Data from Kaessmann et al. (1999: 2001) 

' Data from Deinard and Kidd (1999; 2000) 



comparison of k values among loci may not reflect the true proportional value of genetic 

diversity because regions with higher mutation rates will acquire more diversity per unit 

time if all other factors are equal. In order to make the most appropriate comparisons of 

the diversity data for the four loci, the data from each locus was divided by the locus-

specific divergence to correct for any differences in mutation rates among loci. Here, 

divergence between humans, chimpanzees, and gorillas to Bornean orangutans, and from 

Bomean orangutans and Sumatran orangutans to humans, is used. (TABLE 4.08). 

TABLE 4.09 presents the 7C/Dxy ( Tpj )ratios for the five taxa. FIGURE 4.05 

graphs these ratios. The loci are arranged from increasing maternal inheritance to 

increasing paternal inheritance from left to right (i.e. mitochondrial DNA. X 

chromosome. Autosome, NRY). It can be seen that all of the species examined here have 

very little 5"SRY variation compared to the rest of the loci examined. In fact, all loci 

appear much more diverse that the NRY locus. Under the neutral model, nucleotide 

polymorphism is proportional to the product of the neutral mutation rate and the effect 

population size (Kimura 1983). Assuming an equal breeding sex ratio. Ne values for the 

.NRY and mtDNA are expected to be one fourth that of autosomal genes and one third 

that of X-linked genes (Caballero 1995). So the NRY and mtDNA should have 

approximately the same reduction of nucleotide variation relative to the auto.somes and 

the X. even after correction for locus-specific mutation rates. Thus, the adjusted genetic 

diversity at each locus was multiplied by a correction factor to standardize diversity 

across the loci (4 for the Y and mtDNA, 4/3 for the X chromosome, and I for 
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TABLE 4.08: Divergence (Dxy) between each taxa for the loci in this study. 

5'SRY 
Human Verus WL Gorilla Bornean Sumatran 

Human — 

Verus 0.0147 ... 

WL Gorilla 0.0195 0.0214 ... 

Bornean 0.0486 0.0491 0.0468 ... 

Sumatran 0.0482 0.0491 0.0468 0.0010 ... 

Xql3.3 
Human Verus WL Gorilla Bornean Sumatran 

Human — 

Verus 0.0093 ... 

WL Gorilla 0.0142 0.0142 ... 

Bornean 0.0300 0.0300 0.0297 ... 

Sumatran 0.0299 0.0294 0.0294 0.0036 — 

H0XB6 
Human Verus WL Gorilla Bornean Sumatran 

Human — 

Verus 0.0070 ... 

WL Gorilla 0.0133 0.0139 — 

Bornean 0.0317 0.0324 0.0347 ... 

Sumatran 0.0324 0.0331 0.0354 0.0013 ... 

16S rRNA 
Human Verus WL Gonlla Bornean Sumatran 

Human ... 

Verus 0.0604 ... 

WL Gorilla 0.0877 0.0700 ... 

Bornean 0.1216 0.1371 0.1398 ... 

Sumatran 0.1135 0.1225 0.1452 0.0318 ... 

Dxy, the average number of nucleotide differences per site between taxa. was estimated in DNASP. 

Dxy=I.x.yd : Nei 1987. eq. 10.20. 

the autosomes), in an attempt to account for any differences in genetic diversity that are 

solely due to the expected locus effective population sizes (TABLE 4.10). 

It is expected that corrected genetic diversity at the four genetic compartments should be 

roughly equivalent if they exist in a population experiencing no selection and having 

equal sex breeding ratios. It can be seen in FIGURE 4.06 however, that the four loci 
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examined here do not appear intraspecifically equivalent in diversity even after correction 

for the expected locus-specific effective population size. In fact, intraspecific diversity 

appears less concordant after correcting for locus-specific Ne in humans. P. i. verus. and 

P. p. pygmaeiis. The NRY exhibits reduced levels of diversity in all species, and is in fact 

the lowest in all except Bomean orangutans (where HOXB6 is slightly lower). While the 

statistical significance of these ratios cannot be reliably a.s.ses.sed. there is a general 

correlation between the degree of maternal inheritance and greater genetic diversity in 

these data. The strictly maternally inherited mitochondrial I6S locus generally has the 

greatest level of genetic variation across all species here, while the strictly paternally 

inherited 5'SRY locus generally has the lowest amount. Loci that are biparentally 

inherited show intermediate levels of variation; three of the five taxa (G. g. gorilla. P. p 

pygmaeiis, and P. p. abelii) show slightly greater diversity at the Xql3.3 locus than the 

HOXB6 locus, while H. sapiens and P. t. verus show the opposite pattern. This general 

pattern is consistent with that expected under a demographic model of a high variance m 

male reproductive success. 

It is possible that the patterns between the loci are due to sampling differences 

between the three studies that generated the data. Each study used different samples in 

their analyses, and it is possible that the HOXB6 and Xql3.3 samples are different 

enough to cause the intermediate values seen in the multilocus comparisons. The fact 

that the 5'SRY and 16S loci were investigated in the same set of individuals somewhat 

mitigates this argument as these regions show a striking discrepancy. In order to account 

for any possible sampling differences between loci, as well as the possibility that the 
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Xql3.3 data may be artificially reduced due to its location in a low recombination region, 

the same set of individuals used for the 5'SRY and 16S regions was investigated in 

another X-linked locus, intron 44 of the Duchenne muscular dystrophy gene. 

TABLE 4.09; r ratios for the loci used in this study. 

16S Xq13.3 H0XB6 5'SRY 

Homo sapiens 0.02048 0.01100 0.01799 0.00062 
P. t. verus 0.01860 0.01668 0.03243 0.00143 
G. g. gorilla 0.00286 0.05651 0.04931 0.00000 
P.p.pygmaeus 0.04408 0.04465 0.02050 0.00661 
P.p.abelii 0.03958 0.09839 0.04818 0.00415 

Divergence is calculated as Dxy. the average divergence between all sequences. 

.1 and Dxy were calculated in DNASP. 

H. sapiens, P.t. verus, and G. g. gorilla divergence is to P. p. pygmaeus. 
P. p. pygmaeus and P. p. abelii divergence is to H. sapiens. 

TABLE 4.10: r ratios corrected for expected locus-specific Ne. 

16S Xq13.3 H0XB6 5'SRY 

Homo sapiens 0.08192 0.01466 0.01799 0.00247 
P. t. verus 0.07443 0.02224 0.03243 0.00570 
G. g. gorilla 0.01144 0.07534 0.04931 0.00000 
P.p.pygmaeus 0.17630 0.05954 0.02050 0.02642 
P.p.abelii 0.15830 0.13120 0.04818 0.01658 

Divergence is calculated as Dxy, the average divergence between all sequences. 

Jukes-Cantor corrected! and Dxy were calculated in DNASP. 

16S, 5'SRY were multiplied by 4 to correct for locus-specific expected Ne. 
Xql3.3 was multiplied by (4/3) to correct for locus-specific expected Ne. 
H. sapiens, P.t. verus, and G. g. gorilla divergence is to P. p. pygmaeus. 
P. p. pygmaeus and P. p. abelii divergence is to H. sapiens. 
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COMPARATIVE GENETIC VARIATION AT THE DMD INTRON 44 LOCUS. 

To correct for any potential sampling or selective effect in the comparison of 

NRY, mtDNA. X chromosome, and autosomal loci, a portion of the DMD intron 44 locus 

was surveyed in the same set of individuals analyzed for the 5'SRY and 16S rRNA 

regions studied here. The X-1 inked Duchenne muscular dystrophy locus is 2.4 Mb long 

and comprised of 79 exons (Nachman and Crowell 2000a). Expanding on earlier single-

strand conformation polymorphism (SSCP) (Zietkiewicz et al. 1997; Zietkiewicz et al. 

1998) and sequencing (Nachman et al. 1998) surveys in intron 44 of the DMD locus, 

•Nachman and Crowell (2000) surveyed 3 kilobases of sequence in 41 humans in intron 

44 as well as in intron 7 in order to document patterns of human nucleotide variation in a 

high-recombination locus. There is a substantial amount of genetic evidence that suggests 

the level of nucleotide variation is positively correlated with the rate of recombination 

due to the effects of selective sweeps or background selection (Aquadro et al. 1994; 

Begun and Aquadro 1992; Nachman et al. 1998: Przeworski et al. 2000). The DMD gene 

is thought to reside in a region of high recombination, experiencing approximately 6 

times the average genomic recombination rate (Nachman and Crowell 2000a). The two 

introns showed very different patterns of nucleotide diversity. Nucleotide diversity at 

intron 44 (7C=0.141%) was four times greater than at intron 7 (7t=0.034%), even though 

their levels of divergence from chimpanzee and orangutan were similar. Intron 7 showed 

much greater linkage di.sequilibrium than intron 44. and it also showed an excess of rare 

polymorphic sites. Nachman and Crowell (2000) concluded that the best explanation for 

these results was positive directional selection on or near intron 7. and that DMD intron 



44 retlects a signature of neutral equilibrium based on the high rate of recombination and 

the high level of variation. The hypothesis that DMD intron 44 is a neutral genetic marker 

made it a logical choice for examination of comparative levels of hominoid genetic 

diversity; additionally. Nachman and Crowell (2000) examined the same 41 humans that 

were surveyed in this study for 5'SRY and 16S variation (Genbank acce.ssion numbers 

AF279921 - AF280049). so human data already existed that were directly comparable to 

the 5'SRY and 16S loci. A 792 bp region of DMD intron 44 was thus surveyed in 36 

chimpanzees. 18 gorillas, and 34 orangutans to compare to the human data (bonobos 

were not surveyed). Most of the chimpanzees belong to the P. t. verus subspecies, and 

most of the gorillas belong to the G. g. gorilla subspecies, as in the 5'SRY and 16S 

surveys. 20 Bornean orangutans, 11 Sumatran orangutans, and 3 orangutans of unknown 

subspecies designation were surveyed as well. A discrepancy in the human data was 

noted at bp 681 of Nachman and Crowell's original data when compared to new trial 

sequences of the same individuals; the.se di.screpancies were double-checked and found to 

be errors in Nachman and Crowell's Table 3. The individuals were re-sequenced and 

corrections were made to the sequences used in the analyses presented here. 

DMD44 nucleotide diversity 

TABLE 4.11 presents the summary statistics for the locus. Orangutans had the 

greatest nucleotide diversity of the species examined here (TC=0.397%); however, humans 

had the second highest level of diversity (7t=0.244%), followed by gorillas (71=0.129%) 

and chimpanzees (71=0.072%). At the subspecies level. Sumatran orangutans had greater 



diversity (71=0.484%) than Bomean orangutan.s (7t=0.124%). Bornean diversity is equal 

to Gorilla diversity (71=0.129%) and both had greater diversity than P. i. verus. 12 

segregating sites were observed in orangutans, with 13 mutations; 7 segregating sites 

were observed in humans. 5 in chimpanzees, and 4 in gorillas. 

DMD44 Tajima's D statistics 

Tajima's D values For DMD intron 44 were non-significant in all taxa. Humans 

had a positive Tajima's D value, consistent with Nachman and Crowell (2000). while 

chimpanzees and gorillas had negative Tajima's D values. For orangutans. Tajima's D 

based on the number of segregating sites was positive, but Tajima's D based on the 

number of mutations was negative. Western lowland gorillas have a positive D; verus 

chimpanzees have a negative D: Bornean orangutans have a positive D: and Sumatran 

orangutans have positive D values for both the number of segregating sites and the 

number of mutations. 



TABLE 4.11: Nucleotide polymorphism in DMD Intron 44. 

•Species 
subspecies N Length S // muts .1 (s.d.) {%) (i (s.d.) (%) # haplotypes Tajima's D 
Humans 41 792 7 7 0.251 (0.020) 0.207 (0.095) 10 0.584 

Non-Africa 31 792 6 6 0.244 (0.021) 0.190 (0.094) 7 0.809 
Africa 10 792 6 6 0.267 (0.050) 0.268 (0.147) 7 -0.019 

Chimpanzees 36 788 5 5 0.072 (0.019) 0.153 (0.079) 5 -1.375 
verus 30 791 3 3 0.056 (0.016) 0.096 (0.060) 4 -0.989 

unknowns 5 791 3 3 0.177 (0.061) 0.182 (0.128) 3 -0.175 
schweinfurthii 1 790 - - - - - - - - - -

Gorillas 18 791 4 4 0.129 (0.026) 0.147 (0.086) 4 •0.370 
Western lowland 17 791 2 2 0.104 (0.015) 0.075 (0.056) 3 0.979 
Eastern lowland 1 792 - - - - - - - - - - -

Orangutans 34 792 12 13 0.398 (0.050) 0.371 (0.150) 8 0.223 (seg) 
-0.039 (muts) 

Bornean 19 792 3 3 0.124 (0.019) 0.108 (0.069) 4 0.393 
Sumatran 11 792 9 10 0.484 (0.053) 0.388 (0.193) 5 1.020 (seg) 

0,504 (muts) 
unknowns 4 794 9 10 0.675 (0,135) 0.618(0.375) 4 0.860 

S=Number of segregatiing sites; #muts=Observed number ol mutations. 
Data were calculated in DNASP. 
All Tajima's D values are non-significant at P<0.05. 
Total alignment length is 794 bp. 



Phylogenetic analysis of DMD intron 44 

TABLE 4.12 shows the number of DMD intron 44 haplotypes for each species. 

Humans have the greatest number of haplotypes with 10, followed by orangutans (8), 

chimpanzees (5). and gorillas (4). There appears to be recombination or homoplasy in the 

human sequences and the orangutan sequences, but not in the chimpanzee or gorilla 

sequences. Because of the apparent recombination in the human and orangutan 

sequences, phylogenetic analyses of these species was not easily feasible. Maximum 

parsimony analysis resulted in 72 trees of treelength 63; the strict con.sensus tree is shown 

in FIGURE 4.07. Single trees were possible to reconstruct for the chimpanzee and 

gorilla haplotypes. The orangutan data shows 2 possible recombination or homoplasy 

events, and the human data show at least one event over this 790 basepair region, 

consistent with the identification of DMD44 as being in a high recombination region. 

DMD intron 44 phylogeography 

The frequency of these haplotypes in the different species and subspecies is 

shown in TABLE 4.12. The haplotype frequency distribution is different between 

species. In chimpanzees, 12% of the individuals have haplotype CmpX3. In contrast, 

humans have 3 haplotypes at moderate frequencies: HsaX2 (22%), H.saX5 (34%). and 

HsaX6 (17%). Gorillas have two haplotypes at approximately 40% frequency (GorX2 

and GorX4), and orangutans have one haplotype at nearly 30% frequency (OrgX3), five 

others between 10 and 20 pcrcent. and then the rest at low frequencies. 



TABLE 4.12: DMD inlron 44 haplotype frequencies by species and subspecies. 

N HsaXI HsaX2 HsaXa HsaX4 HsaX5 HsaX6 HsaX7 HsaXB HsaX9 HsaXI0 

Humans 41 0.07 0.22 0.02 0.02 0.34 0.17 0,02 0,02 0,07 0,02 

Africans 10 0,00 0.10 0.10 0 10 0.30 0,10 0.00 0.10 0.20 0.00 

Non-Africans 31 0.10 0.26 0.00 0.00 0.35 0.19 0,03 0.00 0.03 0.03 

N CmpXI CmpX2 CmpX3 CmpX4 CmpX5 

Chimpanzees 36 0.08 0.03 0,72 0.14 0.03 

P. t. verus 30 0.10 0.03 0,77 0.10 0.00 

P. t. schweinfurthii 1 0.00 0.00 1.00 0.00 0.00 

unknown 5 0.00 0,00 0.40 0.40 0,20 

N GorXl GorX2 GorX3 GorX4 

Gorillas 18 0.17 0.39 0.06 0,39 

G. g, gorilla 17 0.18 0.41 0.00 0.41 

G, g, graueri 1 0.00 0,00 1,00 0.00 

N OrgXI OrgX2 OrgX3 OrqX4 OrgX5 OrgX6 OrgX7 OrgX8 

Orangutans 34 0,12 0,12 0.29 0.06 0,03 0,12 0.15 0.12 

P. p. pygmaeus 19 0.00 0.00 0,53 0.00 0.00 0,05 0.21 0.21 
P. p. abelii 11 0.36 0.36 0.00 0,00 0.00 0.18 0.09 0.00 

unknown 4 0.00 0.25 0,00 0 25 0,25 0,25 0.00 0.00 

Ttie haplotypes present in DMD44 and their frequencies in each species and subspecies examined here 

The top row refers to the haplotype name. 

Frequencies are summed to 1 within species and subspecies. 



FIGURE 4.07: The strict consensus tree for DMD44. 
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Human African and non-African populations have 7 hapiotypes each. Orangutan 

subspecies share two DMD44 hapiotypes. Sumatran orangutans have many 

phylogenetically diverse hapiotypes. while Bomean hapiotypes are restricted to one 

major branch (X3.X6.X7,X8). Gorilla hapiotypes form a star-like phylogeny. but the 

ancestral haplotype X2 is equal in frequency to the more derived X4. The single 

i^rciueri individual does not share its haplotype with G. g. gorilla and is separated by two 

mutational steps from G. g. gorilld. P. i. schweinfiirthii shares its haplotype with P. t. 

veriis.. and this haplotype (X3) is the most common and phylogenetically central 

haplotype. Chimpanzee haplotype X5 forms a second branch off of the proposed root, 

and is divergent from the cluster containing P. t. verus and P. t. schweinfiirthii. The 

single individual possessing haplotype X5 is of unknown subspecies designation. 

Overall, subspecific structure is reduced at DMD44 compared to other loci. 

COMP.'\RATIVE ANALYSES OF DMD INTRON44, 5'SRY, 16S. XQ 1 3 .3. AND 
HOXB6 IN THE HOMINOID PRIMATES 

It is of interest to know if other loci in the genome fit the general pattern of 

diversity consistent with a .sex-specific demographic effect seen in the comparison of the 

5"SRY. I6S. XqI3.3. and HOXB6 regions. Specifically, the DMD intron 44 locus 

provides a new X-linked region in a region of high recombination, in contrast to the 

Xql3.3 locus, which is X-linked, but in a region of low recombination (Kaessmann et al. 

1999a). The addition of the DMD intron 44 data generated in humans, chimpanzees. 



gorillas, and orangutans provides a test of the sex-specific demography hypothesis as 

well as a second X-linked locus with information about the relative levels of genetic 

variation in the different species studied here. 

TABLE 4.13 shows an expanded version of TABLE 4.07. now including data 

from DMD intron 44. DMD intron 44 shows an unusual pattern in humans: Humans 

have one of the highest levels of nucleotide diversity at the DMD intron 44 locus. Even 

after correction for locus-.specific divergence and the expected locus-specific effective 

population size, human DMD intron 44 still has a very high rpj ratio. 3 times that of G. 

gorilla and 5 times that of P. i. verus (TABLE 4.14). This is a striking contrast to 

Xql3.3. which shows that humans have the lowest rp^ at thai locus. Both loci are X-

1 inked and are corrected with the same effective population size correction factor, yet 

they show very different patterns. The patterns at the two loci in the other species are 

different as well, with Xql3.3 greater in G. g. gorilla and DMD greater in P. t. verus, P. 

p. pygmaeus, and P. p. ahelii. in contrast to the relatively low levels seen in the other 4 

loci. DMD intron 44 data thus break with the generally ob.served pattern of reduced 

nucleotide diversity in humans compared to the great apes. 

FIGURE 4.08 repre.sents the corrected rp,, ratios graphically. The inclusion of 

DMD intron 44 into the comparative framework illustrates how different its overall 

pattern of genetic variation is from the other four loci. The pattern of diversity at DMD 

intron 44 is not consistent with the pattern of a sex-specific demographic effect 

characterized by generally decreasing diversity with the proportion of paternal 

inheritance seen previously in Figure 4.4. DMD intron 44 variation is actually greater 



TABLE 4.13: Adding DMD44 to the 5'SRY. 16S. Xq13.3. and 

5' SRY region 16S rRNA 

H0XB6 loci used in this study. 

DMDintrQn44 Xq13.3 region H0XB6 region 

Homo sapiens 

N 

L 
S 

•T (°o) -i- S.d.(°o) 
Taiima's D 

Pan troglodytes verus 

N 
L 
S 

1 (°=i - s d.t°o) 
Tajima s D 

Gorilla gorilla gonila 

N 

L 
S 

T (%) + s.d.(°b) 

Tajlma's D 

Pongo pygmaeus pygmaeus 

N 

L 

S 

•I i°oi ^ s.d.{°o) 

Taiima's D 

Pongo pygmaeus aDelii 

N 
L 
S 

.T f^o) -r S.d.(°o) 

Tajima's D' 

41 41 

2844 358 

1 6 
0.003 + 0.002 0.249 + 0.064 

•0.841 -0.974 

31 30 

2835 354 
3 a 

0.007 0.004 0.255 + 0.036 

-1.731 -0.276 

14 14 

2809 358 

0 1 

0.000 + 0.000 0.040 -(• 0.033 

•1.155 

16 15 

2766 358 

4 10 

0.032-t-0.006 0.536 •h 0.172 

•0.836 -1 45 

9 5 

2765 358 
1 3 

0.020-r 0.003 0.449 0.139 

41" 

792 

7 

0.251 •I-0.02 

0.584 

30 
791 

3 

0.056-^Q.016 

-0.989 

70 

10163 

33 

0.033 + 0.002 

-1,616 

17 

10152 

24 

0.050 - 0.007 

-1.170 

17 10 

791 10204 

2 39 

0.104-i-0.015 0 168 + 0.025 

0.979 0.982 

1.401 0.699 

19 

792 

3 

0.124-^0.019 

0.982 

11  

792 
g 

Q.484•^0.053 
1.020 

(#seg sites) 

0.504 
(# mutations) 

8 
9885 

31 

0.134 + 0.050 

0.559 

6 
9880 

61 

0.294 0.052 

210 

1025 
4 

0.060-^0 004 

•0.160 

58 

1020 
5 

0.105 0.021 

•0.020 

30 

1029 

6 

0.171 0.026 

0.464 

4 

1027 
1 

0.065 -h 0.020 

1 633 

10 

1027 

3 

0.156 0.020 

0-534 1.831 

N= Number of individuals: L=length of intraspecific sequence: S=number of segregating sites 

All values were calculated in DNASP 3.0 

p values are raw p values and are uncorrected for the expected locus-specific Ne. 
The number of mutations was greater than the number of segregating sites. 
Data from Kaessmann et al (1999: 2001) 

Data from Deinard and Kidd (1999:2000) 



Table 4.14: ratios corrected for expected locus-specific Ne. 

16S Xq13.3 H0XB6 5'SRY DMD44 

Homo sapiens 0.08192 0.01466 0.01799 0.00247 0.10203 
P. t. verus 0.07443 0.02224 0.03243 0.00570 0.02638 
G. g. gorilla 0.01144 0.07534 0.04931 0.00000 0.05024 
P.p.pygmaeus 0.17630 0.05954 0.02050 0.02642 0.05041 
P.p.abelii 0.15830 0.13120 0.04818 0.01658 0.19149 

Divergence is calculated as Dxy, the average divergence between ail sequences. 

rt and Dxy were calculated in DNASP. 

H. sapiens, P.t. verus, and G. g. gorilla divergence is to P. p. pygmaeus. 
P. p. pygnnaeus and P. p. abelii divergence is to H. sapiens. 

than 16S rRNA variation in humans, gorillas, and Sumatran orangutans (although this is 

perhaps not unexpected for gorillas, given their relatively low level of 16S variation). 

Orangutans maintain high rpj over all five loci, particularly Sumatran orangutans. 

Gorillas have moderate frequencies of X and autosomal variation but have very low 

haploid diversity. P. t. verus chimpanzees have slightly higher diversity than humans at 

3 of the 5 loci; however, humans have greater 16S and DMD than P. t. verus. Some 

comparisons are similar to the expected ratio but some become even less consistent 

(TABLE 4.15): for example. G. (^orilkrs values become less similar to the expected 

interlocus ratio. The loci do not appear to match the expected predictions under a neutral 

model: however, it is important to examine the loci statistically in order to understand the 

magnitude of the differences. 
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TABLE 4.15; Observed inlerlocus ratios of rpd (n! Dxy). 

(Xq13.3) (DMD44) 
MTDNA/NRY X/NRY X/NRY A/NRY 

Expected: 1.00 3.00 3.00 4.00 

H. sapiens 33.03 17.74 123.43 29.02 

P. t. verus 13.01 11.66 13.84 22.68 

G. g. gorilla ... ... ... ... 

p. pygmaeus 6.67 6.76 5.72 3.10 

P. p. abelii 9.54 23.71 34.61 11.61 

(Xq13.3) (DMD44) (Xq13.3) (DMD44) 
X/MTDNA X/MTDNA A/MTDNA X/A X/A 

3.00 

0.54 

0.90 

19.76 

1.01 

2.49 

3.00 

3.74 

1.06 

13.18 

0.86 

3.63 

4.00 

0.88 

1.74 

17.24 

0.47 

1.22 

0.75 

0.61 

0.51 

1.15 

2.18 

2.04 

0.75 

4.25 

0,61 

0.76 

1.84 

2.98 
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HKA tests between the different loci 

HKA tests were performed on the five loci using intraspecific polymorphism data 

and divergence data (the average number of nucleotide substitutions between taxa) from 

the five taxa {H. sapiens, P. t. veriis, G. x'. gorilla, P. p. ahelii. and P. p. pyi-maeiis) to 

determine whether one or several loci departed from neutrality. The HKA test is a 

goodness of fit test that examines whether the polymorphism within a species is 

correlated with the divergence between species as predicted under neutral equilibrium 

(Hudson et al. 1987). Five-locus HKA tests were performed with 5'SRY. 16S. DMD44. 

HOXB6, and Xq 13.3 for each taxon, correcting for the expected locus-specific effective 

population size, in order to determine whether the data rejected the null model of equal 

ratios of polymorphism to divergence among loci (TABLE 4.16). Four of the five tests 

reject the neutral model (P<0.05), and three of these are significant at P < 0.001 (//. 

sapiens - P. p. pygmaeus. P. p. pygniaeus - H sapiens, and P. p. ahelii - H. sapiens. G. 

,1,'. gorilla polymorphism to P. p. pygniaeus divergence just barely failed to reject the null 

model at P < 0.05. suggesting that G. g. gorilla loci are more consistent with the expected 

neutral ratio between loci. 

Examination of the ratios of observed number of segregating sites to expected 

number of segregating sites (Obs^ / Exps) generated from the HKA tests emphasizes that 

the data are generally consistent with a model of high variance in male reproductive 

success. The HKA test assumes a sex ratio of I and estimates the expected number of 

polymorphic sites accordingly. TABLE 4.17 shows that the 5'SRY has less 

polymorphism than expected across all taxa. The 16S locus consistently has greater 



polymorphism than expected in all taxa except G. g. gorilla. DMD44 shows greater 

polymorphism than expected in humans. P. t. verus, and P. p. abelii. In G. g. gorilla. 

16S has a low Obss / Exps ratio, but the other loci show ratios that are approximately 1.0 

(except for 5'SRY). XqI3.3 shows approximately the expected amount of polymorphism 

in all taxa: HOXB6 shows approximately the expected amount in P. i. verus. G. g. 

gorilla, it is slightly low in H. sapiens and quite low in P. p. pygmaeus and P. p. ahelii:. 

where very few individuals were sampled. G. g. gorilla has the least extreme profile of 

non-5'SRY ObSj / Exp^ ratios, while H. sapiens, P. t. verus, and P. p. pygmaeus show 

extreme skews between the loci. It is likely that the I6S. DMD44. and 5'SRY loci are 

responsible for the non-significant results of the HKA tests across loci. This pattern is 

consistent with the direction of variation expected if a high variance in reproductive 

success was causing a violation of the HKA test assumption of an equal sex ratio. 



TABLE 4.16 Results of 5 locus HKA tests. 

Polymorphism from; Divergence to: 5-locus HKA test 

H. sapiens P. p. pygmaeus X- statistic 

P value 

18.096 

P< 0.001 

P. t. verus P. p. pygmaeus X= statistic 

P value 

3.874 

P < 0.05 

G. g. gorilla P. p. pygmaeus X" statistic 

P value 

3.792 

P>0.05 

P. p. pygmaeus H. sapiens X statistic 

P value 

20.929 

P <0.001 

P. p. abelii H. sapiens X- statistic 

P value 

17.424 

P <0.01 

HKA tests performed in Mathematica 4.1. 

5-locus HKA test included 5'SRY, 16S. DMD44. Xq13.3, and HOXB6. 

TABLE 4.17: Ratios of observed polymorphism to expected polymorphism from the 5-
locus HKA tests. 

16S DMD44 Xq13.3 H0XB6 5'SRY 
H. sapiens - P. p. pygmaeus 3.72 2.26 0.93 0.68 0.21 
P. t. verus - P. p. pygmaeus 2.51 1.31 0.94 1.00 0.66 
G. g. gorilla - P. p. pygmaeus 0.55 0.78 1.22 0.90 0.00 
P. p. pygmaeus - H. sapiens 4.23 0.80 0.93 0.31 0.62 
P. p. abelii - H. sapiens 1.38 1.41 1.17 0.39 0.08 

Observed polymorphism is the observed number of segregating sites for the locus. 
Expected polymorphism is the expected number of segregating sites from the 5-locus 
HKA tests. Ratios greater than 1 indicate more observed polymorphism than expected: 
ratios less than 1 indicate less polymorphism than expected. 



Estimates of human and great ape NpiN^, from the multilocus data 

The rpj ratios studied here can be used to make estimates of the sex ratios (Np:N^,) 

in the different taxa in order to determine whether they are consistent with a high 

variance in male reproductive success. TABLE 4.18 shows the N, :N\, estimated from 

the rpj ratios of the different genomic compartments. Ratios greater than 50 indicate that a 

very high NpiN^, is predicted, although the actual value is not quantified above 50. 

Estimates involving the Gorilla NRY could not be directly calculated because of the lack 

of nucleotide variation in gorillas. Almost all estimates are greater than 1, consistent with 

a model of high variance in male reproductive success. 



TABLE 4,18: Estimated NiiNv ratios from multilocus data. 

MTDNA/NRY MTDNA/X fVITDNA/A X/NRY A/NRY X/A 
H. sapiens 33 8 10 >50 >50 >50 
P. t. verus 13 7 4 >50 >50 >50 
G. g. gorilla ... 0.01 0.01 . . .  ... >50 
P. p. pygmaeus 7 10 15 5 1 >50 
P. p. abelii 10 1 6 >50 >50 >50 

Interlocus r,., ratios from the five locu surveyed here were compared to the expected interlocus ratios 
from different N , values. 

X values are the average of Xq13.3 and Dt^D44 values. 
Values >50 indicate a N:Nm measure equal to or greater than 50. 
Gorilla measures involving the NRY could not be calculated because of the lack of 5'SRY diversity. 

IJ 
O 
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DISCUSSION 

The major challenge for studies of population genetic variation is to disentangle 

the roles of different forces in shaping levels and patterns of genetic variation. With the 

addition of data from the NRY 5'SRY region, the mitochondrial I6S rRNA locus, and the 

X-linked DMD intron 44 locus, it is now possible to compare patterns of genetic 

variation in all four compartments of the genome across the humans, chimpanzees, 

gorillas, and orangutans in order to investigate the roles that sex-specific demographic 

variables may play in shaping hominoid genetic variation. Under the influence of sex-

specific demographic variables like a high variance in male reproductive success due to 

polygynous mating system or other factors that may affect male reproduction, it is 

expected that there will be a positive correlation between the degree of maternal 

inheritance and the relative degree of genetic variation. When 5'SRY and 16S are 

compared with the Xql3.3 and H0XB6 data from humans and the great apes, the data are 

consistent with a strong influence of a high variance in male reproductive success. This 

prediction is consistent with the known mating pattems of these different species, all of 

whom are predicted to be polygynous in their mating behaviors. It is unclear whether the 

degree of polygyny expected to produce such strong skews can be predicted in the 

different species. Behavioral data from Gorilla suggest an average N,.:Nm ratio of 

approximately 3 (Stewart and Harcourt 1987; Watts 2000), even though many groups 

show a much more highly skewed ratio than that. Chimpanzee and bonobo populations 
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show a wide range of fluid sex ratios, from approximately 1 to 8, although there are 

generally more females than males within a group (Boesch 1996; Nishida and Hiraiwa-

Hasegawa 1987). A strong skew in the sex ratio is consistent with a strong skew in the 

relative amount of mtDNA diversity: a lower ratio (but still greater than I) will increase 

mtDNA diversity above its expected level in a neutral equilibrium model, but it may not 

increase in absolute value above X-linked or autosomal loci. Estimates of the sex ratio 

from the genetic data presented here are consistent with estimates from field data, 

although they are generally higher than field estimates. Patterns of variation at any one 

locus may also be additionally influenced by the actions of natural selection, or by the 

existence of mildly deleterious mutations within species. However, neither of these 

processes alone is expected to result in the cross-locus patterns seen here. 

With the inclusion of the additional X chromosome locus. DMD intron 44, the 

pattern suggesting a high variance in male reproductive success becomes slightly less 

clear. The 16S region is not always more variable than the DMD44 region, as is 

predicted under a sex-specific demographic model. Additionally, the relationship 

between the levels of diversity at the two X-linked loci, DMD44 and Xq 13.3. is not 

entirely consistent across with the predictions of a high variance in male reproductive 

success in humans and Sumatran orangutans. DMD44 also does not conform to the 

general observation that humans have le.ss genetic variation than the great apes do; 

humans have the .second greatest level of DMD diversity, in contra.st to other published 

surveys of comparative genetic variation among the hominoid primates. So the inclusion 

of DMD44 makes the general trend in the data less consistent with a model of sex-
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specific demography. The implications of these results for interpretations of the 

influence of locus-specific factors versus genome-wide effects of sex-specific 

demographic variables are discussed below. 

Locus-specific selective pressures 

The data presented here as well as those of other studies (Hammer 1995; 

Jaruzelska et al. 1999b; Nachman 1998b) suggest that NRY diversity appears reduced 

relative to all other genomic compartments, and that this pattern may be a general feature 

of the Hominoidea. One possible explanation is that natural selection has reduced the 

level of NRY diversity through genetic hitchhiking following a selective sweep or by 

background .selection. If this is the ca.se. then additional questions need to be addressed: 

the likelihood that all of the human and great ape NRYs could be affected in the same 

manner, what additional forces are responsible for shaping variation in other parts of the 

genome, and the likelihood that all great ape genomes show roughly concordant patterns 

of intercompartmental levels of diversity. 

Human and great ape NRY diversity: 
Karyotypically, hominoid Y chromosomes are very different in terms of their size 

and arrangements (Glaseret al. 1998; Glaseret al. 1997; Yunis and Prakash 1982). 

Comparative mapping studies have found many of the human NRY genes they have 

surveyed to be present on the great ape NRYs as well although mapping has generally not 

been extensive. Many genes have thus apparently remained con.served on the NRY 

despite the numerous rearrangement and insertion-deletion events that have occurred 

throughout hominoid evolution (Glaser et al. 1998; Glaser et al. 1997; Toder et al. 1993). 
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If the same suite of genes is present across the hominoid primates in roughly the same 

number, then the likelihood of either a hitchhiking event or the occurrence of continual 

background selection across species may be similar: however, rough calculations by 

Nachman (1998). as discus.sed in Chapter 3. suggest that neither hitchhiking nor 

background selection are too likely to have shaped human NRY variation due to the low 

density of genes. If the great ape NRY regions are similar in composition and gene 

density to the human NRY, then presumably it is as equally unlikely that the reduction in 

diversity in the great ape NRY regions are due to either effect. 

Other regions of the hominoid ffenonie: 

If diversity reducing selection is responsible for the relatively low NRY diversity 

seen across species, this only accounts for the patterns seen at the NRY. Mitochondrial 

DNA. X chromosome, and autosomal diversity also show different relative levels of 

diversity, above and beyond what is predicted from locus-specific effective population 

sizes under a neutral equilibrium model. What additional forces could have shaped 

diversity at non-NRY loci? One possibility is that the presence of weakly deleterious 

mutations in mitochondrial DNA may increase mitochondrial DNA polymorphism 

relative to mitochondrial DNA divergence, as discussed in Chapter 3. Surveys of 

mitochondrial DN.A variation in many diverse groups of eukaryotes (Gerber et al. 2001) 

have suggested a trend towards an excess of replacement polymorphisms exists across 

species, implying that such a pattern may be ubiquitous. If this is the case, then it would 

not be unexpected to see elevation of mtDNA variation due to similar causes acro.ss the 

hominoid primates. Nachman et al. (1996) reported an elevation of replacement to 
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synonymous polymorphisms in chimpanzees for the ND3 locus, but Wise et al. (1998) 

failed to detect such an excess of replacement polymorphisms in chimpanzees. 

X chromosome and autosomal loci have not been as broadly surveyed as 

mitochondrial DNA. so it is more difficult to consider these data within a broader 

genomic context. The intermediate diversity levels at Xql3.3 and HOXB6 are consistent 

with expectations for species that exhibit a high Ne^iNe^, ratio. The intermediate DMD44 

diversity In P. t. veriis and G. g. gorilla Is also consistent with this pattern; however, high 

DMD44 diversity in H. sapiens and P. pygmaeus is not. Additionally, X and autosomal 

diversity is higher in G. g. gorilla than I6S mtDNA diversity, although this may be due 

to peculiarities with the 16S locus. It is possible that locus-specific selection has 

influenced diversity at the X-linked and autosomal loci studied here. 

The HOXB6 region studied here is an intergenic region between the HOXB6 and 

HOXB7 functional homeobox genes on Chromosome 17. Homeobox genes are generally 

highly con.served across vertebrates and are thought to be important in gene expression 

and morphogenesis during embryonic development. The coding HOXB6 and H0XB7 

loci are located approximately 3 kb apart (Genbank sequence NC_010797) and the local 

recombination rate is estimated at 0.97 cM/Mb, approximately average for the human 

genome (Payseur and Nachman 2002). However, the close proximity of these two 

coding loci makes it likely that the H0XB6 intergenic region is not independent but 

rather is influenced by the actions of purifying .selection at these loci. So the H0XB6 

region may exhibit a reduced level of polymorphism relative to what would be expected 

under neutrality. Additionally, the HOX region on chromosome 17 may have undergone 
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some rearrangements in hominoid evolution (Yunis and Prakash 1982). potentially 

changing its genomic environment between species. 

The Xql3.3 locus may also have experienced a reduction in diversity due to 

selection at linked sites. Both Xql3.3 and DMD44 are X-linked. but they exist in 

different regions of the X chromosome that have different recombination rates (at least in 

humans). Diversity at the low-recombining Xql3.3 may be reduced due to the effects of 

selection at linked sites; the recombination rate at Xql3.3 is estimated to be a relatively 

low 0.45 cM/Mb. and there also appears to be low gene density in the region (Payseur 

and Nachman 2002). If locus-specific effects are responsible for shaping diversity at 

these loci, the general concordant patterns of diversity across the Hominoidea suggest 

that the independent actions of selection on the NRY. of the weakly deleterious model on 

mtDNA. and possibly of selection at Xql3.3 and HOXB6 are occurring across all species 

simultaneously: however, this may not be unusual given the karyotypic similarities 

between the species. DMD44. on the other hand, is in a high recombination region in 

humans (2.26 cM/Mb) (Payseur and Nachman 2002) and may not be affected by 

diversity-reducing selection at linked sites to nearly the same extent. It also shows more 

variability in the pattern of intraspecific relationship between its diversity and that at 

other loci. 

Understanding the patterns at DMD intron 44 

DMD 44 exhibits some unusual patterns that distinguish it from the other loci in 

this survey. One is the high level of genetic variation seen at DMD44 compared to other 
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human loci, and another is the relatively high human diversity compared to the diversity 

at DMD44 in other species. The DMD gene lies in a region of high recombination on the 

short arm of the human X chromosome {Xp21.2). High recombination regions are the 

least likely regions of the genome to be affected by the actions of selection at linked sites 

(either selective sweeps/hitchhiking or background selection) because frequent 

recombination decouples the target of selection from nearby regions. Hence, high 

recombination regions are more likely to reflect neutral equilibrium conditions and hold 

greater levels of genetic variation than other regions (Nachman et al. 1998; Nachm.an and 

CroweII 2000a). 

One possible explanation for the high DMD44 diversity seen in humans is that 

either genetic hitchhiking or background selection has acted to reduce genetic diversity in 

the other four regions examined here, as they are either non-recombining (16S and 

5"SRY). in regions of low recombination (Xql3.3) or close to known functional loci 

(HOXB6). All of the other loci examined for humans here (5"SRY, 16S. Xq 13.3, 

H0XB6) show negative Tajima's D values: although none is significant, negative 

Tajima's D values are consistent with the actions of genetic hitchhiking or background 

selection (Aquadro et al. 1994; Begun and Aquadro 1992; Hudson and Kaplan 1995; 

Nachman 2001). 

It has also been proposed that the pattern at DMD intron 44 in humans may reflect 

a history of balancing selection and constant population size rather than neutral variation 

due to the absence of diversity-reducing selection (Rogers 2001). It is not possible to 

reconstruct a single resolved haplotype tree for the human DMD data presented here, 
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however, consistent with low linkage disequilibrium which in turn is inconsistent with 

the predictions of a balancing selection model. Additionally, an examination of Nachman 

and Crowell's (2000) original 3 kilobases of sequence data do not suggest a pattern of 

linkage disequilibrium expected to accompany the maintenance of two alleles under 

balancing selection, as there is little to no association between sites (see their Table 3). 

Since it is also possible to have greater X-linked diversity relative to mtDNA diversity 

under a model of variance in male reproductive success if Nep.NeM is only moderate (see 

FIGURE 4.04). higher diversity at DMD44 compared with I6S may be consistent with a 

model of a high variance of male reproductive success. However, if this were the case 

then autosomal diversity would also be expected to be greater than mtDNA diversity, 

which is not the case for H0XB6 and 16S here. 

The estimate of the recombination rate for DMD intron 44 comes from data on the 

map position of the DMD locus in humans, and it is estimated to be above the genomic 

average (Nachman and Crowell 2000a). Similar banding patterns on the X chromosomes 

of humans and the great apes suggests that the physical location of the DMD gene is 

likely similar across the different species (Yunis and Prakash 1982). However, no 

detailed mapping surveys of this region have been carried out in any of the great ape 

species, so the physical location of DMD (and hence the rate of recombination at DMD) 

in these species is unconfirmed. Even if the DMD locus exists in the same physical 

location on the chimp, gorilla, and orangutan X chromosomes as on the human X 

chromosome, it remains unknown whether local recombination rates in this region are 

similar between humans and the great apes. If the great apes experience less 
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recombination at DMD intron 44 than humans do. it might be expected that the great apes 

would be more prone to a loss of diversity through background selection or selective 

sweeps, and would consequently be predicted to show less variation than humans at this 

locus. The patterns of DMD44 variation between humans and the great apes are 

consistent with this hypothesis, as P. t. veriis. G. gorilla, and P. p. pygnuieus all show 

lower DMD44 diversity than humans. A comparison of the Gld region in Drosophila 

melanogasier and D. simiiUins supports the possibility that different recombination rates 

may evolve between closely related species over short periods of time (Hamblin and 

Aquadro 1996) 

Findings of the cross-locus comparisons 

The NRY region shows the lowest levels of diversity in all species, as has 

previously been seen in studies of humans (Jaruzelska et al. 1999b). Since this could be 

due to selection acting to reduce variation on the NRY or to a reduced effective 

population size of the NRY through a reduction in the number of breeding males, 

compari.son of the 5'SRY region to other regions of the genome was important to 

investigate the reasons for the relatively low levels of variation. Examination of the 

Tc/divergence ratios for the loci examined here shows a trend generally consistent 

with a high variance in male reproductive success: high diversity in mitochondrial DNA. 

low diversity on the Y chromosome, and moderate diversity in the X and auto.somes. The 

exceptions to this general trend are the patterns seen at DMD44 in humans, elevated 

5"SRY diversity relative to H0XB6 variation in Bornean orangutans, and low 16S 

diversity in western lowland gorillas. 



The DMD intron 44 data, discussed above, does not fit into the overall pattern 

predicted by a sex-specific effect in humans or Sumatran orangutans. However, it appears 

relatively consistent with the r^,y levels predicted under a model of high variance in male 

reproductive success in chimpanzees, gorillas, and Bomean orangutans. Thus it may 

simply be humans and Sumatran orangutans that have elevated diversity for one of the 

reasons outlined above. Bornean orangutans show a slightly greater 5'SRY ratio 

(0.0321) than a H0XB6 ratio (0.0205). a pattern that is generally inconsistent with the 

prediction of an influence of variance in male reproductive success. However, only 4 

Bomean orangutans were surveyed for the HOXB6 locus as compared to 16 for the 

5'SRY locus, and it is possible that the discrepancy in the ratios simply reflects an artifact 

of sampling and small sample size for the HOXB6 locus. At the species level. Gorilla 

gorilla shows relatively high diversity al all loci except for 5'SRY. G. i;orilla. 

however, shows only moderate to low diversity at 16S. while showing relatively high 

diversity at DMD44. HOXB6 and Xql3.3. Since Nodaet al. (in press) also showed 

similarly low I6S diversity in G. i;. gorilla, the relatively high level of DMD44 diversity 

strengthens the hypothesis that western lowland gorilla 16S diversity is low rather than 

the X or autosomes being unusually high. This pattem may be consistent with a reduced 

variance in male reproductive success driven by an average sex ratio of 3 (Stewart and 

Harcourt 1987; Watts 2000). FIGURE 4.04 shows that at a NpiN^of approximately 3. 

the relative level of mtDNA diversity is less than that expected for the X or autosomes. 

Alternatively, it may be due to sampling effect in western lowland gorillas, either 
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reflecting low 16S variation or alternatively an artificially high control region diversity 

due to the presence of nuclear insertion copies (M. Jensen-Seaman, pers. comm.). 

CONCLUSIONS 
Overall, levels of variation in humans and the great apes appear to vary across the 

four genomic compartments in a manner consistent with a model of a sex-specific 

influence of a high variance in male reproductive success. NRY variation is consistently 

low and mitochondrial DNA variation remains consistently high, while the X-linked 

Xql3.3 and autosomal H0XB6 loci generally show moderate levels of genetic variation 

intermediate to that of the NRY and mitochondrial DNA across all species surveyed here. 

The DMD44 region shows a pattern that is not generally consistent with a hypothesis of 

influence by sex-specific demographic variables in humans: it has higher diversity in 

humans than predicted from the levels of diversity at the other great apes. However, it is 

fairly consistent with the predictions of a high variance in male reproductive success in P. 

I. veriis, G. j?. (gorilla, and P. p. pygnuieiis. HKA tests suggest that the 5"SRY. Xql3. 

and HOXB6 loci are all evolving similarly, which may be due either to a high variance in 

male reproductive success or to the similar action of diversity-reducing selection at these 

loci; 16S is suggested to be an outlier in virtually all hominoid taxa surveyed here. 

One way to help disentangle the effects of locus-specific selection from sex-

specific demography is to investigate the patterns of genetic structure across the different 

genomic compartments. If sex-specific mating and migratory behaviors play a role in 

shaping genetic diversity at these loci, it may be possible to detect signals of those 

behaviors or mating system by examining the spatial distribution of genetic variation 
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across different populations. Since mo.st of the chimpanzee and gorilla samples used in 

this study come from captive-living individuals, it is not possible to assign them to 

particular geographic populations within their subspecies ranges. However, many of the 

orangutan samples used in this study come from wild-living individuals who can be 

grouped into major populations ba.sed on their geographic record of origin. The next 

chapter presents the results of some interlocus comparisons of orangutan genetic 

diversity at three loci in order to study the effect of orangutan mating system on genetic 

variation. 
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CHAPTER 5: A MULTILOCUS PERSPECTIVE ON 
ORANGUTAN POPULATION HISTORY AND STRUCTURE 

ABSTRACT 

Disentangling the influence of locus-specific from demographic processes is a 

major theme in population genetics. Previous chapters have suggested the possibility that 

sex-specific demographic variables like a high variance in male reproductive success and 

sex-specific philopatry have influenced levels and patterns of genetic diversity in humans 

and the great apes. A further test of the hypothesis of demographic influence on genetic 

diversity is the examination of the spatial distribution of genetic diversity to look for 

congruence between a species' mating system and patterns of genetic diversity between 

populations. Phylogenetic history and population structure at the 5'SRY, 16S rRNA. and 

DMD intron 44 loci were compared in orangutans to investigate what evolutionary forces 

have shaped genetic variation in this species. The data are not consistent with sex-

specific migratory influences on the initial colonization of the islands, as the haploid 

regions of the genome are reciprocally monophyletic between Borneo and Sumatra. 

DMD44 may show a remnant signal of the colonization of Borneo from Sumatra, as is 

predicted by paleogeographic data. Within Borneo, higher Ost values were seen for the 

NRY than for mitochondrial DNA or the DMD locus, contradicting the observed 

behavioral model of female philopatry and male dispersal. Alternative explanations 

include a high variance in male reproductive success combined with restricted gene flow, 

or locus-speciflc selection on the NRY coupled with incomplete lineage .sorting of the 



mitochondrial and X-linked loci. Further genetic investigation of orangutan populations 

and more refined behavioral d-ua are needed. 

INTRODUCTION 

The previous chapters have shown that different genetic loci reveal different 

aspects of a species" genetic diversity and. therefore, of its history, and that different 

patterns across loci may be influenced by species-specific and locus-specific factors. It is 

important to examine the effects of male and female demographic variables on genetic 

diversity not only for a mechanistic understanding of how different forces can shape 

variation in different genomic compartments, but also for an improved understanding of 

how mating system and sex-specific behavior may shape a species' genetic diversity, 

either to test hypotheses based on behavioral observation or to generate new hypotheses 

to be later tested with behavioral data. Thus, it is important to investigate whether overall 

patterns of genetic diversity across the species range are in fact congruent with what is 

expected under the mating and migratory behaviors of that species, or whether different 

patterns can be better explained as the product of additional factors such as locus-specific 

selection or the phylogenic history of lineages shared across taxonomic boundaries. Such 

an examination requires genetic sampling from known geographic regions; for the great 

apes in this study, such samples are only available for orangutans {Poiigo pygmaeus). 

The orangutan {Pongo pygmaeus) is a cousin of our own species and one of the 

least known genetically and behaviorally of the great ape species. Orangutans are 

currently listed as a CITES Appendix I endangered species, and are highly threatened by 



habitat loss and hunting. Orangutans are generally classified as two subspecies. P. p. 

pygmaeus and P. p. cihelii, although proposals have been made to elevate them to species 

status (P. pygmaeus and P. abelii) based on geography, morphology, and genetics. There 

has consequently been intensive recent interest in evaluating orangutan history and 

evolution and taxonomic status from the perspective of genetic diversity (Muir et al. 

1998a; Muir et al. 2000; Warren et al. 2001; Xu and Arnason 1996; Zhi et al. 1996). 

Comparative levels of genetic diversity within and between the two subspecies can play 

an important role in elucidating the processes involved in their evolutionary history and 

clarifying their demographic history. Mitochondrial DNA is the most extensively 

surveyed locus in orangutans to date (Muir et al. 2000; Warren et al. 2001; Zhi et al. 

1996). Kaessmann et al. (2001) surveyed X-linked diversity in 14 orangutans, and 

auto.somal diversity has been .studied at the HOXB6 locus (Deinard and Kidd 1999) and 

with microsatellite variation in Bornean orangutans (Warren et al. 2000). Four 

orangutans (2 Bornean and 2 Sumatran) were surveyed for the ZFY region and no 

variation was found (Burrows and Ryder 1997). This study expands Burrows and 

Ryder's (1997) .study both in the number of orangutans sampled and in the length of 

sequence examined. Broader surveys of genetic variation from across the genome are 

needed to gain the most comprehensive picture possible of orangutan history and genetic 

structure. 

Orangutan population history 

Contemporary orangutans live only on the islands of Sumatra and Borneo in 

increasingly fragmented, isolated, and endangered populations, although fossil evidence 



suggests that they historically occurred across East and Southeast Asia during the 

Pleistocene (Bacon and Long 2001; Rodman and Mitani 1987). Orangutan populations 

are generally classified into two subspecies based on the geographical separation of 

Borneo (Pongo pygmcieus pygmaeiis) and Sumatra (P. p. abelii) (although see (Groves 

2001) for alternative taxonomy). Because they are physically separated, the two 

subspecies do not currently interact in the wild. The two islands are estimated to have 

been geologically separated for at least 10.000 - 15.000 years, although they have 

separated and reconnected many times before that (Muir et al. 2000: Rijk.sen and 

Meijaard 1999). 

Some studies of isozymes (Bruce and Ayala 1979), mtDNA restriction mapping 

(Ferris et al. 1981: Zhi et al. 1996); isozyme and protein electrophoresis (Janczewski 

1990); nuclear minisatellites (Zhi et al. 1996); and mitochondrial sequencing (Ruvolo et 

al. 1994; Warren et al. 2001; Xu and Arnason 1996; Zhi et al. 1996) have uncovered 

substantial genetic differentiation between Bornean and Sumatran orangutans that equals 

or e.xceeds that seen in other species pairs such as the common chimpanzee and the 

bonobo. and suggests that the two subspecies have been separated for up to 1 million 

years rather than 10,000 years. This differentiation implies that the current population 

split Bornean and Sumatran orangutans may be more complex than a simple vicariance 

event mediated by rising sea levels approximately 10,000 years ago. Reconstructions of 

the process of orangutan colonization of Sumatra and Borneo from mainland Asia during 

the Pleistocene have been attempted using geological data. Major land bridges between 

the continental mainland and the islands of Sumatra and Borneo on the Sunda shelf are 
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thought to have remained open for much of the period, facilitating the dispersal of 

orangutans into Sumatra, Borneo, and Java. The commonly accepted model of initial 

orangutan dispersal suggests that the shape of the land bridge required orangutans to pass 

through Sumatra before dispersal into Borneo through the southeastern connection 

between the islands (the Bangka-Bilitung-Karimata-Schwaner divide) (Muiret al. 2000: 

Muiret al. 1998b; Rijksen and Meijaard 1999). This suggests that Bornean genetic 

diversity may be a subset of Sumatran genetic diversity, as populations could move no 

further eastward once in Borneo. 

However. Muiret al. (2000) have u.sed bathymetric data to document at least two 

separate periods of contact between Borneo. Sumatra, and the mainland over the past 

200.000 years, with initial colonization of Borneo from Sumatra and potential re-

colonization of Sumatra from Borneo after the Toba volcanic eruption approximately 

74.000 years ago. It is also possible that there were population bottlenecks and founder 

events as the island regions were colonized and potentially re-colonized; however, little is 

known about the actual intra-island colonization dates or routes. Genetic data may 

provide information about the likelihood of population bottlenecks and directional 

migration during the colonization(s) of Borneo and Sumatra. 

Studies of the mitochondrial DNA control regions and the I6S region support 

reciprocal monophyly of the two subspecies (Warren et al. 2001; Zhi et al. 1996). In 

contrast, studies of the NADH dehydrogenase subunit 3 and cytochrome B regions of 

mitochondrial DNA found a small amount of mitochondrial DNA lineages are shared 

between individuals from the two islands (Muir et al. 2000). as are lineages at the 
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HOXB6 locus [see Chapter 4 and (Deinard and Kidd 1999)). Xql3.3 haplotypes are not 

shared between the subspecies but the lineages are not phylogenetically sorted into 

reciprocally monophyletic groups that correspond to the two subspecies [see Chapter 4 

and (Kaessmann et al. 2001)]. The general overall pattern of discrete mitochondrial 

haplotypes and mixed nuclear haplotypes is consistent with incomplete lineage sorting of 

the X and autosomes due to their larger effective population sizes, or due to male-

mediated dispersal between the islands (although female-mediated dispersal may be 

occurring as well from the data of Muir et al. (2000)). The.se hypotheses can be tested 

with the NRY. If males and females have had hi.storically different dispersal patterns 

between the two islands during their colonization, then patterns of genetic diversity 

across the different genomic compartments may be different from one another, or 

between the two islands. 

Orangutan population structure 

Since most morphological and molecular studies support a major division 

between the Bornean and Sumatran populations, the attributes from those studies have 

been used to assign the taxonomic affiliation of captive individuals. However, the 

conflicting genetic data, along with morphological data (Groves 1992; Uchida 1998b) 

suggest that clear-cut subspecies differences may not always exist. This can have 

important consequences for the choice of individuals used in studies that attempt to 

quantify the extent of morphological or genetic differentiation between Sumatra and 

Borneo, as well as in captive breeding programs. Modem captive orangutan breeding 



programs try to preserve the patterns and associations of genetic variation in the wild by 

not interbreeding captive Sumatran and Bornean orangutans with each other (Raloff 

1995). Designation of captive individuals as Bomean or Sumatran has relied on 

historical records, pedigree records and karyotypic examination (Ryder and Chemnick 

1993). The number of individuals used as test cases in some earlier genetic and 

karyotypic studies is low. and the actual geographic origin within the subspecies range of 

the individuals used is often unknown (Muiret al. 2000). It is thus important to examine 

the genetic diversity within each subspecies, as well as between the subspecies, in order 

to better understand the population structure of the orangutan. Many studies to date, 

however, have only cursorily examined intrasubspecific orangutan genetic variation. 

Within Borneo, orangutans exist in five general politically defined areas: Central 

Kalimantan. West Kalimantan, and East Kalimantan in Indonesian Borneo, and Sarawak 

and Sabah in Malaysian Borneo. Within the islands, any geographic barriers to long

distance dispersal such as rivers, mountain ranges, and unsuitable habitat will influence 

the degree of genetic differentiation between populations. Orangutan habitats in 

particular are likely to be .separated by major river systems (such as the Kapuas that 

separates Sarawak from West Kalimantan) and mountain ranges (such as the Crocker 

range in northern Borneo). Morphological studies have indicated that intrapopulation 

differentiation within Borneo may be comparable to that between Borneo and Sumatra 

(Groves 1992; Uchida 1998b), and the mitochondrial control region shows geographic 

structure between the different regions of Borneo (Warren et al. 2001) that is consistent 

with the morphological data. 
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The choice of mating system and sex-specit"ic migration may impact the 

distribution of genetic variation within the orangutan. The four major compartments of 

the genome (mitochondrial DNA. Y chromosome. X chromosome, autosomes) are 

transmitted in different ways by the different sexes (exclusively maternally, exclusively 

patemally. 2/3 maternally and 1/3 paternally, and 1/2 maternally and 1/2 paternally). If 

females and males have very different patterns of dispersal and philopatry, or if the 

mating system reflects a large variance in reproductive success (such as polygyny), then 

the sex-influenced parts of the genome may show different patterns and levels of genetic 

variation. Studies in macaques (Melnick and Hoelzer 1992: Tosi et al. 2000) and humans 

(Bamshad et al. 1998; Passarino et al. 1998; Salem et al. 1996; Seielstad et al. 1998) 

suggest that sex-specific behaviors influence the distribution of sex-specific loci across 

the species' range. Orangutans do not live in large social groups like humans and the 

other great apes do. but are organized socially into highly dispersed populations and 

interact with only one or a few individuals at a time (Galdikas 1985b; Galdikas 1995; 

Galdikas 1979; Kaplan and Rogers 1994). This solitary way of life makes it difficult to 

discern what general overall pattern of social .structure exists in orangutans. Much more 

observational and behavioral data have been collected on the mating systems and sex-

specific migratory practices of chimpanzees and gorillas, making predictions about 

correlations between genetic diversity and mating systems easier. It is unclear how to 

characterize the orangutan mating system, however, and it is also unclear how and where 

orangutans migrate during their lifetime. Both of these factors will affect the pattern and 

distribution of variation in orangutan populations. 



261 

It is generally thought that females tend to remain near their natal area while 

males tend to move away (Galdikas 1985b: Rijksen 1978; Rodman 1973). It is common 

for daughters whose mothers occupy ranges within research study areas tend to remain in 

the area, while sons tend to move out. often never to be seen again. It has also been noted 

that any new individuals into an area are more likely to be males than females (Delgado 

and Van Schaik 2000: Galdikas 1985b: MacKinnon 1974; Rijksen 1978: van Schaik and 

van Hooff 1996). suggesting a bias towards male dispersal. Additionally, female 

orangutans seen at the Ketambe rehabilitation station were more frequently recurrent 

visitors than males were (van Schaik and van Hooff 1996). Although range sizes for 

females has been reported from anywhere between 60 - 600 hectares (van Schaik and van 

Hooff 1996) and few reliable data exist on the extent of male range sizes (Rodman and 

Mitani 1987), these other observations suggest a tendency towards female philopatry and 

male emigration. Female philopatry and male dispersal suggest, in turn, that maternally 

inherited loci should show stronger population subdivision than paternally inherited loci. 

Van Schaik and Van Hoof (1996) suggest the two most plausible models of 

orangutan social system are a roving male promiscuity system, in which males have large 

and overlapping ranges within which they search for females, or a spatially dispersed but 

.socially distinct community organized around one or more large males. Evidence for 

variance in reproductive success between males includes the large degree of sexual 

dimorphism associated with male-male competition and the extent to which male 

orangutans use long-call vocalizations to maintain spacing between them and avoid 

encounters (Galdikas 1979). There may also be a male dominance hierarchy system 



between resident and transient males (van Schaik and van Hooff 1996). Females appear 

to exhibit preference for certain males in the wild, either by initiating consorts or actively 

resisting male attempts at copulation (Delgado and Van Schaik 2000). Additionally, 

captive mate-choice experiments showed that females became more selective in their 

mating during fertile periods, whereas males initiated matings at other times (Nadler 

1988; Nadler 1995). Altogether, the.se facts suggest that the orangutan mating system 

tends towards a high variance in male reproductive success from polygyny, female 

choice, and male-male competition. These factors suggest that the NRY should show less 

diversity than mtDNA. and may counteract the signal of male-mediated population 

subdivision expected from behavioral data. 

The most extensive intra-island surveys of genetic variation in orangutans have 

examined only the maternally inherited mitochondrial DNA, providing re.searchers with a 

picture of female-mediated genetic diversity and population structure. It is important to 

examine genetic variation at non-mitochondrial loci in order to attain a clearer picture of 

orangutan population history, genetic structure, and mating .system. Different predictions 

can be made regarding the extent of genetic diversity and population subdivision in the 

different genomic compartments under different models of .sex-specific migration and 

different degrees of variance in male reproductive success. In this chapter. I examine 

maternally-inherited mitochondrial DNA variation at the 16S rRNA locus, patemally-

inherited Y chromosome variation upstream from the SRY locus, and biparentally-

inherited X chromosome variation at the DMD intron 44 locus in orangutans from four 

general geographic regions in order to determine whether intrasubspecific patterns of 
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genetic diversity are consistent with proposed aspects of orangutan mating system and 

population structure, or whether locus-specific processes such as genetic hitchhiking or 

background selection are a better explanation for the data. 

RESULTS 

Examining orangutan population history 

I6S rRNA: 

The 358 bp 16S rRNA mitochondrial DNA region used in this study was 

originally examined by Zhi et al. (1996). A total of 50 orangutan 16S sequences, all the 

currently available data for orangutans at this locus, were analyzed. Sequences for these 

50 samples come from four sources: 13 orangutans were sequenced in this study. 19 were 

previously examined for 16S rRNA variation by Zhi et al. (1996) (Genbank accession 

numbers U63486-LJ63510). 2 complete orangutan mitochondrial DNA genomes were 

also included in the mitochondrial DNA analysis (accession numbers X97707 and 

D38115) (Horai 1995: Xu and Arnason 1996), and 16 additional orangutan sequences 

were generated by Noda et al. (in press) as part of the Silver Project 

(http://sayer.lab.nig.ac.jp/~silver/). The orangutan individuals from Project Silver do not 

have their subspecies status designated, so they are not formally included in later analyses 

of subspecific variation. 

These 50 sequences resulted in 19 haplotypes, one of which was only found in the 

Noda et al. (in press) sample. This includes the nine haplotypes reported in Chapter 3. 

http://sayer.lab.nig.ac.jp/~silver/
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The evolutionary network presented in FIGURE 5.01 represents the most parsimonious 

resolution of the 16S haplotypes. At least four sites appear to mutate more than once: site 

32 (2 times), site 99 (2 times), site 49 (3 times), and site 344 (4 times). No 16S 

haplotypes are shared between Bornean and Sumatran orangutans (with the possible 

exception of A.2: see below). This gives a clear split between Bornean and Sumatran 

orangutans for the 16S locus: 30% of the variable sites (8 out of 27 polymorphic sites) 

and 24% (8 out of 34 changes) of all the mutations in the network fall onto this branch. 

The root of the network is on the branch separating Bornean and Sumatran orangutans as 

well. Even though a clear phyiogenetic split exists between the subspecies, some distant 

Bornean haplotypes (such as K and E.2) are .separated by as many or more mutational 

steps from other Bornean haplotypes as they are from Sumatran haplotypes. 

The phyiogenetic patterns within each subspecies are somewhat different from 

each other. There is much less divergence among Sumatran haplotypes than among 

Bornean haplotypes: most Sumatran haplotypes are separated by single-step mutations 

(except for two steps between A. I and A). In contrast, many intermediate haplotypes are 

missing in Bornean orangutans (that is, many haplotypes are separated by more than one 

mutation). The A.2 haplotype found in the Noda et al. (in press) samples lies at the 

central node of the Sumatran lineages, so it is likely that A2 is also a Sumatran haplotype; 

however, since the orangutans used in Noda et al. (in press) were not assigned a priori to 

one subspecies or the other, it cannot be conclusively determined whether A2 represents a 

Sumatran. Bornean. or shared haplotype. Bornean 16S haplotypes fall on divergent 

lineages, with the ancestral Bornean haplotype D as the center. The estimated times to 



265 

the most recent common ancestor of mitochondrial diversity in the subspecies is 976.100 

years before present (95% confidence interval 705.800 to 1.000,000 years i for Bornean 

orangutans. 807.590 years before present {95% confidence interval 246.430 to 1,000.000 

years) forSumatran orangutans, and 1,122.600years (95% confidence interval 867110 to 

1,378,100) for all orangutans (Tajima 1983; Templeton 1993). 
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S S R Y :  

The 2763 bp 5"SRY region was surveyed in 25 orangutans of known subspecies 

designation (16 Bomean and 8 Sumatran). and 1 individual of unknown status. Seven 

orangutan haplotypes (01 - 07) were found. FIGURE 5.02 shows the single most 

parsimonious network for the orangutan 5'SRY data. Two haplotypes (01 and 02) are 

restricted to Sumatra, while haplotypes 03 - 07 are found only in Bomean individuals. 

Within Sumatra and within Borneo, there are no missing intermediate haplotypes. The 

longest single branch in the network consists of two mutations (28.5% of variable sites) 

and they separate the Sumatran haplotypes from the Bornean haplotypes. The lack of 

haplotype sharing and the reciprocal monophyly between Borneo and Sumatra mean that 

the 5'SRY region clearly differentiates between the two subspecies. 

The evolutionary relationships between the Bomean haplotypes reflect a star-

shaped pattern that has some similarities to the 16S dataset. Haplotype 04 is the 

ancestral Bornean haplotype and it is also the center of the haplotype radiation. It is the 

most common (50%) haplotype in Borneo. Excluding the centrally-located haplotype 04. 

the remaining 4 Bornean haplotypes arc all equidistant from each other, and they are the 

same distance from each other as haplotype 04 is from Sumatran haplotype 01. 

Estimated coalescence times to the most recent common NRY ancestor for the subspecies 

are 220.320 years before present for Bomean orangutans (95% confidence interval 

161,640 to 279,016 years) and 94,080 years before present for Sumatran orangutans 

(95% confidence interval 57,921 - 130,235 years). Estimated TMRCA for orangutans as 
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a species is 273.468 years (95% confidence interval 218.230 to 328.710 years) (Tajima 

1983: Templeton 1993). 
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DMD44: 

The 792 bp DMD44 region was surveyed in 34 orangutans (19 Bornean. 1 1 

Sumatran, 4 unknown), and eight orangutan haplotypes (XI - X8) were found. These 

eight haplotypes show different patterns of subspecies distribution and evolutionary 

relationships than either the 16S or 5'SRY regions. Parsimony analysis of the orangutan 

DMD intron 44 region yielded nine most parsimonious trees when rooted with the most 

likely ancestral chimpanzee (CmpX3 and CmpX5). human (HumX4). and gorilla 

(GorX2) haplotypes. The nine most parsimonious trees differed in part by the placement 

of haplotype X4. which is defined by two sites that appear to change more than once on 

the consensus tree. This is due either to multiple mutations at the.se sites or to 

recombination. The strict consensus tree is presented as a network in FIGURE 5.03. 

Three main branches radiate from the inferred ancestral haplotype. Two branches appear 

to be exclusively Sumatran (haplotypes XI. X2 and X4. X5), and the third branch is 

found on both islands (haplotypes X3 and X8 are found exclusively in Borneo. 

haplotypes X6 and X7 are found in both subspecies). The root cannot be assigned to one 

subspecies or the other due to its ab.sence in the sample and the fact that both subspecies 

have haplotypes that are closely related to the inferred ance.stral sequence. The time to the 

most recent common ancestor for the two subspecies is 987.600 years for Bornean 

orangutans (95% confidence interval 705,800 to l,000,(X)0 years) and 1, 461, 200 (95% 

confidence interval 899,600 to 2,000,000 years) for Sumatran orangutans. For the species 

level, the TMRCA is estimated as 1.629.400 years before present (95% confidence 

interval 1.345.000 to 1,913.900) (Tajima 1983; Templeton 1993). 
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Investigating orangutan population expansions 

As P. pygmaeiis first entered the Sunda shelf from the mainland, it entered an 

unpopulated landscape (from the orangutan perspective) and subsequently colonized the 

islands of Borneo and Sumatra. Muir et al. (2000) have explicitly proposed the likelihood 

that orangutans dispersed between the two islands during their connection. Mismatch 

distributions of pairwise differences (Harpending et al. 1993: Redd and Stoneking 1999; 

Rogers and Harpending 1992) from the 16S, 5'SRY, and DMD44 loci were generated 

under a model of sudden expansion and compared in order to investigate whether a single 

colonization event or multiple colonization events best fit the data. The raggedness 

statistic r was calculated to give a measure of the statistical departure of the distribution 

from a model of sudden expansion, and the parameter T (Rogers and Harpending 1992) 

was estimated to characterize the age of the expansion. TABLE 5.01 shows the results of 

mismatch analy.ses for Bornean and Sumatran orangutans performed in Arlequin 2.0 

(Schneider et al. 2000). All loci showed non-significant raggedness stati.stics except for 

Sumatran DMD44, suggesting that the shape of the mismatch distribution for all loci 

except Sumatran DMD44 fit a model of sudden population expansion. 



TABLE 5.01: Mismatch distribution statistics for P. p. abelii andPp pygmaeus. 

N 
L 

mean 
variance 

Tau 
R 

Sumatran orangutans Bornean orangutans 
16S 5'SRY DMD44 16S 5'SRY DMD44 

358 2763 792 358 2763 792 
2.143 0.536 4.303 3.660 0.883 0.982 
1.608 0.258 5.168 6.152 0.457 0.653 
2.478 0.837 5.527 5.889 1.129 1.326 
0.055 0.292 0.313 0.031 0,217 0.101 

u 
Nc 

4.57 X 10 

59464 
687595 

2.43 X 10 " 

8103 
126531 

2.61 X 10' 

258718 
3323112 

2  5 6  x 1 0 '  1 . 8 1 x 1 0 "  8 . 4 4 x 1 0 '  

101558 13348 59043 
1634078 170673 797258 

Statistics were calculated in Arlequin 2.0 
N=number of individuals ; L=length of sequence; R=raggedness 
* not significant al P < 0.05 
•'significant at P<0.05 

u calculated from Human-Chimpanzee substitutuion data and an estimated divergence time of 6 million years 

N„ = size of the initial pre-expansion population. N, = mean/(2"(it"Length"(years/generation))) (Wooding and 

Rogers 2000) 

t: time of population expansion in years before present. T = Tau/(2'!(rLength"(years/generation))) (Wooding 

and Rogers 2000) 



The estimate of the initial effective population size (N„) and the expansion dates 

are given in TABLE 5.01. Comparisons across loci suggest that different trends are seen 

between loci and between subspecies. 16S and DMD show larger expansion times and 

population sizes than the 5'SRY locus. Between subspecies. Bomean orangutans show 

roughly twice xs large N„ and earlier expansion times for 16S and 5'SRY. and Sumatran 

orangutans show larger N„ and earlier expansion times for DMD44. The estimated timmg 

of expansions for the loci range from 126,000 years ago (Sumatran 5'SRY) to 1.6 million 

years ago (Bornean 16S). The expansion times for the 16S and 5'SRY loci are not 

congruent, suggesting that these data are not tracking the same historical event. Tajima's 

D values are negative for the 16S and 5'SRY loci (Chapter 3). but are generally positive 

for DMD44; although these Tajima's D values are non-significant, these data are in good 

general agreement with the evidence that the data are consistent with a population 

expansion in the 16S and 5'SRY regions but not in the DMD44 region (due to the 

significant raggedness statistic for Sumatran orangutans). It is also possible that the 16S 

and 5'SRY data presented in TABLE 5.01 reflect locus-specific .selection events on 

mitochondrial DNA and the NRY. or recovery from population crashes on the different 

islands at different times. The estimated dates presented in TABLE 5.01 are generally 

greater than the paleogeographic model proposed by Muir et al. (2000) for orangutan 

dispersal into Borneo and Sumatra; the mismatch distribution dates have high variances, 

however, so they may be consistent with Muir et al. (2000) model. 



275 

EXAMINING ORANGUTAN POPULATION STRUCTURE 

Orangutan phylogeography 

Once the phylogenetic patterns are reconstructed at each locus, the evolutionary 

relationships and geographic distribution of the haplotypes can be used to study the 

population history of Pon}>o py^mcieiis. FIGURE 5.04 shows the approximate locations 

of the subpopulations examined here. "Sarawak" and "Sabah" represent general 

geographic regions in Malaysian Borneo. "Kutai" refers to Kutai National Park in East 

Kalimantan, Indonesian Borneo. "Gunung Palung" refers to Gunung Palung National 

Park in West Kalimantan. Indonesian Borneo. Not all orangutans used in this study can 

be assigned to these specific populations, since many individuals were captive-born or 

are captive-living without record of their population of origin. So the analysis of 

population structure has focu.sed on three different datasets (TABLE 5.02). The first 

classified all available orangutans by their subspecies affiliation and examined the 

differences between "Sumatran" and "Bornean" orangutans; this is the largest set and 

includes all individuals assigned to one of the two subspecies. The second and third sets 

used orangutans of known geographic origins that were very kindly provided by Stephen 

O'Brien (TABLE 5.02). The second set was divided into "Sumatran" orangutans and 

"Bomean" orangutans, with the Bornean orangutans further subdivided into 4 

populations (Sabah. Sarawak. Kutai. and Gunung Palung) (TABLE 5.03). All Sumatran 

individuals available for study were used and kept as a single population regardless of 
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whether they were of wild or captive origin, although subpopulation division likely exists 

on Sumatra due to geographic barriers and habitat fragmentation. 

The third set examined genetic diversity only within the 4 Bornean 

subpopulations. The data for these surveys were generated for this project (or taken from 

Zhi et al. {1996) in the ca.se of I6S rRNA). Not all orangutans with 16S data could be 

surveyed for 5'SRY or DMD44 data, either because they were not available, they were 

female, or because they failed to amplify for other rea.sons. The overlap between the 16S. 

5'SRY, and DMD datasets thus represents 12 individuals that have been successfully 

scored for all loci. The sample sizes for the subpopulations are not large, particularly for 

Kutai and Gunung Palung, because of the extreme difficultly of obtaining samples from 

known localities in the wild. 
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TABLE 5.02: The orangutan samples used in the analysis of orangutan 
population structure. 

Total number: 

P. p. abelii 

P. p . pygmaeus 

16S 5'SRY DMD44 

7 8 12 

26 16 18 

P. p. pygmaeus samples of known geographic origin*; 

P. p. pygmaeus 24 13 16 

'Samples from one of four Bornean subpopulations (Sabah. Sarawak. Kutai. 

Gunung Palung). Sumatran samples were also considered to be of known 

geographic origin, from Sumatra. 

TABLE 5.03: The number of individuals from each population used 
in the analysis of orangutan population structure. 

16S 5'SRY DMD44 

Sumatra 7 8 12 

Sabah 11 5 5 

Sarawak 9 5 8 

Kutai 3 2 2 

Gunung Palung 1 1 1 



I  K i l ' K l i  riio jicDiiiiiphic ivyums ,N;int|)k-il Im ilii-. ^lu^l\ 

Siih.ili Siiiiliilra 

Sumatra^) Borneo 
(iuiuini: PaluiiL^' 
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TABLE 5.04a-c shows the hapiotype frequencies of the three loci in the different 

orangutan populations. For 16S rRNA. haplotypes A.I -C.I. are found exclusively in 

Sumatran orangutans, while 13 haplotypes (D - M). are found exclusively in Bornean 

orangutans (TABLE 5.04a). FIGURE 5.05 shows the 16S hapiotype frequencies in each 

population. For I6S. D is the most commonly found hapiotype in orangutans, and is 

present in 25% of Bornean orangutans surveyed here. It is found at high frequencies in 

the Sabah and Sarawak populations but is not found in the Kutai orGunung Palung 

populations, suggesting it has a northern Bornean distribution. The star shape of the 

Bornean phylogeny suggests that there has been a population expansion since hapiotype 

D appeared in Borneo. There are four lineages that derive from hapiotype D. The longest 

branch radiating from hapiotype D is comprised of 7 haplotypes (H through .M). which 

are found across all four Bornean subpopulations suggesting it represents a major 

radiation of Bornean orangutan diversity on the island. The four subpopulations appear 

intermingled on this branch. The E branch containing haplotypes E. E. 1. and E.2 is 

restricted to Sabah and accounts for 369^ of the lineages there. The remaining two 

haplotypes (F and G) al.so each radiate from hapiotype D are restricted to Sarawak and 

Kutai. respectively. 

5'SRY haplotypes 01 and 02 are specific to Sumatra, while 03 - 07 are found 

only in Borneo. FIGURE 5.06 shows the hapiotype frequencies in each population. The 

ancestral Bornean hapiotype 04 is found in all subpopulations but Kutai. suggesting a 

northern and western distribution. Its central network position, high frequency in 

Borneo, and geographic distribution is similar to the pattern seen in 16S. 04 is the only 
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haplotype shared between Sarawak and Sabah. It is also the haplotype founding the single 

Gunung Palung individual. 03 and 06 are Sabah-specific haplotypes: 05 is specific to 

Sarawak. 07 is found exclusively in the Kutai population and accounts for all of the NRY 

diversity there. 

DMD44 haplotypes XI. X2. X4, and X5 are specific to Sumatra, while X3 and 

X8 are specific to Borneo; X6 and X7 are present in both subspecies. FIGURE 5.07 

shows the haplotype frequencies in each population. Both X3 and X8 are found in three 

of the four Bornean subpopulations; X3 accounts for all DMD haplotypes in Kutai and 

X8 is present in the single individual from Gunung Palung. Kutai, in eastern Borneo, 

shares the X3 haplotype with Sabah and Sarawak. The two haplotypes that are shared 

between Borneo and Sumatra. X6 and XI. are found only in the Sarawak population of 

Borneo, suggesting potential historical connections between populations of the two 

regions. X8 is derived from X7. but it is more broadly distributed than XI. present in 

Sabah and Gunung Palung as well as Sarawak. 



TABLE 5.04a. 16S haplotype Irequencies in ditfeienl orangutan populations. 
A.2- A.1 A B c C.1 D E E 1 E 2 F G H H.1 

Sumatra 0.000 0.031 0.063 0.031 0.063 0031 0.000 0.000 0.000 0.000 0 000 0 000 0 000 0.000 
Borneo 0.000 0.000 0.000 0 000 0 000 0 000 0.250 0.063 0.031 0.031 0 063 0 094 0 031 0.031 
Sabah 0000 0.000 0.000 0.000 0.000 0.000 0.273 0.182 0.091 0.091 0000 0 000 0.000 0.091 
Sarawak 0 000 0.000 0.000 0.000 0000 0 000 0.556 0.000 0.000 0 000 0 222 0 000 0 000 0000 
Kutai 0.000 0.000 0.000 0 000 0 000 0 000 0000 0.000 0.000 0000 0 000 0 667 0 333 0000 
Gunung Palung 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 000 0.000 0.000 
• found only in geographically unknown orangutans from Noda et al. (in press) 

1 J K L M 
Sumatra 0000 0000 0.000 0.000 0000 
Borneo 0 031 0.031 0.063 0 031 0.031 
Sabah 0.000 0.091 0.091 0.000 0.091 
Sarawak 0000 0.000 0.111 0.111 0.000 
Kutai 0.000 0.000 0,000 0.000 0.000 
Gunung Palung 1000 0.000 0.000 0 000 0 000 

oi 02 03 04 05 06 07 
Sumatra 0.625 0.375 0.000 0.000 0.000 0 000 0.000 
Borneo 0.000 0.000 0.125 0.500 0.063 0.063 0.250 
Sabah 0.000 0.000 0.400 0.400 0.000 0 200 0.000 
Sarawak 0.000 0.000 0.000 0.800 0.200 0.000 0.000 
Kutai 0.000 0.000 0.000 0.000 0.000 0.000 1.000 
Gunung Palung 0.000 0.000 0.000 1.000 0.000 0.000 0.000 

TABLE 5.04c: D(VID44 haplotype frequencies in different orangutan populations 
XI X2 X3 X4 X5 X6 X7 X8 

Sumatra 0.333 0 250 0.000 0.083 0 083 0 167 0.083 0.000 
Borneo 0 000 0 000 0.556 0.000 0.000 0.056 0.167 0.222 
Sabah 0 000 0 000 0.600 0 000 0 000 0 000 0.000 0.400 
Sarawak 0.000 0.000 0.375 0.000 0000 0 167 0.375 0 125 
Kutai 0 000 0.000 1.000 0.000 0.000 0.000 0.000 0.000 
Gunung Palung 0 000 0.000 0.000 0 000 0.000 0 000 0.000 1.000 

The haplotypes present in orangutans and then Irequences in each subspecies and subpopulation 
The lop row refers to the haplotype name 
Frequencies are summed to 1 within grou()s. 
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Orangutan population structure 

TABLE 5.05a-c shows the average pairwise differences between the populations 

of Sumatra. Sabah. Sarawak. Kutai. and Gunung Palung. The greatest distances are 

between Sumatra and the Bornean subpopulations, particularly Gunung Palung, for all 

three loci. For I6S and 5'SRY, the average number of differences within Sarawak and 

within Sabah exceeds the average number of differences between those two 

subpopulations. suggesting they are diverse and yet similar in genetic composition. The 

DMD44 data show a similar trend, although the intrapopulation pairwise difference 

within Sarawak is slightly less than the interpopulational difference. 

Analyses of molecular variance (AMOVA) (Excoffier 1992) were performed in 

ARLEQUIN on data from I6S. 5"SRY. and DMD44 in order to assess the degree of 

population structure for each locus. AMOVA uses statistics (analogous to F stati.stics) 

to study the correlation of haplotype diversity at different levels of hierarchical 

population subdivision (Excoffier 1992). measures the degree of genetic 

differentiation among subpopulations. The degree of population structure between 

Bornean and Sumatran orangutans, with and without regard to any intrasubspecific 

partitioning, was examined with 2-level and 3-level AMOVA analyses. TABLE 5.06 

presents the apportionment of genetic diversity between the two regions without 

consideration of Bornean population subdivision, and TABLE 5.07 presents results from 

a 3-level AMOVA that examines the proportion of genetic diversity between groups 

(Borneo and Sumatra), between populations within groups, and within populations 

(Sumatra, Sabah, Sarawak, Kutai. Gunung Palung). For the two-way AMOVA, 16S and 



TABLE 5.05a-c. The population average pairwise differences. 

TABLE 5.05a; 16S 
Sumatra Sabah Sarawak Kutai Gunung Palung Borneo 

Sumatra 2.2857 13.0390 12.1587 12.4762 14.7143 12.6200 

Sabah 9.8052 4.1818 3.4950 4.1212 4.8182 ... 

Sarawak 9.6548 0.0429 2.7222 3 3333 4.7778 ... 

Kutai 9.6667 0 3636 0.3056 3.3333 5.6667 ... 

Gunung Palung 13.5714 2.7273 3.4167 4.0000 0.0000 ... 

Borneo 9.7186 — ... ... ... 3.66 

TABLE 5.05b. 5'SRY 
Sumatra Sabah Sarawak Kutai Gunung Palung Borneo 

Sumatra 0.6667 2.9333 2.5333 3 3333 2.3333 2.8750 

Sabah 2 1000 1.0000 0.8000 1.6000 0.6000 ... 

Sarawak 2.0000 0.1000 0.4000 1.2000 0.2000 ... 

Kutai 3.0000 1.1000 1.0000 0,0000 1.0000 ... 

Gunung Palung 2.0000 0.1000 0.0000 1.0000 0.0000 ... 

Borneo 2.1655 ... ... ... ... 0.88333 

TABLE 5.05c: DMD44 
Sumatra Sabah Sarawak Kutai Gunung Palung Borneo 

Sumatra 5.2000 4.4400 4.3750 3.8000 5.4000 4.1272 

Sabah 1.2400 1.2000 -0.0429 0.8000 1.2000 ... 

Sarawak 1.2571 1.0750 1.0357 0.8750 1.3750 ... 

Kutai 1.2000 0.2000 0.3571 0.0000 2.0000 ... 

Gunung Palung 2 8000 0.6000 0.8571 2.0000 0.0000 ... 

Borneo 1 4845 — 
... . . .  ... 0.98246 

Above diagonal avg number ot pairwise dilterences between populations (PiXY) 
Diagonal: Avg nuinbei of pairwise differences witfiin populations (PiX) 
Below diagonal: Corrected avg pairwise difference (f^iXY - (PiX+PiY)/2)) 
Data were generated in ARLEQUIN using pairwise distance with no gamma correction 

lO 
00 
ON 
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TABLE 5.06; Hierarchical AMOVA between Bornean and Sumatran orangutans. 

16S SRY DMD 
°o of vanation among populations 74.42 73.6 40.68 
°o of vanation within populations 25.58 26.4 59.32 

F,:; 0.7442 0.736 0.407 

Individuals were grouped according to their subspecies designation without regard to any 
further subdivision. 

All values are statistically significant at P < 0.001. 
Data were generated in ARLEQUIN using uncorrected pairwise distances with no 
gamma correction. 



TABLE 5.07; Hierarchical AMOVA between Bornean and Sumatran populations. 

16S SRY DMD 
% of variation among groups 72.46 

% of variation among populations ^ ©g 
within groups 

% of variation within populations 24.85 

<|)„; 0.0976 

0.7514" 

0.7246* 

Individuals were grouped according to their subspecies designation. Bornean orangutans 
were further divided into four subpopulations (Sabah, Sarawak, Kutai, Gunung Palung). 

' Significant at P < 0.05 
Data were generated in ARLEQUIN using uncorrected pairwise distances with no gamma correction 

65.21 

12.16 

22.63 

0.3496' 

0.7732-

0.6521 

48.25 

-6.55 

58 29 

-0.1265 

0.4171' 

0.4825 

lO 
oo 
00 
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5"SRY show a greater proportion of variation is found between Borneo and Sumatra 

(74% for both loci) than within either population (26% for both loci). DMD44 shows the 

opposite pattern, where the variation between Borneo and Sumatra (41%) is less than the 

variation within (59%). For the three-way AMOVA, the same genera! pattern is seen 

except that the proportion of variation among groups decreases slightly for 16S and 

5"SRY and increases for DMD44. 

While comparisons between Borneo and Sumatra show similar patterns between 

16S and 5"SRY. comparisons between the four Bornean subpopuiations (Sabah. Sarawak. 

Kutai. Gunung Paiung) are different. Two-way AMOVA among the four subpopuiations 

reveals that only 65% of the variation at the 5'SRY locus is found within populations 

(<t>sT = 0.480. P < 0.05), wherea.s 92% of the variation at both 16S and DMD44 is found 

within populations (TABLE 5.08). The 5'SRY region has a seven-fold greater 4>st value 

than the other two loci. So while there is .still greater variance within populations than 

between populations, the 5'SRY locus shows greater subdivision on Borneo than I6S or 

DMD44. 
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TABLE 5.08: Hierarchical AMOVA for Bornean orangutans. 

16S SRY DMD 

°'o of variation among 
populations 7.70 35.44 7.40 

=^0 of variation within 
populations 92.30 64.56 92.60 

F,- 0.077 0.480* 0.074 

* significant at P < 0.05 

Analyzed with the four subpopulations within Borneo (Sabah. Sarawak, Kutai, 
Gunung Palung). 
Data were generated in ARLEQUIN using uncorrected painwise distances with no 
gamma correction. 

Population pairwi.se Fst differences were generated in ARLEQUIN and examined 

to investigate whether there was a correlation in population differentiation between the 

three loci. TABLE 5.09 shows the results of Mantel tests between each pair of loci across 

5 populations (Sumatra. Sabah. Sarawak. Kutai. Gunung Palung). No statistically 

significant correlations were found, although the comparison between 5'SRY and 

DMD44 approached significance. Mantel tests were also performed directly on the 

pairwise distances between the twelve individuals typed for all three loci in order to 

determine whether haplotypes at different loci within an individual were correlated. 

TABLE 5.10 shows that there were significant correlations between all pairs of loci, 

suggesting that there may be some linkage disequilibrium due to population subdivision. 

However, the number of individuals sampled here is very small, and only a single 

Sumatran individual was included, so this finding must be interpreted with caution. 
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TABLE 5.09: Results from Mantel tests of population painwise Fst values. 

Standard normal variate of the Mantel coefficient: 

16S 
5'SRY 
DMD44 

16S 5'SRY DMD44 
— 

0.945 — 

0.824 1.048 — 

P value 

16S 
5'SRY 
DMD44 

Ail tests are non-significant (P > 0.05). Calculations performed in Mantel 2.0 
using population pairwise Fst estimates from ARLEQUIN. Populations: 
Sumatra, Sabah, Sarawak, Kutai. Gunung Palung. 

16S 5'SRY DMD44 
— 

P >0.05 — 

P > 0 . 0 5  P > 0 . 0 5  — 

TABLE 5.10: Results from Mantel test of orangutan individuals. 

Standard normal variate of the Mantel coefficient: 

16S 
5 S R Y  
DMD44 

16S 5'SRY DMD44 
— 

2.200 — 

2.540 2.256 — 

P values 
16S 5'SRY DMD44 

16S — 

5'SRY < 0.025 — 

DMD44 <0.010 <0.05 — 

All tests are significant at P < 0.05. Calculations were performed in Mantel 2.0 
using Euclidian squared distances between haplotypes for 12 individuals for all 
three loci. 
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DISCUSSION 

This chapter attempts to address questions about orangutan population history and 

population structure by comparing the geographic and genetic patterns of diversity within 

and between P. p. ahelii and P. p. pyfitnaeus. Intraspecific studies of genetic diversity 

across the genome can play an important role in furthering our understanding of how 

different evolutionary forces interact to shape levels and patterns of genetic diversity. 

Additionally, questions about the historical colonization of the islands and the pattern of 

orangutan mating and migratory behaviors are important for understanding the history of 

the species and subspecies, and for determining their future conservation and protection. 

The data from the 5'SRY. 16S, and DMD44 regions permit the comparison of genetic 

patterns from different genomic compartments in the same set of individuals to address 

questions about the timing and expansion of orangutans into the Sunda shelf, whether 

there is evidence for sex-specific migratory differences within or between subspecies, and 

whether the data are consistent with a high variance in male reproductive success as 

suggested from observations of female mate choice. 

Colonization 

During the Pleistocene, orangutans ranged widely over much of Southeast Asia 

(including Borneo. Sumatra. Java. Vietnam, and Southern China) and are the most 

abundant non-hylobatid hominoid in Asian Pleistocene sites (compared to Homo and 

Gigantopithecus) (Bacon and Long 2001). Most of these remains are teeth or 

fragmentary cranial or post-cranial remains; the first complete fossil orangutan skeleton 



was not discovered until 1997 (Bacon and Long 2001). The contemporary Bomean and 

Sumatran populations have been geographically and thus reproductively isolated for at 

least 10.000 years since the end of the last glaciation. The prior sea level between the 

two islands had fluctuated by as much as 120 meters in the past million years and the 

Sunda shelf is reported to have been above water almost continuously from 500 kya to 

120 kya. and then re-surfaced around 60.000 years ago (Muir et al. 2000 and references 

therein.). The history of the.se subspecies on these two islands is not entirely clear, as 

orangutan population history is not known in great detail. The distribution of fossilized 

orangutan remains suggests that Pongo originated on the mainland and migrated 

throughout Southeast Asia and eventually to the Sunda shelf encompa.ssing present-day 

Sumatra. Borneo, and Java (RijLsen and Meijaard 1999). Sumatra maintained 

connections to the mainland along the Batam-Riau-Lingga chain of mountain islands, and 

the Bangka-Bilitung-Karimata chain apparently formed a major land bridge between 

Sumatra and Borneo that often remained above the fluctuating sea level during the 

Pleistocene, enabling the di.spersal of orangutans from the mainland through Sumatra and 

into Borneo (Rijk.sen and Meijaard 1999). As the Pleistocene era came to an end 

approximately 12,000 years ago. orangutan populations on the Southeast Asian mainland 

and Java began to go extinct, leaving only the i.solated contemporary populations on 

Sumatra and Bornean. Proposed migratory routes for Pongo pygmaeus show that Borneo 

was most likely colonized from Sumatra (Muir et al. 2000; Rijk.sen and Meijaard 1999). 

suggesting that Bornean diversity should be derived from Sumatran diversity. 
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Orangutan haploid genetic data do not directly support the hypothesis that 

Bornean diversity is derived from Sumatran diversity, as both the 16S and 5'SRY loci are 

reciprocally monophyletic and the phylogenetic root appears to be on branches that 

separate the two groups. This is most likely an effect of lineage sorting between the two 

groups. However, the DMD44 locus is consistent with this prediction as all haplotypes in 

Borneo are restricted to a single phylogenetic branch, and two of the four haplotypes on 

that branch are shared with orangutans of Sumatran origin. The data suggest that only 

one of the three major DMD44 lineages migrated into Borneo (although of course more 

lineages could have been present initially in Borneo and have since gone extinct). 

-Mismatch distribution suggests that Bornean DMD44 could have expanded into Borneo 

beginning around 800,000 years ago. The lack of NRY haplotype sharing across species 

is congruent with the general pattern .seen in the 16S locus, and the presence of shared 

haplotypes for X-linked and auto.somal loci is better explained by a signal of colonization 

and incomplete lineage .sorting at these loci than by male-mediated dispersal. These data 

can also account for the greater DMD44 nucleotide diversity (K) seen in Sumatran 

orangutans than Bornean orangutans in the comparison of multilocus diversity in Chapter 

4, as Sumatran orangutans possess a greater number of phylogenetically divergent 

haplotypes than Bornean orangutans. 

Within Borneo, it is important to know whether phylogeographic patterns of 

diversity and estimates of population subdivision correlate with the ancestral colonization 

events, with locus-specific natural selection, or with recurrent patterns of sex-specific 

dispersals and the overall orangutan mating system in order to understand what role these 



factors play in shaping genetic diversity. Most models of Bornean colonization suggest a 

main corridor through the center of the island from the southwest connection with 

Sumatra to the northeast, with populations branching off of this route (Rijksen and 

Meijaard 1999; Warren et al. 2001). If the original orangutan dispersal into different 

geographic regions on Borneo is the main underlying cause of contemporary Bornean 

phylogeography. then all loci examined should show similar patterns of population 

structure. The phylogenetic reconstructions for Bornean 5'SRY and 16S suggest a star-

shaped phylogeny. consistent with either a model of recovery from a 

bottleneck/population expansion or recovery from a selective sweep. Tajima's D values 

are negative (although not significantly so), consistent with both scenarios. However, the 

estimated expansion times for the loci are different, precluding their tracking of the same 

demographic event. If recovery from a selective sweep was responsible for the increased 

-NJRY subdivision on Borneo, the patterns at mitochondrial DNA and the X chromosome 

should be uncoupled from those at NRY and should not follow the same predictions as 

under demographic models. The fact that both mtDNA and DMD44 show congruent 

levels of phylogenetic structure suggests that a population-level explanation is more 

appropriate than two separate locus-specific events; however, the phylogenetic pattern for 

DMD44 is very different than for I6S. and the expansion times differ as well. 

Population structure and its possible cau.ses 

Phylogenetic analysis of the mitochondrial control region has revealed four distinct 

geographic clusters on Borneo: Sabah, East Kalimantan (i.e. Kutai), Southwest (i.e. 
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Gunung Palung) and Central Kalimantan, and Northwest Kalimantan and Sarawak 

(Warren et al. 2001). This corresponds roughly to the four Bornean populations used in 

this study. The control region shows stronger evidence of geographic clustering than the 

16S locus, but the control region is thought to evolve faster than the 16S region so this is 

not surprising. Warren et al. (2001) found that 70.8% of control region variation fell 

between Bornean and Sumatran groups, very consistent with the I6S results presented 

here. When only Bornean populations were considered, the control region exhibited 

46.4% of the variation within populations and only 26% between populations within 

groups, and 27.6% between groups (the groups were Bornean subpopulations grouped by 

geography). In this survey, AMOVA analyses uncovered greater subdivision between 

these four regions for the NRY than for mtDNA or the X chromosome. Most of the 

diversity for 16S and DMD44 was found within populations, indicating little 

differentiation between populations. Previous work has also found that variation for 

autosomal microsatellites within Bornean populations was greater than the divergence 

between populations (Warren et al. 2000), similar to the pattern .seen here for DMD44 

and 16S but in contrast to the 5'SRY data. Analysis of molecular variance showed a high 

among-group variance for I6S and 5'SRY (0.74) contrasted with a lower among-group 

(0.41) than within-group (0.59) variance for DMD44. When analysis was restricted to 

tour Bornean subpopulations. AMOVA revealed a seven-fold higher for 5'SRY 

(0.48) compared to I6S or DMD44 (0.08 and 0.07, respectively). 

One explanation for this pattern is a high degree of female migration across the 

island coupled with low male migration (i.e. male philopatry and female dispersal). 
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High NRY subdivision coupled with lower mitochondrial and autosomal subdivision in 

humans has been used as evidence of a higher female migration rate (Perez-Lezaun et al. 

1999: Seielstad et al. 1998). However, behavioral data for orangutans suggests that the 

opposite pattern of female philopatry and male dispersal is more likely, since 

observational data suggest that females tend to stay near their natal areas and that males 

tend to move out (Delgado and Van Schaik 2000; Galdikas 1985b; MacKinnon 1974; 

Rijksen 1978; Rodman 1973; van Schaik and van Hooff 1996). 

Male dispersal and female philopatry alone are not sufficient to cause high NRY 

subdivision, however, since male migration is expected to reduce genetic differentiation 

between populations. If subpopulations are isolated from one another and orangutans can 

only disperse within a bounded geographic region, then strong subdivision should be 

detectable between subpopulations for all loci, not just the NRY. 

A high variance in male reproductive success within populations would be 

expected to reduce male effective population size relative to females and reducing male-

specific diversity within population. This could lead to large differences between 

populations and a correspondingly large NRY Ost. A model of high variance in male 

reproductive success within populations predicts that population subdivision will increa.se 

as the degree of paternal inheritance increases; paternally inherited loci will experience 

lower effective sizes and hence more genetic drift. The 5'SRY data are consistent with 

this prediction, but the DMD44 data are not; DMD44 is not significantly different from 

that of the 16S locus although it is predicted to show a difference since males also 

transmit X-linked loci (see TABLE 5.08). So the DMD44 locus does not directly 
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support a high variance in male reproductive success as the underlying cause of increased 

NRY subdivision between populations. Additionally, a high variance in male 

reproductive success would suggest that mtDNA lineages experience a relatively large 

Ne and may be unsorted across the island; however, this contradicts the inter-island 

pattern that shows complete .sorting of mitochondrial DNA. If the land bridge between 

Borneo and Sumatra were open and freely crossable as recently as 10.000 years ago. and 

assuming that a high female effective population size was maintained across the island, it 

might be expected that mtDNA lineages would be shared between subspecies. This 

scenario may be consistent with the mtDNA data of Muir et al. (2000); however, further 

sequencing is needed to confirm the pre.sence of shared mtDNA haplotypes. 

It is unclear from behavioral data how far male orangutans roam; however, it is 

unlikely that males are dispersing between distinct geographic regions across the island. 

The four derived Bornean NRY lineages (out of the five total) are restricted to single 

populations (03 in Sabah; 05 in Sarawak; 06 in Sabah; 07 in Kutai). and this pattern is 

consistent with a lack of interpopulational dispersal. If orangutans are confined within a 

single geographic region, then patterns of subdivision across genetic loci are expected to 

be similar since all loci should be equally geographically restricted. Any differentiation 

between populations (manifested as an increased <I>sj value) may be cau.sed by genetic 

drift, locus-specific .selection, or a high variance in reproductive success. Genetic drift is 

cxpected to affect all loci proportionally to their locus-specific effective size, so if there 

are equal effective population sizes for mtDNA and the NRY within a population it is 

predicted that both the mtDNA and NRY should show relatively equivalent subdivision 
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and also greater subdivision between populations than the X chromosome. If males have 

a reduced effective population size relative to female effective size, greater subdivision is 

predicted for the NRY compared to mtDNA or the X chromosome; similarly, the X 

chromosome should show greater subdivision than mtDNA. Such a reduction in male Ne 

could result from either a high variance in m.ale reproductive success or selection on the 

NRY. 

The lack of subdivision at DMD44 may be due to its larger expected neutral 

effective population size compared to mtDNA and the NRY: this is reconcilable with the 

5'SRY data if it is assumed that the 5'SRY data has become more differentiated through 

drift or locus-specific selection. However, it it not reconcilable with a model of high 

variance in male reproductive success because it is expected that X-linked loci should 

exhibit greater siaicturing than mtDNA due to the partial paternal transmission of the X. 

Even though the effects of natural .selection cannot be ruled out as a cause of the 

interlocus contrasts in Bornean orangutans, the behavioral data support a high variance in 

male reproductive success and imply that there may be a ba.seline reduction of NRY 

diversity due to the orangutan mating system, even if diversity-reducing natural selection 

cannot be ruled out. The joint phylogenetic patterns of I6S and 5'SRY are consistent 

with a population expansion/recovery from a bottleneck or from selective sweeps, and 

neither can be definitively ruled out; however, if demographic events are the cau.se. the 

estimated timiing of expansions from mismatch analyses suggest the loci are not tracking 

the same demographic event. The different <I)st values for the two loci may reflect the 

faster population-specific loss of 5'SRY alleles due to a reduction in male effective 



population size, although it cannot be conclusively determined whether selection on the 

NRY or a high variance in male reproductive success is responsible. 

Considerations of dating and taxonomy 

Estimates of the time of the split between P. p. cihelii and P. p. pyi^nuieus from 

published mitochondrial DNA data is generally much greater than that mdicated by 

geologic divergence: on the order of 1 million years (Warren et al. 2001: Zhi et al. 1996). 

The three loci studied here all differ in their estimated coalescence times: however, all are 

much greater than the last vicariance event of 10,000 years between the islands of Borneo 

and Sumatra. While some authors characterize the dates as an upper boundary for the 

splitting of the two groups and propose their elevation to species status, other authors 

suggest that there are sampling issues that should be taken into account before 

pronouncing the data (or the taxonomic change) as definitive (Muir et al. 1998a; .Muir et 

al. 2000; Xu and Arnason 1996). The genetic picture of orangutans is complicated by the 

mitochondrial DNA data of Muir et al. (2001). Muir et al. (2001) found shared ND3 and 

COB mitochondrial DNA haplotypes between Bornean and Sumatran orangutans. 

Lineages in Sumatra were highly divergent from one another, in contrast to the single-

step haplotypes found in Borneo. Both the lineage sharing and the high degree of 

Sumatran diversity contrast sharply with the mitochondrial DNA pattern reported for I6S 

(Zhi et al. 1996 and this study), control region (Warren et al. 2001). and COII (Ruvolo et 

al. 1994). Muiret al. (2000) rule out the possibility that their data result from the 

accidental sampling of nuclear pseudogenes. and they suggest that the presence of the 

shared haplotypes in Sumatra are most likely a result of recent migration from Borneo, 
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possibly after the recolonization of northern Sumatra after the explosion of the Toba 

volcano 74,000 years ago. If accurate, then the data presented here and in published 

studies indicate there may be extensive genetic diversity in orangutan populations. 

Taxonomic changes have already been proposed on the basis of genetic and 

morphological data (Groves 2001). and it is likely that future studies will uncover even 

more variation and potentially historical connections between the populations. 

Unfortunately, the decimation of the orangutan population from habitat lo.ss and poaching 

coupled with the reintroduction of confiscated orangutans into nonnatal regions will only 

make the picture of orangutan population structure less clear in the future. More 

extensive .sampling from different geographic regions on Borneo and Sumatra are 

urgently needed in order to help clarify the genetic hi.story and identify the uniqueness of 

different populations of Pongo pygimieus. 

CO.NCLUSIONS 

This study of orangutan genetic diversity and population structure has found that 

the haploid compartments of the genome present a different picture of the phylogenetic 

history of P. p. abelii and P. p. pygmaeiis than the diploid compartments of the genome. 

One possible cause is that the diploid regions of the genome may show inflated levels of 

genetic diversity relative to the haploid genome due to haplotype sharing acro.ss the 

subspecies boundary, as seen for the DMD44 locus in Sumatran orangutans. Thus, the 

high level of DMD44 nucleotide diversity in Sumatran orangutans is likely due to the 

pre.sence of many divergent DMD44 haplotypes rather than to .some unique property of 

DMD44 recombination. These data support a Sumatran origin model, although data from 
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16S and 5'SRY do not. This suggests that the phylogenetic history of hapiotypes should 

be taken into account when comparing levels of nucleotide diversity across loci. 

The partitioning of genetic variation between Bomean subpopulations suggests 

that the NRY exhibits greater subdivision than either mtDNA or the X chromosome. 

Although one hypothesis for this pattern is a greater rate of female migration, behavioral 

data suggest that males are more likely to migrate than females. If orangutan populations 

are isolated and there is a reduction in male effective population size withm populations, 

an increased NRY subdivision between populations relative to mtDNA will result. A 

reduction in male Ne due to a high variance in male reproductive success is predicted by 

morphological and behavioral data that suggests a role for male-male competition and 

female choice; nucleotide diversity data at other loci are consistent with this hypothesis, 

but the corresponding lack of DMD44 subdivision is not. Alternatively, a selective sweep 

on the NRY would have a similar effect on NRY subdivision but would not affect 

diversity or patterns at other loci: the lack of geographic subdivision in the DMD44 data 

are consistent with this hypothesis, but the reduction of nucleotide diversity at other X 

and autosomal loci is not. So it is unclear what the underlying cau.se(s) of orangutan 

population structure are. These data also reaffirm that it may be premature to consider 

changing the taxonomic status of Bornean and Sumatran orangutans, as only the haploid 

genomes show clear differentiation between the two groups. A much greater 

understanding of orangutan population structure from many more individuals and many 

more loci is needed, and time is of the es.sence for our endangered cousins. 
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CHAPTER 6: DISCUSSION AND FUTURE PROSPECTS 

This dissertation investigated the role that demographic factors might play in 

shaping genetic diversity in the hominoid primates (humans, bonobos, chimpanzees, 

gorillas, and orangutans) by comparing patterns and levels of genetic diversity across 

different compartments of the genome to predictions made under models of sex-specific 

demographic influences and locus-specific processes. The goals were to quantify NRY 

diversity in humans and the great apes, to determine whether humans exhibited the lowest 

levels of genetic diversity across all four compartments of the genome, to determine 

whether mtDNA and NRY exhibited levels of genetic diversity that were incongruent 

with a simple neutral model across the hominoid primates, to investigate whether this 

incongruency was better explained by a genome-wide influence of sex-specific 

demographic variables or with locus-specific effects, and to determine whether genome-

wide patterns of genetic diversity across the Hominoidea were consistent with the mating 

systems and sex-specific demographic behaviors of the great apes. 

Three new datasets were generated for this project: a 2880 bp region upstream of 

the SRY gene (5'SRY) on the NRY. a 358 bp portion of the I6S rRNA mitochondrial 

region, and a 792 bp region of Duchenne Muscular Dystrophy (DMD) intron 44. All 

were sequenced comparatively in humans, chimpanzees, gorillas, and orangutans {and 

bonobos for 5'SRY and I6S). This was the largest comparative survey of human and 

great ape NRY variation to date. These data were compared to two datasets from the 

literature: the -10 kb Xql3.3 region on the X chromosome (Kaessmann et al. 1999a; 



Kaessmann et al. 1999b: Kaessmann et al. 2001), and the ~1 kb HOXB6 intergenic 

region on chromosome 17 (Deinard and Kidd 1999; Deinard and Kidd 2000). 

The 5'SRY data suggest that humans exhibit one of the lowest levels of NRY 

diversity in the Hominoidea, consistent with previous studies of other loci that have 

found humans to be less diverse than great apes. Both Pan species exhibit high NRY 

nucleotide diversity at the species level, although the small number of bonobo samples 

requires caution in interpretation. Within P. troglodytes, the highly divergent C9 

haplotype suggests a long history of subdivision in the chimpanzee lineage. Pongo 

pygmaeus also exhibits high diversity at the species level, but it is characterized by fewer 

haplotypes of more intermediate frequency than Pan troglodytes, where many 

chimpanzee haplotypes are found as singletons. Gorilla lacks diversity altogether in this 

region, even between the two subspecies sampled (G. g. gorilla and G. g. graueri). So 

humans exhibited one of the lowest levels of NRY diversity, but not the lowest. 

Analysis of the 16S rRNA region shows high levels of diversity in Pongo and 

Gorilla, and less in Homo and Pan. At the subspecies level. P. t. veriis 16S diversity 

looks similar to that of humans. P. p. abelii and P. p. pygmaeus are differentiated from 

one another haplotypically and phylogenetically, with greater diversity seen in P. p. 

pygmaeus than P. p. abelii. 92% of the segregating sites within Gorilla separate G. g. 

gorilla and G. g. graueri. while intrasubspecific diversity in C. g. gorilla is very low 

compared to other taxa. Other studies of mtDNA diversity have suggested that great ape 

subspecies can be differentiated by mtDNA data, and this appears to be consistent with 

the 16S rRNA region. 



The DMD44 region shows high levels of diversity in Homo, an unusual finding 

since humans usually have low nucleotide diversity when compared to the great apes. 

Pongo. particularly P. p. abelii. also has high diversity. P. troglodytes has the lowest 

nucleotide diversity at the species level. Gorilla has intermediate diversity, and G. g. 

graueri and G. g. gorilla appear to be haplotypically differentiated. Nachman and 

Crowell (2000) reported that DMD44 showed one of the highest levels of diversity in the 

human genome; this study suggests that humans are also unusually high in DMD44 

diversity relative to the great apes. 

Overall. NRY genetic diversity in humans and the great apes appears 

systematically lower than diversity in the three other genomic compartments 

(mitochondrial DNA. X chromosome, autosomes). Comparison of levels of genetic 

diversity within species suggests that the NRY is generally reduced, mtDNA is generally 

high, and the X and autosomes are generally intermediate, and this pattern is constant 

across species. Analyses of orangutan population structure suggest that the .NRY also 

appears to be more subdivided than mtDNA or the X chromosome. There are three 

simple hypothe.ses to de.scribe the pattern of NRY variation relative to the rest of the 

genome: 

1) A model of neutral equilibrium, whereby NRY diversity is reduced because its 

lower effective population size (NeY) expected under neutrality results in stronger drift 

than other genomic compartments and a corresponding four-fold reduction from 

autosomal diversity, 3-foId reduction from X-chromosome diversity, and equal diversity 

with mtDNA w hen corrected for locus-specific divergence. 
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2) A model of diversity-reducing selection on the NRY. either through selective 

sweeps and genetic hitchhiking or through background selection, whereby NRY diversity 

is reduced relative to other genomic regions which do not bear any relationship to each 

other. 

3) A model of sex-specific demographic influence via a high variance in male 

reproductive success, whereby the NRY is reduced in diversity relative to other genomic 

compartments, and where the other genomic compartments will vary from each other in a 

predictable fashion (but in proportions different from those expected under the neutral 

equilibrium model). 

The neutral model predicts that the relative ratios of diversity between loci will be 

proportional to their effective population sizes, and the expected effective population 

sizes (Ne) under neutrality are Ney/NevirDNA = 1- NCy /Ne,^ = 1/4. Ney /Ne^ = 1/3. Ne^ / 

Ne,^ = 3/4. Ne^iTONA ! Ne.^ = 1/4. and Ne^,-n)NA ^ Nex = 1/3. Con.sequently. a diversity ratio 

of 4:3; 1:1 is expected for autosomes, X-linked loci. mlDNA. and the NRY. Multiple-

locus HKA tests using the data in this study revealed some departures from the neutral 

expectation, suggesting that a strictly neutral model does not hold. There are fairly 

consistent relational patterns among diversity values at different loci across the hominoid 

primates, as would be expected under a model of neutral evolution. However, the 

diversity ratios between loci generally far exceed the predicted interlocus ratios under 

neutrality (Chapter 4), and NRY diversity is always relatively lower than expected. 

Although all Tajima's D statistics for the NRY were negative, suggesting the infiuence of 

locus-specific .selection or demographic expansion, Tajima's D tests failed to reject the 
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neutral model for all data except for P. troglodytes 5'SRY data, as shown in Chapter 3 

and Chapter 4, suggesting that the patterns of intraspecific diversity are consistent with a 

strict model of neutral equilibrium. However, these tests are likely to have generally low 

power as a result of small sample sizes and/or few polymorphic sites (Simonsen et al. 

1995) 

These patterns can also be explained by locus-.specific processes acting at the 

different loci. Locus-specific selection can reduce diversity at a locus relative to other 

regions of the genome regardless of which genomic compartment it exists in. The 

influence of weakly deleterious mutations may also affect levels of diversity at 

.selectively important sites within any locus independently of changes in other loci. 

Analysis of whole human mitochondrial DNA sequences suggests that a mildly 

deleterious influence is likely, and the 16S region may be similarly affected by this 

process (Chapter 3). These processes may generate similar interlocus patterns across 

species if (a) the loci undergo similar selective pressures across the different species, and 

(b) the local recombination rates are similar acro.ss the different species. The likelihood 

of this causing similar patterns across the hominoid primates is unclear, since it is not 

known whether the genomic environment of the loci under study is the same across the 

different species. The extent to which locus-specific selection is expected to impact 

diversity on the NRY is unknown: while key genes for male-specific functions (at least 

11) and general housekeeping (at least 9) exist on the NRY (Lahn and Page 1997). 

predictions about the likelihood of genetic hitchhiking or background .selection reducing 

NRY variation indicate that they are unlikely to be detected or to have much of an effect 
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{i.e. Nachman 1998). The low level of diversity on the P. pygmaeus NRY. coupled with 

its more recent coalescent time (compared to mtDNA and the X chromosome), is 

consistent with the actions of a selective sweep; however, it is also consistent with a 

smaller effective population size for the NRY due to male-specific demographic factors. 

Additionally, using a model of locus-specific selection to explain the overall pattern .seen 

here requires that many loci be affected by potentially many different .selective events in 

the same manner across many species (for 5'SRY. 16S, XqI3. H0XB6), and 

simultaneously by different processes and/or in different manners across species (for 

DMD44). 

The third general model to explain the interlocus patterns seen in these data is a 

model of sex-specific demographic variables, such as a high variance in male 

reproductive success. Sex-specific behaviors have been shown to influence the levels of 

nucleotide diversity and the geographic distribution of that diversity in sex-specific 

compartments of the genome (Bamshad et al. 1998; Melnick and Hoelzer 1992; Salem et 

al. 1996; Seielstad et al. 1998; Williams-Blangero 1991). Sex-specific demographic 

factors like a high variance in male reproductive success, resulting from a decrea.sed 

number of breeding males relative to females, or sex-specific philopatry, where members 

of one sex do not migrate from their natal groups, cause a reduction in compartmental 

nucleotide diversity proportional to the reduction of the sex-specific effective population 

size. A high variance in male reproductive success will decrease NRY, X-1 inked, and 

autosomal diversity from their relative levels under neutrality, but will not affect mtDNA 

diversity. Thus. mtDNA diversity will look relatively high compared with diversity in 
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the other genomic compartments, particularly under an extreme reduction of male Ne. 

Sex-specific philopatry will reduce the effective population size of the portions of the 

genome transmitted by the philopatric sex within demes, basically resulting in a variance 

in reproductive success, because lineages will be removed by drift but few new lineages 

will be imported. A corresponding increase in interpopulational subdivision may be 

noticed for the locus under study as well, and simulations and more theoretical work are 

needed to clarify this effect on levels of genetic diversity. Since the four major 

compartments in the genome are transmitted differentially by the different sexes, sex-

specific demographic factors exert influence across the genome but to different extents in 

the different compartments. 

The data presented here are generally consistent with an influence of sex-specific 

factors. All taxa compared in the interlocus contrasts (H. sapiens. P. t. verus, G. 

gorilla, P. p. ahelii and P. p. pygmcieus) appear to be influenced in a manner consistent 

with a high variance in male reproductive success, exhibiting low NRY diversity relative 

to other loci, and reduced X and autosomal diversity relative to mtDNA. The.se genetic 

patterns within each species are roughly consistent with predictions from behavioral data 

in each species. It is this corroboration of genetic and behavioral data that suggest an 

influence of a high variance in male reproductive success as the strongest hypothesis to 

explain these data. Thus, the model propo.sed as the best general explanation for the 

interlocus and interspecific data presented in this study is a sex-specific demographic 

model of a high variance in male reproductive succe.ss. 
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CAVEATS AND EXCEPTIONS TO THE MODEL 

This study concludes that the single most parsimonious explanation for all of the 

genetic data presented here is that a high variance in male reproductive success within 

each species has influenced the levels of nucleotide diversity across the hominoid 

genome. While this is a more parsimonious explanation than locus-specific selection, 

requiring the fewest number of unique locus-specific proces.ses to occur simultaneously, a 

model of pure sex-specific demographic influence does not perfectly match the 

experimental data presented here. More complex models that explicitly take both locus-

specific processes and sex-specific demographic variables when making predictions of 

diversity may be more appropriate, and more theoretical work is needed to model the 

interaction of these parameters. All loci represent individual realizations of a .species' 

history to some degree, and these different realizations are influenced by many factors 

such as stochastic sampling, different rates of evolution, effective sizes of genomic 

compartments, local recombination rates, and the proximity of a locus to other loci under 

selection. It is likely that other factors in addition to .sex-specific demography have 

exerted an influence on hominoid genetic diversity. Some of the caveats and exceptions 

to a model of high variance in reproductive success are outlined below. 

The likelihood of selection 

First, there is good evidence in other studies that natural selection has a 

potentially large role to play in shaping genetic variation within species. Studies in 



humans and Drosophilci have documented intralocus and interlocus genetic patterns that 

are not easily explained by non-selective pressures. Evidence for a correlation between 

nucleotide diversity and rate of recombination (Andolfatto and Przeworski 2001; Begun 

and Aquadro 1992: Nachman 2001: Nachman et al. 1998: Przeworski et al. 2000). 

reduced levels of average nucleotide diversity on the X chromosome compared to 

autosomes (Andolfatto 2001: Nachman 2001). increased frequency of derived young 

haplotypcs at functional loci (Hamblin and Rienzo 2000: Hollox et al. 2001: Tishkoff et 

al. 2001). and high nonsynonymous to synonymous substitution rates (Swanson et al. 

2001: Wyckoffet al. 2000) all support models of hitchhiking, background selection, or 

both. It is likely that both background selection and genetic hitchhiking play some role in 

shaping genomic variation (Kim and Stephan 2000: Payseur and Nachman In press). 

This suggests that many loci are likely influenced by natural selection, even if 

demographic processes are occurring as well. For example. Payseur and Nachman (in 

press) have calculated that an approximately 8% reduction in neutral variation is expected 

on the X chromosome from background selection, and yet the Xq 13.3 region in humans 

shows about a 64% lower than average level of diversity. If background selection alone 

is not enough to explain this discrepancy, and a high variance in male reproductive 

success is expected to increase diversity on the X relative to other regions of the genome, 

then directional selection may be at least partly responsible for the pattern at the Xq 13 

locus. There are also reports that suggest male fertility may be affected by an 

individual's mtDNA genotype (Holyoake et al. 2001), suggesting that both NRY 

variation and mtDNA variation may affect selection on the NRY. 



Another line of evidence supporting the actions of locus-specific selection is that 

the loci studied here, while showing a general pattern within and between species 

consistent with sex-specific variables, do not correspond directly to an estimate of 

NepiNe^ generated under a model of a high variance in male reproductive success. 

Interlocus ratios between two compartments are not consistent enough within a species to 

be able to predict the ratio between two other compartments. This may be a consequence 

of additional locus-specific proces.scs acting on top of a general pattern of sex-specific 

demography. For example, the graph of the predicted relationships between levels of 

compartmental genetic diversity (FIGURE 4.04) shows that the expected Ne^rDNA 

remains below that of Ne^ and Ne,^ until a NepiNe^of approximately 7, (-12 males per 

every 100 breeding individuals), when it then becomes greater than Ne^ or Ne^. This 

suggests that a strong skew in the breeding sex ratio is required in order for mtDNA 

diversity to be greater than that seen on the X chromosome or autosomes, or for X-linked 

loci to exhibit greater diversity than autosomal loci, as seen in the.sc data. If the species 

in question do not have strong enough skews in their breeding sex ratios to account for 

this difference, then perhaps mtDNA diversity is being inflated above the baseline 

expected from a model of high variance in male reproductive success by other locus-

specific factors such as the maintenance of weakly deleterious mutations. Orangutans are 

reported to have elevated nonsynonymous substitution between P. p. pygmaeus and P. p. 

abelii (Xu and Amason 1996), but whether this results from weakly deleterious mutations 

or adaptive evolution is unclear. As another example of potential locus-specific processes 

acting in tandem with demographic processes, the human SRY region examined by 



Whitfield et al. (1995) has consistently shown a reduction in NRY diversity relative to 

the other loci used in HKA tests (Jaruzeiska et al. 1999b; Nachman 1998b). while other 

NRY regions have not. This may suggest something unusual about the levels of 

polymorphism in the SRY region that other NRY regions may not reflect. This was also 

suggested in TABLE 3.12. where the 5'SRY region appeared to have lower 

polymorphism to divergence ratios than other NRY regions. In contrast, a cross-species 

comparison of SRY coding sequence suggested a high ratio of nonsynonymous to 

synonymous changcs (Whitfield 1993). consistent with either adaptive evolution or a 

relaxation of functional constraint. Additionally, the constant removal of deleterious 

mutations by background selection may provide a continuous selective pressure that will 

vary from genomic region to genomic region across the NRY. It is unlikely that a 

perfectly congruent demographic model will be found to exactly match the experimental 

data points presented here and in other studies; however, the action of locus-specific 

processes does not preclude an influence of sex-specific demographic variables. 

Gorillas 

The comparative data from Gorilla pre.sent one of the most intriguing exceptions 

to the model of an influence of a high variance in reproductive success. Both behavioral 

data from the wild (Cousins 1990; Doran and McNeilage 1998; Fossey 1979; Goldsmith 

1999; Harcourt 1979; Harcourtet al. 1981; Schaller 1963: Tutin 1996) and genetic data 

(Gibbons 2001) suggest that gorillas are polygynous. with only one or two males 

fathering the offspring in family groups. Although most behavioral data to date come 
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from the C. heringei subspecies, which was not surveyed here, the lack of nucleotide 

diversity in the Gorilla 5'SRY region is consistent with the expectations under polygyny. 

The lack of diversity noted between G. g. gorilla and G. g. graueri. while unusual 

between subspecies, may be due to the overall low Ney in the species. However, the data 

at the 16S rRNA locus in Gorilla suggests that other factors may also be at work in 

shaping genomic variation, in addition to a high variance in male reproductive success. 

The level of 16S nucleotide diversity is sharply lower in G. g. gorilla than in the other 

taxa surveyed, in contrast to other genetic surveys of mtDNA and other loci that show 

relatively high levels of diversity for western lowland gorillas. This same pattem was 

al.so seen in the i6S rRNA data from Noda et al. (in press), so it is unlikely to be the 

result of the particular samples used in this study. This very low mtDNA diversity is not 

expected under a pattem of strong polygyny, as shown in FIGURE 4.04. And yet 

control region diversity in gorillas is reported to be high compared to the rest of the 

hominoid primates (Gagneux et al. 1999b: Gamer and Ryder 1996; Jensen-Seaman and 

Kidd 2001). more consistent with the expectation of polygyny. Neither the gorillas used 

in this study nor those in the Noda el al.(in press) study were .sequenced for their control 

region variation, so it is unclear how the levels of control region diversity in these 

orangutans compare with the level of 16S diversity. It is possible that there is some sort 

of locus-specific constraint on the Gorilla 16S region; however, many mutations were 

noted between G. g. gorilla and G. g. graueri, suggesting that Gorilla can accumulate 

variation at this locus, and divergence is not unusually low. 



If the 16S data are discounted, the relative patterns of X. autosomal, and NRY 

diversity in G. gorilla are consistent with the patterns predicted under polygyny, 

although no single NepiNe^ can be estimated from comparisons of Xql3.3 to HOXB6. 

and DMD44 to H0XB6. It is possible that G. g. gorilla is not as polygynous as G. g. 

beringei is suggested to be from field data, and that this has reduced the diversity at 16S 

relative to other loci. Alternatively, perhaps locus-specific .selection has acted on the 

Gorilla NRY to reduce its diversity so low. Perhaps Gorilla polygyny results in a large 

enough Ne,. so that con.sequently purifying selection is stronger on Gorilla I6S than in 

the other species, and that this is the reason for a lack of intrasubspecific diversity in 

western lowland gorillas. Further genetic analyses of different mtDNA regions in these 

.same individuals would help determine the uniquene.ss of the 16S data. Additionally, 

analyses of other genomic regions in Gorilla are needed to clarify the extent of genetic 

diversity within gorilla populations to determine if 16S and 5'SRY are really outliers. 

DMD intron 44 

The X-linked DMD locus aLso appears to be an exception to the general model of 

.sex-influenced genetic diversity. When corrected for locus-specific divergence. DMD44 

also has the highest diversity in humans in this study. However, DMD44 does not show 

correspondingly greater levels of diversity in the great apes, either between loci or 

between species, as is predicted by data from the other known X chromosome locus 

(Xql3.3). DMD44 diversity is higher in humans than chimpanzees, gorillas, or Bornean 

orangutans, a highly unusual pattern. Intron 44 of the DMD locus was reported to have 
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one of the highest levels of human genetic diversity, and this was proposed to be the 

signature of neutral variation in humans because of its high rate of recombination 

(Nachman and Crowell 2000a). If this is the case, and no non-neutral forces are affecting 

diversity at DMD44, then all other human loci surveyed in this study must be deficient in 

diversity relative to DMD444 due to the effects of selection at linked sites, as opposed to 

the alternative prediction under a model of high variance in male reproductive success 

that would require the DMD44 locus to be affected by some locus-specific force. Locus-

specific selection on non-DMD loci is certainly plausible; the mtDNA and NRY are non-

recombining and will be impacted by selection in any one of their regions. Xql3.3 is in a 

low-recombination region on the X chromosome and the HOXB6 intergenic locus is in a 

region of average recombination but lies within a few kiloba.ses of coding loci. 

However. DMD44's extremely high human diversity compared to other species 

conflicts with previous genetic surveys that suggest humans have less genetic diversity 

than the great ape species. If DMD44 is the neutral signal of diversity in humans, then 

other human loci must be reduced relative to the great apes because of selection at linked 

sites and/or becau.se of lower effective population sizes in other regions due to lower rates 

of recombination that have increa.sed their recovery time from a human-specific 

bottleneck. Alternatively, since DMD44 is considered neutral in humans due to its high 

rate of recombination, it is possible that recombination rates in the other species are lower 

than in humans and make DMD44 more prone to the effects of diversity-reducing 

selection in the great apes. No reliable estimates of recombination rates currently exist 

for the great ape species, so it is not possible to know if the latter hypothesis is the cause: 
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potentially recombinant haplotypes were noted in H. sapiens and P. pyf^maeus. although 

no recombinant haplotypes were detected in this survey of Pan trof^loclyies or Gorilla 

iiorilla. Very few high recombination regions have been surveyed in humans and great 

apes to date, but further survey of these regions will be very important in helping to 

understand whether the intraspecific and interspecific patterns of genetic diversity at 

DMD44 is due to selection at DMD in great apes or to selection at other loci in humans. 

Studies of multilocus diversity from other species 

Studies comparing sex-linked genetic diversity to other regions of the genome 

have been done in plants (Filatov et al. 2001), Drosophila (Zurovcova and Eanes 1999). 

and birds (Montell et al. 2001), and these studies provide a larger organismal framework 

to understand compartmental differences in levels of genetic diversity. Melnick and 

Hoelzer (1992) demonstrated that levels of mitochondrial and nuclear diversity showed 

contrasting patterns in macaques due to strong female philopatry and high male gene 

tlow (Melnick and Hoelzer 1992). Further phylogenetic comparisons of interspecific 

macaque Y and mtDNA sequences suggested differences in the topologies of the two loci 

(Tosi et al. 2000). although intraspecific Y diversity was not addressed. Low levels of 

Y-linked diversity have been documented in other groups, however. Zurovcova and 

Eanes (1999) found no polymorphism at the Y-linked Dhc-YhS locus in Drosophila 

melanogaster and only a single polymorphic site in D. simulans. lower diversity than 

predicted from previous studies of X and autosomal loci. They considered Y-linked 

selective sweeps (based on a potential selective difference between Y-linked phenotypes 



3 1 8  

(Hollocher and Tempieton 1994)) and a larger male-specific variance in fertility 

suggested by previous studies as two plausible causes for the reduction of Y-linked 

diversity. Background selection was ruled out because of the low number of identified 

genes on the Drosophila Y chromosome made its effects negligible, and there is not good 

evidence for sex-bias in Drosophila mutation rates (Bauer and Aquadro 1997). In the 

dioecious plant Silene latifolia. 2 kb of the Y-linked SLY-1 locus wa.s found to have 20-

fold less diversity than its X-linked homologue (Filatov et al. 2000). The SLX-I locus 

also had higher diversity than the autosomal CCLS37.1, which has greater diversity than 

SLY-1 in both S. latifolia and S. clioicaiFWalov et al. 2001). Filatov et al. (2001) conclude 

that the lower diversity at CCLS37.1 is likely due to a selective sweep at that locus. This 

makes it difficult to test any prediction of a high variance in male reproductive success. 

However, the genus Silene is prone to anther-smut, a pollen-transmitted disease, so it is 

possible that male plants have a rather high variance in male reproductive success if 

female plants fertilized with infected pollen become infected and subsequently sterile. 

Studies of sex-specific genetic diversity in birds are confounded by the fact that 

females are the heterogamous .sex. A comparison of paralogous genes on the Z and W 

chromosomes showed that the avian Z chromosome had at least ten times the level of 

diversity of the W chromosome (Montell et al. 2001). The W is expected to have an 

effective size 1/3 that of the Z chromosome and should show a corresponding reduction 

in diversity; additionally, diversity on the W chromosome would be expected to correlate 

with mitochondrial DNA diversity as well, since both are passed on exclusively by 

females. Male-drive molecular evolution may inflate diversity in the Z chromosome that 
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is carried by both sexes, leaving the female-specific W chromosome relatively 

depauperate. However. Montell et al. (2001) could not clearly conclude whether the 

actions of diversity -reducing selection on the W chromosome or male-driven mutation 

on the Z chromosome was responsible. If males exhibit a greater variance in reproductive 

success, it is expected that the effective size of the Z chromosome will become more 

equivalent to that of the W chromosome and would lessen any di.screpancies between the 

two. rather than enhance them. The low W diversity in birds, therefore, may be better 

explained by the actions of selection than by variance in reproductive success. 

Although avian studies to date cannot reliably support a variance in male 

reproductive success, the other two studies suggest it has a potential role in explaining the 

di.screpancies between genetic diversity at differentially inherited loci. JhtSilene data in 

particular leave open the possibility that reproductive succe.ss may play a role in shaping 

genetic diversity across the genome. A comparative modeling study of Ptipio 

cynoceplialus baboons from Amboseli basin and a human tribal population (Gainj ) from 

Papua New Guinea suggest that variance in male fitness affects the ratio of effective 

population size to census population size, although no deviations were seen in locus-

specific Ne values for auto.somal and sex-specific loci (Storz In press). 

BROAD IMPLICATIONS OF A REDUCTION IN GENOME-WIDE GENETIC DIVERSITY 

BY SEX-SPECINC DEMOGRAPHIC FACTORS 

If sex-specific demographic factors like a higii variance in male reproductive 

success result in a functional skew in the sex ratio that exerts an infiuence on levels of 
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genetic diversity across the genome, there are potentially important consequences for the 

estimation of other genetic parameters. A high variance in male reproductive success will 

change the expected relationships of genetic diversity between loci from their expected 

levels under a strict neutral model with an equal breeding sex ratio. Many models in 

evolutionary biology assume an equal sex ratio of 1, and predict the outcome under that 

condition accordingly. For example, tests of neutrality between loci {such as the HKA 

test) from different genomic compartments assume populations are at equilibrium and 

correct for the expected locus-specific effective population size assuming an equal sex 

ratio, [f the breeding sex ratio is not equal, however, then the 4:3:1:1 ratios of 

autosomes:X chromosome:mtDNA:NRY used to assess departures from neutrality arc 

invalid. When all other factors are equal and selection itself is not influencing levels of 

genetic diversity, neutrality may nonetheless be inappropriately rejected because the null 

model of intercompartmental relationships will be inaccurate. Tests that automatically 

correct for the expected locus effective size will have to be modified to account for 

different expected effective sizes if .sex-specific factors play a role in shaping genetic 

diversity. 

Studies that a.s.sess the relative strength of background selection and genetic 

hitchhiking in the genome through X/Auto.some contrasts (Andolfatto 2001; Pay.seur and 

Nachman In press) may be confounded by a high variance in male reproductive success. 

A model of high variance in male reproductive success predicts greater X diversity 

relative to autosomal diversity, as does background selection. Both background .selection 

and a high variance in male reproductive success work in the opposite direction on 



X/Autosome diversity as genetic hitchhiking does. Species that have a high variance in 

male reproductive success will dilute any signal of locus-specific genetic hitchhiking in 

X/Autosome contrasts. It may also be difficult to disentangle whether background 

.selection or a high variance in male reproductive success is responsible for increased X 

diversity relative to autosomal diversity. Researchers should be aware of this bias. 

Additionally, a functionally reduced sex ratio due to a high variance in male 

reproductive success may also have important consequences for the estimation of 

recombination rates for X-linked and auto.somal loci. If a high variance in male 

reproductive success exists within a species, then fewer breeding males than expected 

(relative to females) would undergo evolutionarily consequential recombination each 

generation. This suggests that the overall rate of recombination per generation would be 

less than expected under an equal sex ratio, and estimates made under the assumption of a 

1:1 sex ratio would potentially be underestimates of the overall rate of recombination. If 

females have a higher rate of recombination than males, and recombination rates are 

estimated using a 1:1 sex ratio, but the actual sex ratio is greater than 1. then the 

estimated recombination rates are an overestimate (because there are fewer males and 

they are having fewer recombination events). This suggests that regions of the genome 

may be considered to have higher rates of recombination than they actually do. with 

potentially important consequences for estimates of the correlation of nucleotide diversity 

with recombination rate. 

A high variance in male reproductive success also means that drift may be an 

important factor in NRY diversity, rather than selection. A small Ney suggests that the 
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efficacy of selection is weakened relative to the strength of drift. Combined with 

Nachman (1998)'s conclusion that selection is unlikely to have much of a detectable 

effect on the NRY due to its low gene density, this suggests that drift rather than selection 

may be the primary force shaping NRY diversity. If true, then further studies of NRY 

diversity may not find any evidence for natural selection. 

Many population genetic studies test models of "demography" versus "selection". 

"Demography" in this context, particularly in the human genetic literature, usually refers 

to a population bottleneck, [f a high variance in male reproductive success intluences 

genetic variation as well, then "demography" may have to take on a much broader 

meaning: either incorporate aspects of different demographic models, or else be defined 

in narrower, more explicit terms, i.e. 'population-level demography" or "sex-specific 

demography". Work has already begun to model the outcome of population size changes 

(Harpending et al. 1998; Sherry et al. 1998), but little work has been done on .sex-specific 

modeling under different mating systems and migratory behaviors, particularly with the 

dual influence of selection. If humans have a lower effective population size due to a 

population bottleneck in the past, then humans will have correspondingly low levels of 

neutral nucleotide polymorphism to work with, making it more difficult to detect 

interlocus differences (Pay.seur and Nachman In press) which makes it more important to 

examine NRY diversity within a multi-locus context. 



FURTHER TESTS OF THE MODEL AND FUTURE WORK 

Tests of the model 

Further study is. of course, required in order to determine whether an influence of 

sex-specific demographic factors really is contributing to the patterns of genetic diversity 

in humans and the great apes, and whether it may impact other taxa as well. One obvious 

test will be to examine additional human loci as they are published to see if a general 

pattern holds of high mtDNA variation, low NRY variation, and intermediate X and 

autosomal variation, and whether average autosomal diversity is greater than X diversity 

or vice-versa. If this model really has some impact on genetic diversity, then it is 

predicted that a general pattern will be seen across the genome that roughly corresponds 

with the patterns seen between the loci in this study. Many more studies of loci in high 

recombination regions are needed to help minimize the effects of selection at linked sites, 

and to compare to the pattern of DMD44 diversity seen acro.ss species in this study. 

It will also be crucial to test the interlocus predictions of the model of high 

variance in male reproductive success in other species that have known mating systems. 

Ideally, sibling species with different mating strategies would be compared to see if a 

trend exists for a reduction in male-influenced diversity as species become more 

polygynous. Monogamous, polygynous. and polyandrous species should be examined. 

Monogamous species may be predicted to exhibit the standard 4:3:1:1 ratio if all other 

factors are equal. Under polyandrous mating, the relatively low variance in male 

reproductive success predicts low mtDNA and X diversity relative to neutral 
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expectations, with Ncy being greater than Nevn-DN,^. Different species that exhibit 

different degrees of variance in male reproductive success could also be comparatively 

examined, with higher polygyny predicting a greater skew in the relative interlocus 

diversity ratios. Additionally, species that are expected to have fairly randomized union 

of gametes (such as pelagic spawners) can be compared to species that exhibit strong 

female choice to look for differences in the distribution of genetic diversity across 

genomic regions. 

The relative contribution of sex-specific phllopatry on levels of .sex-specific 

diversity could be investigated in macaques, since females are philopatric and Melnick 

and Hoelzer {1992) have already shown differences in the distribution of mitochondrial 

and nuclear diversity. Baboons {Papio) are also generally female-philopatric and likely lo 

exhibit a high variance in male reproductive success (Rogers 2000). Many other obvious 

choices exist within Primates (reviewed in Chapter 1), since much is known about the 

mating behaviors of many species. However, there are many species to choose from for 

which something is known about reproductive behavior, and a broader test of the model 

of a high variance in reproductive success influencing genetic diversity is to look outside 

of the order Primates. 

Future work on the Y chromosome 

The mammalian NRY is one of the most interesting and important regions for 

studies of population genetics and evolutionary history. It is also one of the most poorly 

studied compartments of the genome. Yet further analysis of the NRY plays a crucial 



role in disentangling the roles that sex-specific demography and selection may play in 

shaping its variation. Relatively few coding regions have been examined on the NRY. 

particularly intraspecifically. in humans, and even fewer regions in other species. There is 

a hint of evidence for adaptive evolution on the human NRY when the SRY and SMCY 

coding regions are compared between human and chimpanzee; humans appear to have a 

greater number of nonsynonymous polymorphism relative to nonsynonymous divergence 

(Whitfield 1993) (M. Hammer, personal communication). The.se are very small stretches 

of sequence, however, and may also be due to the weakly deleterious effect postulated to 

potentially affect mitochondrial DNA diversity. It is important to examine many more 

coding regions on the NRY to .see whether evidence exists for an increase in the number 

of non.synonymous polymorphism to divergence relative to synonymous polymorphism 

to divergence (a signature of positive .selection; (McDonald and Kreitman 1991). 

Comparable data need to be gathered for humans and the great apes in order to determine 

if all species experience the same increase in nonsynonymous substitutions. An increase 

in nonsynonymous substitutions unaccompanied by a relative reduction in diversity at 

other non-Y loci would suggest the model propo.sed here is inaccurate; an increa.se in 

nonsynonymous substitutions without any accompanying reduction in X and autosomal 

diversity suggests the NRY is being impacted by locus-specific selection rather than .sex-

specific demographic factors. 

Additionally, more non-coding sequences need to be examined on the NRY in 

humans and the great apes in order to see whether the patterns described for 5'SRY 

persist across the chromosome. 5'SRY shows relatively low nucleotide diversity 
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compared to some other NRY regions in humans (TABLE 3.12), suggesting that it may 

be an outlier in terms of its genetic diversity. The low level of NRY nucleotide diversity 

in Gorilla in the 5'SRY and ZFY regions is very intriguing and worthy of further study 

within and between Gorilla subspecies. The 5'SRY results suggest that Burrows and 

Ryder's (1997) observation of a lack of great ape intraspecific diversity at ZFY is not 

strictly corroborated for the SRY region. However, both the ZFY locus and the SRY 

locus results have some commonality. While this study has uncovered .some nucleotide 

variation in the SRY region, in contrast to Burrows and Ryder's (1997) findings for the 

ZFY region, the level of variation is much lower than in other genomic regions. 

Additionally, Burrows and Ryder's (1997) survey focused the most intraspecific attention 

on gorillas for compari.son to Dorit et al's (1995) survey of the same region in humans. 

These are the two species with the lowest levels of diversity in our Y chromosome 

survey. If the 5'SRY region is repre.sentative of relative levels of intraspecific variation 

on the hominoid Y chromosome, then perhaps it is not surprising that neither Burrows 

and Ryder (1997) nor Dorit et al. (1995) found intraspecific diversity in gorillas or 

humans at ZFY. Burrows and Ryder (1997) also examined four orangutans and found no 

intraspecific diversity in the ZFY region, even across subspecies. The ZFY region they 

surveyed was approximately 729 base pairs of DNA sequence. The 5'SRY region, 

based on 2763 bp of contiguous orangutan sequence, suggest only 1 site per -1440 ba.se 

pairs will vary between subspecies. So it appears that the ZFY results of Burrows and 

Ryder (1997) as well as Dorit et al. (1995) are not inconsistent with the SRY results 

presented here, and the two loci together support a low level of NRY genetic variation 



across the Hominoidea. Pseudogenic regions should be studied in order to further test this 

hypothesis and refine the comparative levels of intraspecific and interspecific NRY 

diversity in the Hominoidea. Although it is challenging to find pseudogene regions that 

are conserved phylogenetically across the hominoid primates, due to the capacity of the 

hominoid Y chromosome to rearrange itself structurally (Gla.ser et al. 1997) (T. K. 

Altheide unpublished data), it is important to be able to quantify NRY diversity without 

the possible confoundment of a reduction of diversity in functionally important regions 

due to purifying selection. 

Microsatellite variation should also be investigated on the Hominoid NRY across 

species. Many human NRY microsatellites have been identified and estimates of human 

heterozygosity have been obtained from them. Similar studies in the great apes vv-ould 

provide an additional survey of comparative NRY diversity between species, to compare 

to the SNP-based estimates generated here. Since this may pose somewhat of an 

ascertainment bias, microsatellites should also be sought out on the great ape Y 

chromosomes themselves. Additionally, microsatellites would provide a good test of the 

SNP-based hypothesis that Gorilla has reduced NRY diversity relative to the other 

species. Microsatellites may also be more u.seful than direct sequencing studies for 

samples from wild-living animals, since the generally smaller fragment lengths required 

for analy.ses are more readily available and amplifiable from non-invasively collected 

samples (such as hair, feces, or urine) than longer stretches of DNA. 
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Future work on great ape genetic variation 

Evolution occurs in a phylogenetic context, not in a vacuum; every species comes 

from a background that shapes its future direction. Investigations about human and 

hominoid origins have great importance for human status and distinctiveness, as they 

attempt to decipher our history and hierarchical position within the Hominoidea (Cartmill 

and Yoder 1994). Putting human evolution into a hominoid context illustrates the 

differences and similarities between ourselves and other species. It is examination of the 

differences that will help us understand what forces have shaped human evolution 

(Ruvolo 1996). Studies of human genetic diversity will continue to increase in popularity, 

scope, and sophistication over the next decade(s). These studies will most definitely 

increase the number of loci from different genomic compartments, the number of 

individuals studied, and the length of sequence surveyed. As these studies proceed, the 

picture of human genetic diversity will be come more and more refined from both 

population genetic and anthropological perspectives. Researchers will have a great 

opportunity to uncover and understand genetic differences between different genomic 

compartments, different classes of loci, and different human populations. To fully 

appreciate this wealth of knowledge, however, it is of paramount importance to employ a 

comparative species approach when possible. Understanding the evolutionary histories of 

the great ape species is extremely imporianl for understanding our own history and place 

in the order Primates. Outgroup comparisons should always be used to determine the 

polarity of human-specific mutations and the age of particular events, of course. But this 

study has shown that further comparative intraspecific surveys of great ape genetic 
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variation can aid in the detection of loci that exhibit unusual levels of diversity: such loci 

may be important for disease, or for species-specific uniqueness. Without this sort of 

approach, the human 5'SRY data would not have as interesting of a conte.xt. nor would it 

be clear that the human DMD data appear as such an outlier across species. More great 

ape samples are needed for study, both in terms of pure numbers and in terms of 

subspecies representation, especially more samples from known populations or 

geographic regions. 

Taxonomy 

The recent shift toward a new great ape taxonomy (Groves 2001: Sarmiento and 

Oates 2000) underscores the fact that our understanding of great ape genetics, 

morphology, ecology, and behavior all contribute to the debate about what constitutes a 

species in this group. Many taxonomic questions concerning the great apes have been 

raised or augmented by phylogeographic studies of mitochondrial DNA (Gonder et al. 

1997: Morin et al. 1994: Xu and Ama.son 1996). If the same attention to the link between 

genetics and geography is not paid to other genetic loci, an incomplete picture of 

intercompartmental diversity will emerge and inappropriate taxonomic decisions may 

result. The taxonomic status of the different groups was not the goal of this project, and 

the overall results are not affected by the particular taxonomic rank of the individuals 

u.sed. However, the genetic data may have some bearing on taxonomic debates. For 

example, the NRY data in this study confirm the finding of extensive chimpanzee 

subdivision potentially outside of the recognized 3-subspecies realm (and also outside P. 

t. vellerosiis) noted by Stone et al. (2002), suggesting chimpanzee genetic structure is 
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potentially very complex above and beyond the "3 or 4 subspecies" issue. The X-linked 

DMD44 locus also does not support evidence for elevation of chimpanzee or orangutan 

groups to species rank (Gorilla may be an exception, but more G. i^rcuieri and G. 

herini^ei need to be sampled). 16S diversity in Gorilla and Pon^o data are consistent 

with proposals to elevate the subspecies in these groups to species status, but the data at 

other loci may not be. 

Stone et al. (2002) suggest a whole genome approach for categorizing taxonomic 

rank, suggesting that separation of the haploid regions of the genome but incomplete 

.sorting of the diploid regions of the genome in chimpanzees should keep chimpanzee 

subspecies at the subspecies rank and consider them in the process of differentiation. 

Since genetic data are likely to play an increasing role in con.servation policy and 

ta.Konomic status, whole genomic comparison is not an area that researchers .should 

neglect, and re.searchers should be aware of how potential locus-specific and 

demographic factors may influence their genetic results. 

For their own sake 

Furthermore, the great apes are certainly worthy of study in their own right, not 

merely as outgroups for humans. Despite decades of morphological, behavioral, field, 

and genetic study, we still know and understand remarkably little about great ape hi.story 

and demography. The great apes are all highly vulnerable and at risk of becoming extinct 

in the near future. Habitat loss, poaching, political instability, and the bushmeat trade all 

severely threaten the survival of our closest relatives (Ammann 2001; Butynski 2001; 



Rijksen and Meijaard 1999; Stewart et al. 2001). Population data on chimpanzees, 

bonobos. gorillas, and orangutans are notoriously difficult to estimate. A 1988 report 

estimates the total chimpanzee population at 200.000 individuals maximum, gorillas at 

-45.000 across all three subspecies (with 90% being G. ,i?. i^orilla), and estimates 

bonobos at anywhere from 13.000 to 200.000 individuals (lUCN Conservation 

Monitoring Centre 1988). It is estimated that only 7% - 14% of the orangutan population 

present at the beginning of the twentieth century survives today (Rijksen and Meijaard 

1999). While exact population estimates are difficult to obtain due to the unstable 

political climates and unreliable acccss in some of the countries where the great apes are 

found, all are considered endangered. As habitats are fragmented and animals are lost or 

relocated into new areas, we lose the opportunity to understand the evolutionary genetics 

and historical population structure of great ape species. Recent mitochondrial DN.'X data 

from Pan troj>lndytes has suggested a wealth of genetic and geographic diversity greater 

than what was previously thought just six years prior (Gagneux ct al. 2001). under.scormg 

how little we know about great ape diversity in the wild. Almost all of the samples in 

this study are either captive-living, with no reliable geographic records of their origins, or 

captive born, with a mixing of maternal and paternal lineages that may not mirror the 

situation in the wild. However, as we lo.se the species, we lose genetic lineages and the 

ability to accurately understand the evolution of chimpanzees, their historical population 

connections, and the different stories told by different genetic loci. 

Great ape genetics also has an important role to play in socioecological field 

studies. Hominoid primates lead socially rich and complex lives, and knowledge of the 



relatedness of individuals in social groups may shed light on patterns of interactions 

between individuals and populations. There are many established field sites now for all 

of the species, and the combination of genetic analyses and field data would be a 

powerful tool for learning more about great ape life history. Paternity studies can help 

improve our knowledge of great ape mating systems and migratory behaviors, and assist 

in the identification of social and reproductive units (Con.stable et al. 2001; Gagneux et 

al. 1997; Vigilant et al. 2001). Genetic surveys of diversity within and between 

populations can be informative about historical gene flow and migrations between 

populations that are now isolated and require informed decisions about conservation and 

captive management. As socioecological data continue to be collected from field studies 

of the great apes, accompanying genetic analysis can be informative for studying the 

degree of extragroup mating, for kin structure within populations (Goldberg and 

Wrangham 1997; Morin et al. 1994). and for the identification of individuals from shed 

hair, blood, and dung, even when collected several days after deposition. Knowledge of 

intraspecific diversity may also provide a valuable weapon in the fight against the illegal 

export and trade of chimps, gorillas, and orangutans, as animals can be identified as 

belonging to or excluded from certain populations, potentially helping to stem the illegal 

trafficking of great apes (Pa.scall et al. 1994). 

Overall, this di.ssertation has aided our understanding of comparative levels of 

genetic diversity across the hominoid genome, both within and between species. This 

work will be continued in humans and great apes in order to clarify locus-specific and 

genome-wide patterns of genetic diversity, and to further our understanding of the 
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underlying causes of those patterns. In addition, it is hoped that this study has contributed 

an enduring recognition of the value of comparative hominoid genetics, both for 

understanding our own place in the Hominoideci as well as for an appreciation of the 

great ape species themselves. 
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