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Introduction 

Evolution is driven by two processes: mutation and selection. Mutation is a 
random process, by which we mean that the likelihood of occurrence of a 
mutation is not related to its effect on the fitness of the individual carrying it. 
However, certain mutations are more likely to occur than others, for reasons 
unrelated to fitness. It has been suggested that some genomes may organize 
so that genes or regulatory elements that may provide a fitness advantage 
through rapid mutation, such as those involved in immunity or pathogenicity 
will mutate more rapidly1,2, but this remains unproven. Mutations occurring 
in a population will change in frequency by random drift, but those that con-
fer a fitness advantage will be more likely to increase in frequency (positive 
or Darwinian selection), whereas those that reduce the fitness of the organ-
ism will be reduced in frequency (negative or purifying selection). 

In studying evolution, we are interested in both processes. Understanding 
the frequency and probability of mutations defines the toolkit of changes 
available for evolutionary processes and provides insight into rates of change 
and the ability of organisms to adapt rapidly to new environments. Studying 
evidence of past selection allows us to understand how individual selective 
events contribute to broad phenotypic change. As evolutionary biologists, we 
are interested in questions such as how many genes are involved in major 
phenotypic change, whether change occurs gradually or suddenly, and 
whether adaptation depends more on selection from standing variation or on 
new mutation. 

From a more directly practical point of view, the study of evolution and 
selection has implications for human medicine and the improvement of do-
mestic animals and plants for human needs such as food production. Genom-
ic regions that have been under selection in the recent past are likely to con-
tain mutations that have been selected for important fitness characteristics 
such as resistance to disease, reproduction, or growth, and likely point to 
regions important for study of disease susceptibility3,4,5 or, in domesticated 
animals and plants, improvement of yield and quality of food and other 
products6. However, these regions may also either have deleterious effects7 
or have carried nearby deleterious mutation to high frequency with them, 
making them important targets for study of genetic susceptibility to disease. 
Further, most functional mutations are selectively disadvantageous, so re-
gions particularly prone to random mutation are frequently sources of inhe-
rited and spontaneous cases of genetic disorders8,9. Although this molecular 
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understanding of genetic disease may not lead to treatments in the near fu-
ture, the ability to clinically define these disorders and possibly identify pre-
dispositions is of great value in its own right10,11,12. 

In this thesis, I will present three papers focusing principally on mechan-
ics of mutation, specifically looking at the history of structural genomic 
change and differences in structure between and within species. A fourth 
paper will examine both mutational mechanics at the level of single base 
changes and signatures of recent selection in human populations using ge-
nome-wide human variation data. A final paper uses whole genome rese-
quencing to search for evidence of recent selection during domestication and 
later specialization of chickens. 

Human Genome Project 
The Human Genome Project officially began in 1990 with the goal of gene-
rating genetic and physical maps and a complete sequence for the human 
genome and key model organisms including mouse. In 2000, a “draft” se-
quence of the full human genome was announced13, followed by a “finished” 
genome in 200314. In this context, “finished” is defined as having a single 
base accuracy exceeding 99.99% (the human genome is estimated to have 
greater than 99.999% accuracy) and having no remaining gaps except those 
that are refractory to available sequencing technology. Improvements have 
continued, now under the auspices of the Genome Reference Consortium 
(GRC), with the most recent release as of this writing, GRCh37, having ~2.9 
billion bases (gigabases, or Gb) with only 270 euchromatic gaps, less than 1 
every 10 megabases (Mb). Regions containing centromeres, telomeres, acro-
centric short arms, and other heterochromatic sequence are considered re-
fractory to current methods. 

This high quality assembly has been generated using a strategy of hierar-
chical clone-based assembly. Genomes from several donors were fragmented 
into large (30-200 kilobase (kb)) fragments by partial restriction digest or 
random shearing and cloned into bacterial vectors, mostly bacterial artificial 
chromosomes (BACs)15. These clones were then mapped using restriction 
fingerprinting16, sequence tagged site (STS) overlap, or end sequence match 
to already sequenced clones; and a tiling path of overlapping clones was 
chosen. Individual clones were again fragmented by shearing into smaller 
pieces, cloned, sequenced, and assembled computationally. The clone as-
semblies were brought to finished quality and then assembled together13,14. 

As a result of this method, the genome consists of many pieces from mul-
tiple individuals, resulting in a reference genome that is a mosaic, but does 
not represent any single genome or chromosome in the human population. 
However, at every point, each clone represents a single chromosome. This 
allows for resolution of very difficult duplication structures and structural 
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variation (see later), although some of these still result in gaps17,18. Other 
gaps result from sequences that are not easily cloned and replicated in com-
mon bacterial vectors, although some have been closed by other methods14,19. 
Although the reference genome is a mosaic, the largest component comes 
from a single BAC library designated RPCI-11, made from an anonymous 
male donor of unknown ethnicity (the donor is known to be male so that the 
library contains a Y chromosome)20.  

Other Human Sequences 
At this time, there is one other completely de novo assembled human ge-
nome, from a known individual21,22,23. This genome is not finished, but rather 
in a draft state, with many gaps. Over most of the genome, it now represents 
two different haplotypes from a single individual23. Unlike the reference 
genome, it was generated by a strategy known as whole genome shotgun24, 
which has been used to sequence almost all non-human genomes. Several 
other individual genomes from known and anonymous donors have also 
been resequenced by alignment of whole genome shotgun reads to the refer-
ence genome25,26,27,28,29,30. Although these provide fairly complete coverage 
and important information about human variation, they are limited in their 
ability to resolve differences in duplicated or structurally variant regions. 
Several other large projects have generated lighter coverage human sequenc-
ing to detect nucleotide31,32 or structural33,34 variation, but do not constitute 
complete genome sequences and also have limited resolution to properly 
resolve variation in large and highly identical duplications31,34. 

Conserved Synteny 
Comparisons of the first relatively high resolution genetic maps of mouse 
and human led to the observation that genes that shared a linkage group in 
one organism often also shared a linkage group in another: the property of 
being on the same chromosome (“synteny”) was conserved. The term is now 
more generally used to refer to orthologous blocks of conserved order and 
orientation. It was proposed based on these early human and mouse maps 
that the lengths of conserved segments were consistent with a model of ran-
dom breakage of chromosomes35,36. As higher resolution maps and later 
complete sequences became available for more organisms, it became possi-
ble to reconstruct ancestral karyotypes based on blocks shared across all 
known genomes with the ancestral connections between these blocks esti-
mated by maximum likelihood or parsimony considering all the connections 
observed in extant species37,38,39,40,41,42,43. Although several studies have 
largely supported the random breakage hypothesis44, especially in lower 
eukaryotes37, it has also been shown that in many cases the most likely evo-
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lutionary scenarios involve reuse of certain breakpoints39. This led to a “fra-
gile breakage” model with a much higher chance of rearrangement occurring 
at certain hotspots in the genome45. However, some have claimed that the 
observed breakpoint reuse is not inconsistent with random breakage but ra-
ther an effect of the limited resolution of the breakpoint regions46. Currently, 
the question remains under debate47. Mapping of regions of conserved syn-
teny between genomes is a useful way to study structural changes and also 
provides a useful framework for studying evolution of individual features 
such as genes. Similar sequences in different genomes that also occur in 
blocks of conserved synteny are far more likely to represent copies des-
cended from an identical ancestor. Similarly, a copy of duplicated sequence 
within a genome that has a homolog in conserved synteny is far more likely 
to be ancestral than a copy that does not. 

Mutation 
Several different types of mutation can affect DNA: single nucleotide substi-
tutions, small insertions or deletions, transposition, and structural variation. 
The first two types are generally associated with errors made by polymerase 
during replication of DNA, although they may result from environmental 
damage and errors in damage repair as well. The rate of substitution errors, 
which change the content of the sequence without altering its length, is gen-
erally observed to be about 10-fold higher than the rate of small insertions 
and deletions (“indels”)48. The high prevalence and relative ease of measur-
ing single nucleotide substitutions has made them the polymorphism of 
choice as markers for genetic mapping31,32,49 and comparative analyses50,51. 
Small indels are generally more difficult to detect and genotype (although a 
specific type, simple sequence length polymorphisms (SSLP), has a long 
history of use as genetic markers); indels are also more difficult to analyze in 
an evolutionary context and are often ignored in studying conservation. 

Mutation can also occur by the movement of transposons, mobile ele-
ments that copy and paste themselves to new locations in the genome either 
through direct DNA replication (DNA transposons) or via an RNA interme-
diate (retrotransposons). The most obvious effect of these events is the inser-
tion of new sequences (and, in the case of “cut and paste” DNA transposons, 
the deletion of that sequence from its previous location), but they also typi-
cally cause duplications at target sites, and can disrupt existing sequences. 
Transposition of mobile elements plays an important role in phenotypic evo-
lution52,53, and the presence of mobile elements also plays a role in the for-
mation of structural variation. The relative importance of mutation through 
transposition varies greatly among organisms, and may contribute very 
little54 or very large amounts of genetic change2,44, depending on the lineage. 
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Structural variation broadly refers to events larger than would be expected 
through simple replication error and may include insertions, deletions, dupli-
cation, inversions, and translocations other than those caused purely by dup-
lication or migration of mobile elements. These arise through different me-
chanisms than substitution or small indel mutations. Although individual 
events are rare, each event changes large stretches of sequence, with the 
result that more total bases are affected by these events than by single base 
substitution48. Structural variation, or breakage of conserved synteny, is 
commonly observed between different species, and has been theorized as a 
possible driver for speciation55. 

CpG Mutation Rates and CpG Islands 
It has been observed that the palindromic dinucleotide sequence CG (usually 
written CpG) is ~5-fold underrepresented in vertebrate genomes relative to 
the expectation given single nucleotide frequencies56. This depletion occurs 
as a result of methylation of the cytosines in such pairings by DNA methyl-
transferase. The 5-methyl cytosine is susceptible to environmental damage 
that results in deamination of the cytosine to produce uracil. During replica-
tion, the uracil is replaced with thymine and paired with adenine, resulting in 
a mutation of CpG to either TpG or CpA, depending on which strand was 
deaminated. The rate of this deamination event is much higher than the rate 
of replication or DNA-repair-based substitution mutations, explaining the 
depletion of CpG. As expected, the frequencies of TG and CA (and, to a 
much lesser extent, TA) dinucleotides are increased by an amount that off-
sets the depletion of CG. 

The normal state of vertebrate genomes is for CpGs to be methylated. 
However, in some regions of the genome, called “CpG islands”, the CpGs 
are predominantly unmethylated. These regions can be detected by methods 
using methyl-sensitive restriction enzymes57, by computational prediction58, 
or, most precisely, by bisulfite sequencing59. Although not exclusive to such 
regions, CpG islands tend to occur immediately upstream of genes, particu-
larly genes that are highly and widely expressed (“housekeeping genes”), 
and generally act as strong promoters60. Methylation of these regions in so-
matic cells serves as a mechanism for gene silencing, and aberrant methyla-
tion may lead to developmental disorders and tumorigenesis. 

From the perspective of evolutionary studies, CpG sites are major drivers 
of mutation, and also can be confounders of computational estimates of mu-
tation. Outside of predicted CpG islands, almost all CpG sites in the ancestor 
of human and mouse have mutated in one or both species (compared to 
~50% of bases in other contexts). Even within the human species today, 
although CpGs account for <2% of all nucleotides in the genome, ~25% of 
all common human single nucleotide polymorphisms (SNPs) occur in 
CpGs61, the proportion remains the same when considering SNPs with dis-
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ease phenotypes62. This very high mutation rate can have two major effects 
on computational estimates of mutation rates. First, global estimates of mu-
tation rate will be highly skewed if CpG sites are non-randomly sampled. 
Second, because these sites are more likely to mutate independently in mul-
tiple lineages, they may cause alignment problems, as CG can mutate to TG 
or CA, with the result that these dinucleotides may fail to align at all. Al-
though there are other contexts that show variable mutation rates63, the CpG 
effect is by far the strongest. Methods have been suggested to account for 
context specific mutation rates in alignment and estimation of mutation 
rates64, but no practical implementations exist as of this writing. 

Segmental Duplications 
Segmental duplications were first discovered during analysis of the large 
amounts of sequence being generated and released as part of the Human 
Genome Project13,65,66, when it was observed that large contiguous regions of 
the genome appeared at multiple locations with nearly identical sequence. 
These were defined as regions �1000 bp long with �90% identity and not 
consisting entirely of mobile repetitive elements67. It was also observed that 
in the human genome these duplicons tended to cluster in specific locations, 
particularly near centromeres and telomeres. However, it was also observed 
that their distribution throughout the rest of the genome was not random, but 
in fact they were significantly enriched on certain chromosomes68. 

It was also originally believed that the large (~5%) fraction of the genome 
in segmental duplications was a unique feature of the human genome44. 
However, further work showed that this was largely due to shortcomings in 
the whole genome shotgun method used to sequence and assemble non-
human genomes, rather than a unique property of the human genome69,70,71. 
However, it remains true that the distribution of these events observed in the 
human genome and those of other great apes is not observed in other ge-
nomes thus far sequenced69,72. Whereas segmental duplications in most or-
ganisms occur primarily near heterochromatin or as direct tandem duplica-
tions, those in the human genome frequently also occur widely dispersed on 
the same chromosome in both direct and inverted orientation67,72. 

Segmental duplications have been implicated in biological function. Con-
trary to expectation that such regions might mostly be “junk” DNA, they are 
in fact enriched for protein coding genes and tend to be heavily transcribed68, 
suggesting a role for segmental duplication in adaptation through gene dup-
lication73. Because large segmental duplications also provide substrates for 
non-allelic homologous recombination (NAHR), they are causal for several 
human diseases that result from de novo microdeletions occurring at rates as 
high as 1 in 4000 live births8. De novo deletions occurring at lower frequen-
cy have also recently been associated with autism, schizophrenia, and bipo-
lar disorder11,74,75,76,77. 
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Several mechanisms have been suggested for the formation of segmental 
duplications (recently reviewed78), with the most common being non-allelic 
homologous recombination. Homologous recombination normally occurs as 
a mechanism of double-stranded break repair and is required for recombi-
nant crossing-over during meiosis. The broken ends invade the homologous 
sequence, normally from the orthologous region of the sister chromatid, to 
form a double Holliday junction. After the break is repaired, the junction can 
be resolved either with or without crossing over. In either case, gene conver-
sion can occur within the junction region. However, in the case of non-allelic 
homologous recombination, instead of pairing with the orthologous sequence 
of the sister chromatid, the broken ends pair with a nearly identical sequence 
elsewhere in the genome. When a non-allelic junction is resolved by cross-
ing over, it results in structural change in daughter cells (see Figure 1). The 
nature of the structural change will depend on the positioning and orientation 
of the homologous sequences paired by NAHR. Direct repeats on the same 
chromosome will result in a deleted copy and a duplicated copy of the inter-
vening sequence; inverted repeats on the same chromosome cause an inver-
sion; sequences on different chromosomes lead to balanced translocations. If 
the non-allelic junction resolves without crossover, gene conversion still 
occurs between the loci; events of this type can confound efforts to study the 
history of duplicated sequences purely by sequence-based phylogeny. 

 
Figure 1: Creation of structural variation by non-allelic homologous recombination 
(NAHR). (a) Crossovers between sister chromatids form during meiosis. (b) Nor-
mally, these would pair with the orthologous sequence in the sister chromatid. (c) In 
regions of duplicated sequence (in green), crossover can occur with homologous 
sequence elsewhere in the genome. (d) When this resolves, it can result in an extra 
copy of the duplicated sequence and any unique sequence between the non-allelic 
copies (regions 2) or in deletion of the duplicated sequence and any sequence be-
tween the duplicated copies. 

Homologous recombination requires relatively long stretches of highly iden-
tical sequence. It has been shown that in the human genome, regions flank-
ing segmental duplications are enriched in Alu repeat elements particularly 
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from younger Alu families79. These data strongly suggest a role for Alu ele-
ments as substrates for NAHR, causing duplication of regions of non-
repetitive sequence between the Alu elements. 

NAHR appears to be the principal mechanism of formation of germ line 
structural mutations, but some structural changes, especially somatic 
changes occurring in cancer cells, show evidence of having arisen by other 
mechanisms. In particular, these events often feature microhomology of 5-25 
bp at their junctions, too short for homologous recombination, and may have 
more complex architectures involving a combination of multiple events of 
different types (duplication, deletion, inversion, and translocation). Many 
models are proposed, and the relative importance of these is not known, but 
all appear to contribute much less to either inherited or spontaneous germ 
line rearrangement than NAHR78. 

Structural Variation within Species 
It has long been known that intraspecific variation occurs on a nucleotide 
level as substitution and small insertion/deletion polymorphisms. One of the 
discoveries of the “post-genomic” era is the degree to which individuals 
within a species vary in genomic structure. There exist viable genotypes with 
large (>1 Mb) deletions or insertions relative to the species reference; certain 
regions can exist in highly variable copy number; and some large stretches 
of sequence can be polymorphic for orientation (inversion status). In some 
cases the structural change is without obvious phenotype, although some 
deletions and copy number variants have been associated with medical or 
cellular phenotype80,81. Unlike the spontaneously occurring deletions caused 
by NAHR between segmental duplications, most structural variants are stab-
ly inherited, probably of unique origin, and in strong linkage with surround-
ing single nucleotide polymorphisms82,83. Also unlike many spontaneous 
deletions, the phenotypes known to be associated with structural variants are 
typically not strongly deleterious. 

Copy Number Variation 
Copy number variation (CNV) or copy number polymorphism (CNP) de-
scribes large (the definition of “large” varies) regions of the genome that 
occur in different numbers of copies in different haploid genomes. CNVs 
have been detected by a variety of methods, including comparative genomic 
hybridization (CGH) using either arrayed clones84,85,86 or high density chips 
of short probes87,88, use of paired end resequencing to infer sequence length 
changes33,34, and computational methods using non-Mendelian inheritance of 
SNPs to infer deletions82,89. These have led to the identification of a large 
and growing number of sites of known copy number variation in the human 
genome85. 
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CNVs include simple 0-1 copy changes (large indels) as well as se-
quences showing much wider variation in copy number between individuals. 
More complex variants with haploid copy exceeding one frequently occur as 
tandem arrays of variable length at the same site, but may be dispersed, as 
well. CNVs are enriched in regions containing segmental duplications in the 
reference sequence86, both supporting their formation by NAHR and imply-
ing a possible role for existing duplication in creating further variation at the 
same locus. 

Inversion Polymorphisms 
High throughput technologies have allowed a vast recent expansion of our 
knowledge of copy number variation in the human genome. However, these 
methods are blind to copy neutral events like inversions90. Some progress 
has been made in the identification of inversions, mostly using paired end 
sequencing (either of large insert clones33,34 or by massively parallel se-
quencing25,26), although methods based on linkage disequilibrium of SNPs 
have also been used91. However, the Database of Genomic Variants85 
(projects.tcag.ca/variation/) currently (v8) lists over 29,000 CNVs and only 
914 inversions. 

Like CNVs, inversions are frequently flanked by duplicated sequences, 
either segmental duplications or shorter high copy repeats34,90,91. In the case 
of inversions, these sequences are also in inverted orientation with respect to 
one another, suggesting NAHR as a mechanism for the formation of inver-
sions. Unlike CNVs, a large fraction of inversion polymorphisms are not 
well tagged by SNPs within or adjacent to the inversion34,90, suggesting that 
these may not have a single origin in human history. This is also supported 
by the observation that some show variable state in our primate ancestors90. 

In no case has an inversion polymorphism itself been shown to directly 
affect phenotype, but cases exist where one inversion allele is perfectly 
linked to a genotype within the inverted region which is itself associated 
with phenotype92,93 or where one inversion allele has a more complicated 
flanking structure which predisposes to de novo rearrangement events12. In 
other cases, the inversion itself may predispose to spontaneous chromosomal 
abnormalities due to NAHR94,95. 

Human 17q21.31 Inversion Polymorphism 
An inversion of ~900 kilobases (kb) occurring at 17q21.31 in the human 
genome was originally discovered by Stefansson et al. in 200596. They dis-
covered the inversion from a detailed physical clone map of the region, 
which revealed that clones from different haplotypes in the RPCI-11 BAC 
library20 formed contigs in opposite orientations. Genotyping of microsatel-
lite and SNP markers characteristic of orientation showed that the reference 
orientation (called H1) was the major orientation in all tested populations. 
The non-reference orientation (H2) occurs at relatively high frequency 
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(20%) in European populations, but was almost absent in Africa (6%) and 
Asia (1%)96. The H1 and H2 chromosomes show extensive sequence diver-
gence, suggestive of a very ancient origin of the inversion (~3 million years, 
based on comparison to human-chimpanzee divergence at the same locus), 
but different H2 chromosomes show surprisingly little variation given the 
age of the inversion and the relatively high population frequency of the H2 
form. 

It was also observed that Icelandic women carrying the H2 allele had 
more children than those homozygous for H1. Women carrying the H2 also 
had higher rates of recombination96. This has also been shown to correlate 
positively with number of children97, but the effect on births of the H2 allele 
(which was dominant) was much greater than could be explained solely by 
the increase in recombination (which was additive). This shows direct evi-
dence of positive selection on the H2 allele, at least within Icelandic popula-
tions, and suggests an explanation for the high frequency and low variation 
of the H2. 

An alternate explanation for the high divergence and low diversity of H2 
derives from the observation that the estimated time of the inversion predates 
modern Homo sapiens. If the H2 allele were also carried by a now extinct 
Homo species (H. erectus, H. heidelbergensis96, or H. neanderthalensis98), it 
could have disappeared entirely from early Homo sapiens and then been 
reintroduced much more recently as a single haplotype by hybridization. 

Selection 
When a new mutation occurs, it will start at frequency 1/2N (where 2N is the 
number of chromosomes in the population), under an infinite sites model99. 
Its frequency will change over time under the pressure of two forces: drift 
and selection. A mutation that is neutral and under no selective pressure will 
change in frequency only according to drift, a random walk process, until it 
either becomes fixed (with probability 1/2N) or disappears from the popula-
tion. 

Mutations that have phenotypic consequence are also affected by selec-
tion. Whereas drift is a random walk process, selective forces constantly 
push the allele frequency higher (for selectively advantageous alleles) or 
lower (for deleterious ones). When the absolute count of an allele is low 
(either because of low frequency in the population or small population size), 
random drift will have a substantial impact on frequency changes over time, 
but once the allele frequency is high enough, selective forces will dominate. 
An advantageous allele may still be lost in a population due to random drift 
at low frequency. Conversely, a mildly deleterious allele may reach fixation 
in small populations if the selective disadvantage is insufficient to overcome 
drift (but the probability of such events will be lower than for neutral va-
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riants). Strongly deleterious variants in sufficiently large populations will 
never reach fixation, as once they rise to high enough frequency, selective 
forces will always outweigh drift. 

The preceding applies to each variant that arises, assuming that they are 
not linked to each other. In reality, all variant sites are not independent, and 
the frequency of one allele is not dependent solely on drift and selection, but 
also on selective forces operating on other variants to which it is genetically 
linked. 

Hitch-hiking on Positively Selected Variation 
John Maynard Smith and John Haigh coined the term “hitch-hiking” in their 
landmark 1974 paper to indicate the effect of positive selection at one locus 
on heterozygosity at linked loci100. They described how positive selection 
acting to force fixation of a novel allele would also cause a change in allele 
frequencies of neutral variants in close genetic proximity. Briefly, the advan-
tageous allele would rise from frequency 1/2N to frequency ~1 in very short 
time (see Figure 2). Because the advantageous allele arises on a single genet-
ic background, alleles on that background will also be taken to fixation, un-
less they are replaced due to recombination, resulting in complete elimina-
tion of heterozygosity at loci in perfect linkage with the selected locus and a 
decrease in heterozygosity at partially linked loci; heterozygosity will 
asymptotically return to background levels as genetic distance from the se-
lected allele increases.  

 

 
Figure 2: Effect of positive selection on time to the most recent common ancestor. 
(a) In the neutral case, all individuals in a population will share a common ancestor 
at some time in the past. (b) In the case of recent positive selection, that common 
ancestor will be much more recent. Heterozygosity at the locus will be proportional 
to the average time to most recent common ancestor of any two chromosomes. 
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Maynard Smith and Haigh roughly approximated this effect to be similar to 
a smaller region being rendered completely homozygous, and they estimated 
the size of such a region (for alleles of additive effect) to have an expectation 
of length (in centimorgans (cM)), 

 
E(L) = 200s / 3 log(2N), 
 

where s is the selective advantage and 2N is the effective population size 
(assuming the allele starts at frequency 1/2N). Thus, the extent of reduction 
of heterozygosity at the conclusion of the sweep would be proportional to 
the selective advantage of the novel allele and inversely proportional to pop-
ulation size. Adapting an example from their work, a selective sweep with s 
= 0.1 would create the equivalent of 0.72 cM of homozygosity in a popula-
tion of ~104 (~720 kb in human) or 0.58 cM in a population of ~105 (~185 
kb in chicken). However, two caveats to this must be noted. First, they were 
describing the effective reduction in overall heterozygosity, not the actual 
appearance of the reduced region, which would be several times as large and 
only partially reduced in heterozygosity. Second, this total reduction in hete-
rozygosity would be observed immediately subsequent to the complete fixa-
tion of the selected allele (and on the assumption that very little novel muta-
tion occurred during the period of fixation101) and would linearly approach 
the neutral rate of heterozygosity over a time equal to the average coalescent 
time. 

Tests for Positive Selection 
Although Maynard Smith and Haigh and those who immediately preceded 
and followed them working on the question of hitch-hiking had described a 
signature of positive selection, they were actually much more interested in 
the question of the total observed heterozygosity across different species. 
Only later were methods developed to use this signature to look for evidence 
of selection. 

Tajima102 suggested a statistic D (“Tajima’s D”) measuring the difference 
between two different estimates of a parameter M = 4Nμ, where N is the 
effective population size and μ is the mutation rate per generation. Under a 
neutral mutation model, both the total number of segregating sites in a popu-
lation (S)103 and the average pairwise heterozygosity (k)104 should provide 
similar estimates of M. However, the presence of selective pressure will alter 
the proportion of variation accounted for by rare alleles. Rare alleles have 
little effect on k, but a large effect on S, so that estimates of M from the two 
observed variables will differ greatly in the presence of selective forces. 
Thus values of D significantly different from 0 may represent non-neutral 
mutation; however, certain other changes in demography, such as non-
selective bottlenecks may also create similar results. Fu and Li proposed a 
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very similar statistic based on the difference of estimates of M from muta-
tions on external and internal branches105. 

Fay and Wu proposed an alternative test statistic (“Fay and Wu’s H”), 
again based on different estimations of M, but this time comparing M based 
on pairwise heterozygosity to M based on the frequency spectrum of derived 
alleles106. This requires an outgroup species, to define the derived and ance-
stral alleles, but provides a signal that is highly specific to hitch-hiking on 
positive selection whereas the D statistics may also show non-neutrality due 
to changes in population size. Simulations indicate that the power of H to 
detect selection decays more rapidly after the end of a selective sweep than 
that of D, but that immediately after selection, H may detect selection that D 
does not106,107. 

Another test requiring data from two species is that of Hudson, Kreitman, 
and Aguadé (“HKA”)108. It uses two or more unlinked loci and compares the 
observed number of segregating sites within each species at each locus (Si

A 
and Si

B) and the number of differences between individuals of the two spe-
cies (Di) to their expectations (based on estimations of population parameters 
and mutation rates). Under a neutral model, this should be distributed as χ2 
with 2L – 2 degrees of freedom. Under positive selection (or certain changes 
in the required assumptions about population size), the within species varia-
tion at that locus will be reduced relative to the expectation, leading to a 
significant value of the test statistic. 

All of these methods require complete resequencing data across one or 
more loci, in some cases from multiple species. As such, they are difficult to 
implement on a genome-wide basis. The basic principles, however, can be 
applied to devise more empirical tests looking for similar signatures: reduced 
variation compared to expectations (based on genome-wide averages or in-
terspecies divergence) or skewed frequencies of rare alleles or derived al-
leles. 

Massively Parallel Sequencing 
Traditional Sanger sequencing109, the workhorse method for the Human Ge-
nome Project and most model organism genomes44,70,71,110,111,112 works by 
imaging electrophoretically separated randomly terminated fragments of 
DNA extended from bacterially cloned copies of source material. Each read 
or trace comes from a specifically identified template of DNA. The method 
produces long (up to 1000 bp), highly accurate (~98% over full length, 
>99.99% over the high quality region) reads with well-understood error 
models113,114. By contrast, massively parallel sequencing (also referred to as 
“next generation” or “second generation” sequencing) works by any of sev-
eral methods of amplifying single random molecules of DNA in situ and 
then performing serial extension reactions and imaging the incorporation in 
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real time115 or between steps of reversible termination116. Read lengths are 
much shorter (25-400 bp), limited by asynchrony of the amplified clusters 
due to incomplete incorporation or incomplete removal of blocking mole-
cules, generally less accurate (~99% over the high quality portion), and with 
error properties that are still being modeled117,118. However, the ability to 
image tens of thousands to millions of samples simultaneously as opposed to 
96 on a typical Sanger sequencer has reduced the cost per base by one to 
three orders of magnitude relative to Sanger sequencing and made many 
previously prohibitively expensive experiments, such as completely rese-
quencing single humans25,26,27,28,29,30 or samples of model organisms119, feasi-
ble. 

SOLiD Sequencing 
Most massively parallel sequencing methods still rely on polymerase exten-
sion to incorporate nucleotides onto the complementary sample strand and 
image them. The SOLiD method (Sequencing by Oligo Ligation Detection) 
instead relies on ligation. A pool of 8-mers containing all combinations of 
five specific bases in the 5’-most positions and three non-specific bases (to 
improve binding) at the 3’ end is allowed to anneal to a single strand in the 
presence of ligase. An oligonucleotide that binds with high specificity to the 
position immediately 3’ of a primer fragment (or the previous oligonucleo-
tide in the sequence) will be joined to that strand by ligation. Non-ligated 
oligonucleotides are washed away, and the remaining oligonucleotides are 
imaged by laser excitation of fluorescent tags attached to the 3’ end of the 
oligonucleotides. After imaging, the non-specific 3’ bases are removed by 
chemical cleavage, also removing the dye label and freeing the 3’ end for a 
subsequent ligation step. Because each step moves 5 bases down the chain 
(as opposed to 1 in the case of terminated polymerase reactions), after a pre-
determined number of steps, the entire second strand is removed and a new 
primer which is 1 nucleotide shorter is annealed to read the adjacent set of 
bases. Read length is limited by the incorporation efficiency of the ligase and 
the resistance of the growing second strand to removal during wash steps, 
and is currently between 35 and 50 bp. Accuracy is determined by the speci-
ficity of the ligase reaction to accurate base pairing of the five specific nuc-
leotides in the oligonucleotide and the signal to noise ratio at later steps. 

Because the ligase reaction is not as specific for base pairing as a polyme-
rase reaction (~96%), the oligonucleotides are labeled according to their first 
two positions, instead of only one, and so every base is read twice, once in a 
ligation where it is the first base of a dinucleotide and once where it is the 
second. This creates a “dibase encoding” or “color space” in which each of 
four detected dye colors can be mapped to four different dinucleotide se-
quences. These can be decoded by starting from a known first base position 
(generated by reading the last base of the adaptor/primer sequence), but be-
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cause the decoding at any position is dependent on every previous position, 
this is not accurate. Instead, the preferred practice is to convert a known 
reference sequence into “color space” in silico and then align the color reads 
to the color encoded reference. Because each base position is part of two 
different color scans, a real change in sample sequence will result in two 
adjacent color changes (and only certain color combination changes are 
possible), which allows for detection of errors in the alignment to the refer-
ence. After removing singleton and “invalid adjacent” errors, the resultant 
accuracy is ~99.94%, albeit with a loss of some effective coverage at posi-
tions known to be covered with erroneous bases. This high rate of single 
read accuracy allows SNP calling at lower sequence coverage than is typical-
ly possible with other current massively parallel methods, but does limit 
analysis to samples with a known genome reference25. 
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Aims of this thesis 

• Develop a better understanding of the mechanisms of formation and 
expansion of structural variation such as segmental duplication and in-
version through comparative analysis of structurally variant sequences 
among and within species 

• Develop better models of nucleotide mutation rates over large regions of 
a genome and in specific local contexts, particularly CpG sites 

• Use comparative genome analysis and intraspecific resequencing to 
search for signatures of positive selection during natural selection in 
humans and artificial selection in domesticated animals 
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Present Investigations 

Analysis of segmental duplication and structural 
rearrangement (Papers I, II, and III) 
Background 
An early finding from analysis of the draft human genome sequence was that 
segmental duplications are highly non-randomly distributed across the ge-
nome13,120. They not only tend to accumulate in subtelomeric and pericen-
tromeric regions but also occur dispersed across euchromatic sequence at 
very different rates on different chromosomes. Seven human autosomes (7, 
9, 15, 16, 17, 19, 22) plus the Y chromosome are enriched in segmental dup-
lications. The Y presents a special case, as its duplication consists largely of 
tandem inverted repeats that appear to be undergoing frequent gene conver-
sion; this has led to the theory that these palindromic structures serve to pre-
serve genetic diversity in the absence of recombination121. One common 
feature of all the duplication-enriched autosomes is that the enrichment con-
sists mostly of intrachromosomal duplications, suggesting a chromosome-
specific mode of duplication. 

In papers I and II, we examined in greater detail the finished, clone-based 
sequence of two of these enriched chromosomes, 15 and 17. These assem-
blies had single base error rates estimated to be less than 1 in 100,000 bp, 
and only 0.11 euchromatic gaps per megabase (Mb) of sequence. It is well 
known that draft assemblies of genomes, even clone-based, underrepresent 
or misrepresent the content of recently duplicated sequence21,69,70. The use of 
finished sequence allows much better resolution of the copy number and 
structure of duplications by allowing large regions to be evaluated in a single 
haplotype17, although it is still difficult to resolve some complex regions 
even by clone-based methods if the region is also represented by different 
structural haplotypes within the clone library used17,18. 

In addition to their enrichment in duplications, chromosomes 15 and 17 
are of medical interest because several of their duplications lead to common 
de novo structural rearrangements resulting in medical disorders. On chro-
mosome 15, the most notable of these are Prader-Willi and Angelman syn-
dromes122,123. These result from spontaneous NAHR between two of several 
sets of large (~200 kb), nearly perfect dispersed direct duplications that de-
lete several megabases of intervening sequence. The region is also im-
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printed, with the result that the phenotypes of Prader-Willi and Angelman 
syndromes differ based on the parent of origin of the deleted chromosome, 
although the resulting genotype is similar for both. These regions can also in 
some cases cause a more severe chromosomal phenotype due to NAHR be-
tween inverted copies, resulting in supernumerary marker chromosomes 
containing only the heterochromatic p-arm of chromosome 15 or structures 
containing two copies of 15q124. 

Duplications on chromosome 17 cause several different microdeletion and 
microduplication syndromes. Hereditary neuropathy with pressure palsies 
(HNPP) is caused by a deletion of unique sequence between two highly 
similar duplicons on 17p11.2125, while a duplication mediated by the same 
duplicons results in Charcot-Marie-Tooth disease type 1A (CMT1A)126,127. A 
similar situation is observed at 17p12, where deletion results in Smith-
Magenis Syndrome (SMS)128,129, and the associated duplication results in a 
much less severe syndrome now known as Potocki-Lupski Syndrome130. 
Deletions at 17p13.3 are responsible for Miller-Dieker syndrome and iso-
lated lissencephaly sequence131. These duplications have also been shown to 
mediate formation of a complex somatic mutation structure known as isodi-
centric 17q which is observed in many cancers and correlates with poor 
prognosis132. Duplications on the q arm of 17 also flank regions of inversion 
polymorphism within the human population, including a very large inversion 
at 17q21.31 with a complex and unusual population history and evidence of 
positive selection in present-day Europeans96. 

Chromosome 17 is also unique in that it is the largest human autosome 
that lies completely within a single block of undirected conserved synteny 
with mouse (although the X chromosome is almost twice as large, its con-
served synteny across eutherian mammals is less surprising given its hemi-
zygous state in males and the need for dosage control of X-linked genes). All 
of the orthologous sequence to human 17 lies at the distal end of mouse 
chromosome 11. This sequence has also been shown to be contiguous across 
a wide range of evolutionary distance and has been theorized to be under 
constraint to remain contiguous, possibly due to long-range gene regulation, 
although it is broken into two chromosomes in dog71 and gorilla133, proving 
at least that this is not universally true. 

In addition to the finished human sequence of these two chromosomes, 
we had available for our studies the draft sequences of several non-human 
organisms, including macaque110, dog71, mouse44, rat111, opossum70, and 
chicken134. These genome sequences, along with, in some cases, chromo-
some painting and comparative karyotype data, allow us to look back in time 
to infer structures of modern chromosomes at times in the past. Although 
sequence of the chimpanzee was also available, the low coverage of the 
chimpanzee genome and some degree of reliance on the human structure for 
long-range layout of the chimpanzee sequence made it unreliable for deter-
mining the ancestral state of potentially shared human-chimp duplications or 
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of even relatively large inversions like the 17q21.31 event. For purposes of 
examining that region, we therefore constructed our own clone-based as-
sembly of the local chimpanzee region. 

Results and Discussion 

Paper I: Analysis of the DNA sequence and duplication history of 
human chromosome 15 
Analysis of the segmental duplications identified on chromosome 15 re-
vealed that the majority of them share a common ancestry: on the basis of 
clustering by both sequence similarity and physical overlap, 67% of the dup-
licated bases and 91% of the pairwise duplication events can be grouped into 
a single class, referred to as “class 1”. Class 1 duplicons include all the re-
gions involved in the common breakpoints for Prader-Willi and Angelman 
syndromes and also a previously identified low-copy repeat on chromosome 
15 known as LCR15135,136. 

Within overlapping sequences of class 1, we identified a “core element” 
of 2920 bp based on its presence in a very large number of distinct class 1 
duplicons (it is loosely defined as the extent of region of overlap between the 
largest number of different class 1 sequences). The core occurs 41 times in 
the human genome, 37 of them on chromosome 15, plus 2 copies on Y, 1 on 
chromosome 10, and 1 on chromosome 2. Both the mouse44 and dog71 ge-
nomes have only a single copy of this sequence, which in both cases can be 
assigned by conserved synteny as orthologous to the human copy on chro-
mosome 2, identifying that locus as the progenitor copy of the core element. 

From sequence context and similarity, we constructed a history of the 
duplication of the core element. The copy on human chromosome 2 lies in 
the 3’ UTR of an annotated alternate splice form of the gene ITSN2. It ap-
pears to have been copied to human chromosome 10 by retroposition, as the 
copy on 10 matches the annotated 3’ end of the transcript, but the reverse 
transcription appears incomplete. On chromosome 10, it was inserted down-
stream of a previous segmental duplication, copying a portion of the gene 
GOLGA2 from chromosome 9. This event appears to predate the copying of 
the core element to chromosome 15, as the stretch of sequence surrounding 
the GOLGA2 copy on chromosome 10 is larger than any observed on chro-
mosome 15. From there, ~15 kb of chromosome 10, including GOLGA2 and 
the 3’ UTR fragment from ITSN2, appear to have been segmentally dupli-
cated to chromosome 15 by an unknown mechanism. We were also unable to 
identify an original locus of insertion on chromosome 15, as we have no 
outgroup sequence with a single copy on chromosome 15. The 2 copies on Y 
appear to have been copied there much later, along with ~40 kb from chro-
mosome 15 at ~82.7 Mb. The copy inserted into a large palindromic repeat 
on Y and was presumably locally copied by gene conversion. 
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However, this history alone does not explain an unusual feature of the 
chromosome 15 copies: they occur in two large clusters, one at the proximal 
end of the q arm (18-32 Mb) and one at the distal end (73-88 Mb). Phyloge-
netic analysis of all of the core element sequences showed that the proximal 
sequences were all closely related (along with a pair of duplicons at 98-100 
Mb) and the distal sequences were all closely related, with a deep branching 
(~11% divergence, slightly below the threshold for segmental duplication) 
between them. The intervening sequence was almost completely free of any 
duplication. 

Analysis of the conserved synteny between human chromosome 15 and 
the genomes of dog, mouse, opossum, and chicken allowed us to reconstruct 
the ancestral state of the fragments of chromosome 15. If we label the cur-
rent human chromosome q arm from centromere to telomere in blocks A, B, 
and C, with A and C containing extensive class 1 duplication and B being 
overwhelmingly free of duplication, we observe that the ancestral state 
would have been A-C-B, with the B-C segment changed into its modern 
orientation by a single large inversion (Figure 3). This event must have oc-
curred prior to the divergence of Old World monkeys and apes, as modern 
macaque chromosome 7 (a fusion of human chromosomes 14 and 15) has 
the human arrangement. This suggests the possibility that the original dupli-
con arrived on the precursor of human chromosome 15 near the junction of 
the A and C segments. It duplicated locally, but then these copies were sepa-
rated by the inversion. The now distinct A and C copies continued to expand 
locally. 

 

Figure 3: Reconstruction of the history of human chromosome 15. Ideograms on the 
left show the structures in other genomes. Sequence blocks are colored and labeled 
according to the human locations of those sequences. The tree on the right shows the 
relationship of the species used. Opossum sequence had not been assigned to chro-
mosomes at the time of this work, but scaffolds were used to confirm observed his-
torical adjacencies. Reconstruction of the theoretical boreoeutherian ancestor is 
shown at the bottom. 



 29

 

If this were true, the original duplications must have begun before the diver-
gence of apes and Old World monkeys, and we should find evidence of the 
core element in the macaque genome110. In fact, we identified 12 full length 
copies in a draft version of the macaque genome. Adding these to the phylo-
genetic tree of human copies, we saw that one was the clear ortholog to the 
human chromosome 2 progenitor, one was a clear ortholog to the chromo-
some 10 copy, and the remainder split equally between the proximal and 
distal branches of the chromosome 15 tree, with several instances of maca-
que copies clustering more closely with each other than with human copies, 
indicating either continued duplication specific to the macaque lineage or, 
possibly, gene conversion. The fragmentary nature of the macaque genome 
prevented us from physically mapping the macaque copies or determining 
whether we had found all the distinct copies of the core element. 

Lastly, as had been seen previously137, we noted an association between 
duplicated sequence and syntenic breakpoints. There are 15 breaks of con-
served synteny on chromosome 15 which can be assigned as human-specific 
by parsimony, all of which are inversion breakpoints. Of these, 13 are asso-
ciated with class 1 duplications (in or flanking the breakpoint region). This 
suggests a relationship between inversion rearrangement and segmental dup-
lication, although whether there is a causal relationship between the two or a 
correlation of both with an unknown causal characteristic cannot be deter-
mined from the data. We also note that 7 of the 10 euchromatic gaps present 
in that build of human chromosome 15 are associated with duplications. Of 
those, 6 have been shown to be copy number variant in CGH studies86,87. It 
has been suggested that structural variation may result in gaps18, and that 
may be the case here. 

Paper II: DNA sequence of human chromosome 17 and analysis of 
rearrangement in the human lineage 
We compared the finished sequence of human chromosome 17 to that of 
mouse chromosome 11 and determined that the entirety of human chromo-
some 17 (78 Mb) could be mapped to the most distal 60 Mb of mouse 11, as 
previously reported138. We found that this single block of undirected synteny 
was broken into 23 segments of directed synteny at a resolution of 100 kb. 
Comparison to dog71 and opossum70 sequences allowed us in most cases to 
assign breakpoints to either the primate or rodent lineage and infer the order 
of the ancestral primate-rodent chromosome structure (Figure 4). Surprising-
ly, there were 20 breakpoints between the ancestral sequence and the modern 
structure of human chromosome 17, but only 3 between distal mouse chro-
mosome 11 and the ancestor (1 terminal breakpoint and 1 internal breakpoint 
were used in different events on both lineages, leading to a total of 23 seg-
ments). Over the genome as a whole, the opposite is true, with rodents hav-
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ing experienced much more structural rearrangement than primates; howev-
er, in this case all the breaks are inversions, which do generally occur at a 
higher rate in primates71. 

 
 

Figure 4: Reconstruction of the ancestral arrangement of sequence on human chro-
mosome 17. Lines indicate regions contiguous in the human-rodent ancestor, color 
coded according to which non-human species support that structure. Arrows indicate 
orientation of the human sequence, and numbers indicate approximate human coor-
dinates in Mb. Junctions are supported by all non-human species (dog, mouse, and 
opossum) except those labeled with arrows, which are supported only by the labeled 
species (M, mouse; D, dog; O, opossum). 

We also compared the characteristics of the two chromosomes, noting that 
relative to the genome-wide averages for their respective species, both were 
unusually high in gene content, G+C content, and SINE content, and rela-
tively depleted in LINE content. Interestingly, the distal portion of mouse 
chromosome 11 orthologous to human chromosome 17 is distinct even from 
the proximal portion of mouse 11, which shows values closer to the genome 
average for all of the above characteristics. However, the mouse and human 
regions differ markedly in one regard: human chromosome 17 is among the 
richest human chromosomes in segmental duplication whereas mouse chro-
mosome 11 is the least duplicated mouse chromosome, with the distal end 
having an even lower fraction of duplication than the proximal end. Further, 
we observed that 74% of the duplicated sequences on human chromosome 
17 lie within syntentic breakpoint regions, which occupy only 7.3% of the 
bases on the chromosome. 

We clustered the human duplications according to the methods developed 
in paper I. Unlike chromosome 15, which showed a single dominant group, 
chromosome 17 had a more complex structure, with three major groups 
making up 51.6%, 19.9%, and 3.1% of the pairwise duplication events. We 
refer to these three groups as class 1, 2, and 3 in order of number of duplica-
tions. For each of the classes, we attempted to identify a “core element” and 
a progenitor copy thereof, and examined the distribution of these events on 
the chromosome with respect to our reconstruction of the ancestral state of 
the chromosome. 

Class 1 is the most widespread of the three major groups, occurring on 
both the p and q arms of chromosome 17. We identified an ~11 kb core con-
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taining a TBC1 protein domain. The duplications are associated with a pri-
mate-specific family of GTPase activating proteins called TBC1D3, of 
which there are 6 intact gene copies in a cluster at 31-33 Mb. Another dupli-
cation of this class is involved in a primate-specific gene fusion to form the 
USP6 (also known as TRE-2) oncogene on 17p. Because these sequences 
have no homologs outside of primates, we were unable to identify a potential 
progenitor copy. However, we do note that the copies diverge by up to 34%, 
and examples of the sequence can be identified by PCR in ring-tailed lemur, 
indicating that although apparently absent in other lineages, they predate the 
primate radiation. 

Class 2 elements occur exclusively in three regions on the q arm of chro-
mosome 17, one at 26-27 Mb, one at 40-42 Mb, and a third at 60-63 Mb. We 
were able to identify a 4 kb core element which is part of a duplicon referred 
to as LRRC37 by Jiang139. Based on homology to mouse, we identified the 
copy immediately upstream of the NSF gene as the progenitor; however, 
Jiang et al. find based on sequence analysis that the copy 1 Mb proximal to 
that is the progenitor139. Given the complex history of this region, it may be 
impossible to determine which is correct. Class 2 elements are found in 9 of 
the 19 human-only syntenic breakpoints and lie at sites of extensive small 
inversion in the human lineage. Phylogenetic analysis of the core element 
shows two main lineages of duplication, one containing the copies at 26-27 
Mb and a second combining those at 40-42 Mb and 60-63 Mb. This is likely 
explained by the structural history, which reveals a large inversion between 
33 and 57 Mb. This ancestral karyotype in fact corresponds to the modern 
orangutan karyotype133, indicating that it is a very recent even in great ape 
evolution. Smaller inversion events between 60 and 63 Mb, 57 and 60 Mb, 
and 33 and 40 Mb would have placed all of the duplicons at 40-42 and 60-63 
Mb close to each other in recent evolutionary history, suggesting dispersal 
by inversion as a method for spreading of this duplication family. Notably, 
the two predicted progenitor loci flank the polymorphic human inversion at 
17q21.31 (Paper III) and an inversion with respect to the ancestral sequence, 
indicating breakpoint reuse in recent human history. Unfortunately, because 
the region is also flanked in the ancestral structure by two other short regions 
inverted during human evolution, it is impossible to confidently assign the 
ancestral human orientation from comparison to the mouse and dog se-
quences. 

Class 3 is by far the smallest in terms of total duplications and extent on 
the chromosome, being restricted to the CMT1A/SMS region of 17p. Be-
cause of the small number of copies, we were unable to computationally 
identify a core, but note that most of the copies include a previously identi-
fied low-copy repeat named LCRA1 that is involved in microdeletion and 
microduplication syndromes in the region126. This repeat is a fusion of 2 
distinct 3’ UTR elements from elsewhere in the genome and is not seen out-
side of primates, again preventing the identification of a putative progenitor 
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copy. Class 3 duplicons also frequently co-occur with class 1 duplicons. 
Analysis of the large duplicated regions (outside the cores) in comparison to 
mouse 11 shows that there are no orthologous sequences to any of the dupli-
cons. Instead, these lie in regions of mouse chromosome 11 orthologous to 
copies of class 1 duplicons on the q arm of human chromosome 17. It is 
possible these were copied to the p arm of human chromosome 17 by a peri-
centric inversion, for which there is evidence in the orangutan karyotype133. 
Surprisingly, although there are no class 3 orthologs in mouse, the 
CMT1A/SMS orthologous region of mouse chromosome 11 contains all of 
the mouse-specific breakpoints in synteny, suggesting that the fragility of 
this region is not solely a consequence of duplications, and that rearrange-
ment may have created the duplication structure, rather than the other way 
around. We also note that on the primate lineage, in addition to the orangu-
tan inversion, the CMT1A/SMS region is the breakpoint of a translocation 
between gorilla chromosomes 5 and 17133. No evidence was available to test 
whether duplications exist in the region in either gorilla or orangutan. 

We notice several similarities between the findings on chromosomes 15 
and 17. First, chromosomes with high levels of intrachromosomal duplica-
tion show a great deal of relatedness between different duplications, with a 
small number of “core sequences” being present in most duplicons. These 
sequences seem to duplicate locally fairly readily, but long range dispersal of 
the sort commonly observed in primate genomes but not other genomes 
seems to depend on the presence of large chromosomal inversions72. As has 
been previously noted, these sequences are frequently transcribed and appear 
to play an active role in gene family expansion68. However, the data present-
ly available are only sufficient to note the correlation, not to assign a causal 
relationship between duplication and structural rearrangement in the general 
case, or to understand whether transcriptional activity plays a role in the 
fragility of these regions, either by the act of transcription itself or by pre-
serving an open chromatin state. 

Paper III: Evolutionary toggling of the MAPT 17q21.31 inversion region 
To further understand the history and mechanics of structural and copy num-
ber change surrounding the 17q21.31 inversion, we generated nearly com-
plete finished sequence of both human haplotypes (H1 and H2) and a chim-
panzee and clone-based draft sequence of an orangutan. The two human 
haplotypes were both constructed using clones from the RPCI-11 Human 
BAC Library20, whose donor was known to be heterozygous for the inver-
sion96; this insured that we were able to identify a single representative 
chromosome for each structural variant. The H1 sequence spanned com-
pletely from the unique sequence on the proximal side of the inversion to the 
unique sequence on the distal side. The H2 sequence begins at the same po-
sition on the proximal side; however, it fails to reach the distal unique se-
quence, as no H2 clones could be uniquely identified that spanned the most 
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distal duplications. The H2 sequence also contains one sequence gap, in a 
region of highly similar (>99.95%) tandem inverted duplication which could 
not be resolved even by clone-based sequencing. However, comparison of 
the two sequences indicates that we have captured both inversion break-
points. Chimpanzee sequence was constructed from the CHORI-251 BAC 
Library derived from the reference genome donor Clint (Yerkes C0471); 
clones from both haplotypes of Clint were used in constructing a sequence in 
H2 orientation, although fluorescent in-situ hybridization (FISH) data sug-
gest Clint is also heterozygous for an inversion at this locus. Orangutan se-
quence was generated from the CHORI-276 BAC Library from a female 
Sumatran orangutan, “Susie” (Studbook 1044, ISIS 71). Susie is homozyg-
ous for the H2 orientation of the region. 

Analysis of the sequences revealed that, relative to orangutan, the human 
and chimpanzee genomes had significant additional duplication flanking the 
inverted region; analysis of depth of coverage of regions by whole genome 
shotgun (WGS) reads120 from all three species plus macaque110 confirmed 
these findings. Of the human duplicated sequence, 87% had arisen since the 
separation of orangutan from African apes and 71% was human-specific. 
However, a core segmental duplication, corresponding to the previously 
identified LRRC37 region139 was present in all species. This region was 
identified by sequence comparison, based on the extent of uniquely inverted 
sequence, as the breakpoint region for the human inversion, but the break-
points could not be precisely defined because of the amount of recent dupli-
cation and the possibility of similarity due to gene conversion. 

Comparison of the two human haplotypes also revealed more and more 
complex duplication in the H2 structure than the H1. H2 contains 282 kb of 
additional duplication flanking the inversion, and these duplicons are, on 
average, more similar between the distal and proximal copies (99.3%) than 
in H1 (98.3%), suggesting recent formation of additional duplications or 
substantial gene conversion. Among the added duplication is 95 kb in direct 
orientation between the proximal and distal end; all copies on human H1 and 
in other species are in inverted orientation. This added duplication appears to 
result from a more recent tandem inverted duplication unique to the distal 
end of the H2 region, although the possibility that the high similarity 
(>99.95%) results from recent gene conversion cannot be excluded. These 
direct duplications appear likely points for NAHR in 17q21.31 microdeletion 
syndrome; all studied cases have occurred only on H2 backgrounds12,140. In 
fact, CGH of microdeletion patients maps the proximal end of the break to 
the proximal direct repeat. The distal direct repeat is identified as copy-
number-variant in human populations, most likely due to the fact that it oc-
curs an extra time in the more complex duplication architecture of H2 chro-
mosomes (although homologous sequence may independently be copy num-
ber variant among H1 chromosomes). Since 17q21.31 microdeletion occurs 
only on H2 individuals possessing an extra copy, CGH using H1 chromo-
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somes as a control would not show this region as deleted because the deleted 
individuals would have gained and then lost a copy relative to the control. 

As expected, the two human copies are equally diverged from the chim-
panzee sequence (382 and 396 fixed differences for H1 and H2). Comparing 
the divergence of the human haplotypes to the divergence of either from 
chimpanzee and using a time of divergence of humans and chimpanzees of 6 
million years places the genetic divergence of H1 and H2 at 2.3 million 
years ago (1.9-2.7 Mya for reasonable variation of estimates of the diver-
gence of humans and chimpanzees). 

In order to determine the ancestral human orientation, we evaluated SNPs 
from HapMap data32. Assuming the inversion represents a unique event, all 
SNPs that are segregating only on the derived orientation must have arisen 
since the inversion, so the fixed allele on the ancestral haplotype should 
match chimpanzee. However, for SNPs segregating only on the ancestral 
haplotype, some may have been present before the inversion, in which case 
the derived inversion haplotype may have carried either the ancestral (chim-
panzee) or derived allele of the SNP. We found that 90% of SNPs that were 
segregating only on H1 had the chimpanzee allele at the orthologous H2 
position, while only 60% of those segregating only on H2 had the chimpan-
zee allele at the orthologous H1 position (p = 0.0002332, Fisher’s exact test). 
This strongly supports the H2 haplotype as the ancestral human state. Al-
though we would expect 100% of H1 SNPs to match between chimpanzee 
and H2, we note that the majority of these can be explained as either CpG 
sites (whose higher mutation rate makes multiple identical mutations much 
more likely) or sites with very low minor allele frequencies in H1, possibly 
representing sites that are truly fixed between H1 and H2 and are miscalled 
in HapMap. Three SNPs that fit neither pattern may represent a small 
amount of gene flow within the inversion. 

FISH assays of nine chimpanzees (including Clint), five orangutans (in-
cluding Susie), and three macaques from different subspecies revealed that 
all macaques and all Sumatran orangutans had H2 orientation of the region. 
However, a single Bornean orangutan was heterozygous for an inversion, 
and chimpanzees were also polymorphic, with 56% having an H2 orienta-
tion. The BAC and genome reference individual, Clint, was shown to be 
heterozygous for orientation. 

Based on this finding, we aligned Fosmid end sequences from Clint to the 
BAC assembly of the region. Read pairs that mapped uniquely within the 
inverted region were assumed to derive from the BAC haplotype if they had 
no high quality mismatches to the BAC contig and from the alternate haplo-
type otherwise. From these alignments, we estimate a divergence of 0.30% 
between chimpanzee inversion haplotypes, corresponding to 1-2 million 
years of separation for the chimpanzee orientation polymorphism. This find-
ing, combined with the age of the human haplotypes, indicates that the hu-
man and chimpanzee inversions are distinct events and not the result of a 
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single ancestral inversion being maintained in both species. Although we 
have no sequence data from an H1 orangutan haplotype, we can infer from 
the human and chimpanzee data that the orangutan polymorphism is also a 
distinct rearrangement event. Combined, these data indicate that this region 
has been subject to multiple inversion rearrangements over a period of 12 
million years. Given the relatively small amount of duplication in the oran-
gutan genome at this locus, we can also infer that the complex duplication 
structure in chimpanzees and humans is a result of structural rearrangement 
rather than a cause, although the derived structure may further predispose the 
region to additional rearrangement. 

Future Prospects 
We have examined segmental duplications and their relationship to structural 
rearrangement on two human chromosomes and in detail in a single case of 
inversion polymorphism in humans. Our identification of highly related 
classes of duplicated sequence largely responsible for intrachromosomal 
duplication on chromosomes 15 and 17 raises the question of whether this is 
also true of other highly duplicated human chromosomes. The question has 
since been answered by Jiang et al.139, who performed a similar analysis of 
duplication relationships and histories genome-wide and found that they 
could classify 67% of all duplicated bases in the genome into only 24 groups 
based around core elements. In particular, this rediscovered several of the 
groups on chromosomes 15 and 17 we have studied and also found that most 
of the extensively duplicated chromosomes contained intrachromosomal 
duplication families which could be classified in this manner. They also note 
that the core elements are enriched for genes and transcripts and, in some 
cases, show evidence of positive selection among the family members in 
great apes141. One possible explanation for the unique observation of this sort 
of dispersed duplication in great apes is that the expansion of duplication 
cores containing genes has been selectively advantageous, and thus addition-
al duplication of these core regions has been positively selected during pri-
mate evolution. Since it is known that large highly-identical duplications 
carry a genetic cost in terms of predisposition to de novo rearrangements 
with severe phenotype8, these duplications must provide a significant advan-
tage, although another explanation for the occurrence of such duplication 
structures only within great apes is that the small population size of most 
great apes does not allow efficient action of purifying selection against rare 
germ line events (1 in 5000 or more live births) with severe deleterious ef-
fects. 

Along these lines, we have done little to examine the functional impact of 
the duplicated sequences. The chromosome 15 class 1 core element, in par-
ticular, represents a particularly highly conserved 3’ UTR element that might 
plausibly have a role in post-transcriptional regulation, or possibly act in 
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some way as a non-coding RNA sequence (the transcript of the progenitor 
element generates a substantially truncated version of the ITSN2 protein, 
suggesting it may not share function with the full length transcript). On 
chromosome 15, it is fused to a novel 5’ control region and coding sequence 
and is annotated as part of an intact functional gene at many of its duplicated 
loci and potentially transcribed at others. If the non-coding core itself has 
direct or indirect regulatory function and has been placed under novel regu-
latory control by transposition and duplication, this may have had significant 
phenotypic impact in primate evolution. 

We also note that both the Golgins linked to the chromosome 15 class 1 
core and the TBC1D3 genes in the chromosome 17 class 1 core have func-
tion in vesicle trafficking. Although this is hardly sufficient evidence for 
statistical significance, it is intriguing to consider whether there is something 
about genes with this function that makes them particularly susceptible to 
duplication, or whether in fact diversification of vesicle transport functions 
has been very important in primate evolution. 

Although it has been observed by others that duplications tend to accumu-
late in syntenic breakpoints, there has been no systematic study relating spe-
cific inversions to duplication genome-wide. Although several studies of 
genome-wide karyotypic reconstruction have been published39,40,43,142, we 
found in our examination of chromosomes 15 and 17 and also in other 
work80 that our manually curated reconstructions of duplication regions dif-
fered from the computationally generated whole genome maps. In most cas-
es this was due to limitations in the sequence or marker data used to build 
the genome-wide maps, which should be remedied by the availability of 
more vertebrate genomes143. However, there are also cases where the dupli-
cation structure itself confounds reconstruction attempts, as multiple equally 
viable alignments may result in very different ability to resolve breakpoints 
near duplication. This problem is harder to solve in a fully automated man-
ner. 

We also note that the precise histories of some classes could not be in-
ferred because all of the sequences, even the progenitor elements, appear to 
be primate-specific. Work on the 17q21.31 inversion (Paper III) clearly 
shows the value of highly accurate sequence from additional primates in 
understanding recent duplications and rearrangements in the human genome. 
Although the chimpanzee (Paper IV), orangutan, and macaque110 genomes 
have now been sequenced, these are in draft status with no immediate pros-
pect for substantial genome improvement, especially in duplicated areas. 
High quality sequences of these genomes as well as others including gorilla 
and bonobo would be extremely valuable in studying complex duplicated 
and rearranged regions of the human genome that are likely to underlie im-
portant human-specific biology. 
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Nucleotide divergence and signatures of selection 
between human and chimpanzee (Paper IV) 
Background 
The chimpanzee, Pan troglodytes, is the closest living relative of Homo sa-
piens144,145. This has made it an attractive target for comparative genomic 
studies seeking to answer the question of what makes us uniquely human146. 
It also means that chimpanzees and humans are the most closely related ver-
tebrates to have their genomes completely sequenced, as the general trend in 
comparative genomics is to maximize the evolutionary distance between 
genomes143,147. This close relationship provides an opportunity to study mu-
tational mechanisms in vertebrates over a very short time. This can provide 
substantial advantages in alignability148 and also in estimation of most likely 
mutational history. The small probability of multiple mutations (at most 
sites) also allows us to make inferences about the ancestral state of intraspe-
cific variants using the other species with a high rate of accuracy (although 
this can be improved by using additional primate outgroups149). 

Previous studies based on samples of genomic sequence clearly place 
chimpanzees closest to human, with an average nucleotide divergence of 
~1.2%. Although less sequencing of bonobos (pygmy chimpanzees, Pan 
paniscus) has been done, they appear to have split from the common chim-
panzee well after divergence of their ancestor from humans, making both 
equally related to man. Fossil evidence places the split of humans from 
chimpanzees somewhere between 6.5 and 7.4 Mya150, which corresponds 
reasonably well to molecular clock estimates of time of divergence  of 4.6 to 
6.2 Mya144, calibrated on a divergence of orangutan 12-16 Mya151. The goril-
la (Gorilla gorilla) is more distantly related, with a divergence of ~1.6%, 
having split from the human-chimpanzee ancestor ~1-2 Mya prior to the 
divergence of humans and chimpanzees144. 

Some early studies had found ambiguity in the genomic data regarding 
the relationship of humans, chimpanzees, and gorillas, with some suggesting 
that gorillas were more closely related to humans than chimpanzees, or that 
gorillas and chimpanzees shared a more recent common ancestor. This is 
now known to be due to a process known as “lineage sorting”, by which 
certain regions of the genome (“gene trees”) may not match the topology of 
physical species separation (“species tree”)144,152. This occurs when multiple 
speciation branches occur within a time period smaller than the coalescent 
time of the ancestral population. At any given locus, the common ancestor of 
all humans traces his lineage back to the common ancestor of all humans and 
chimpanzees. However, that population was estimated to be large (2-4 times 
the effective population size of modern humans), and so the ancestor of 
modern humans and the ancestor of modern chimpanzees may not share a 
common ancestor between the divergence of chimpanzees and human and 
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the divergence of gorillas. In those cases, the chimpanzee and human, chim-
panzee and gorilla, or human and gorilla may share the closest relationship 
with equal probability. 

Common chimpanzees are divided into several subspecies. Those used in 
this study come from the western (Pan troglodytes verus) and central (Pan 
troglodytes troglodytes) subspecies, although it should be noted that the 
principle reference donor (“Clint”, Yerkes C0471) was captive born but be-
lieved to be of western origin (supported by variation data generated during 
the sequencing). Five wild-born chimpanzees of known origin from both 
western (2) and central (3) subspecies were also used for diversity data (se-
quenced at ~0.05-fold coverage each), but not included in the reference ge-
nome assembly. The chimpanzee genome was sequenced to ~3.6-fold re-
dundancy by whole genome shotgun and assembled by a combination of de 
novo and “assisted” (using the human reference) methods153. 

The chimpanzee genome paper (Paper IV) was the work of a large inter-
national consortium. The parts discussed in this thesis will be limited to the 
sections on nucleotide divergence, CpG mutation, chimpanzee diversity, and 
use of the chimpanzee genome in human population genetics. 

Results and Discussion 
Divergence between humans and chimpanzees and diversity within each 
species was computed from alignments of individual sequence reads (~25 M 
chimpanzee and ~5 M human) to the NCBI Build 34 human genome refer-
ence. Reads lacking a unique placement to the human genome or having 
excessive sequence divergence (for human reads only) were excluded from 
analysis. Individual bases were considered for analysis if they met a standard 
of NQS(30,25)31,154; briefly, the base under consideration required a phred 
score113,114 of 30 or higher and the flanking 5 bases on either side 25 or high-
er, with no more than 2 mismatches and 0 indels in the window (human ref-
erence bases of finished quality are all considered to have phred scores >40). 
Divergence or diversity was calculated as the number of NQS differences 
divided by the number of NQS bases observed. 

This revealed a divergence between species of 1.23%, consistent with 
previous reports144,155,156 and also with analysis of the alignments of the as-
sembled genomes. To compute human diversity, random shotgun reads from 
a pool of 8 African-American individuals not used to generate the reference 
genome were aligned and similarly evaluated, resulting in 1.92 M unique 
SNP sites and a rate of heterozygosity of 9.9x10-4. This is slightly higher 
than previous reports31, consistent with reduced diversity after a bottleneck 
in non-African populations157 used in the earlier study. 

A similar analysis used chimpanzee reads with overlapping unique 
placement on the human reference to estimate chimpanzee diversity. This 
yielded 1.66 M chimpanzee SNPs, with the majority (1.01 M) coming from 
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the reference donor, Clint. Clint’s heterozygosity was measured at 9.5x10-4. 
The remaining SNPs came from comparisons within the 5 diversity chim-
panzees or between those and Clint. To determine diversity within known 
western and known central chimpanzees and between those groups, we con-
sidered only alignments between reads from different chimpanzees of known 
wild origin, resulting in values of 8.0x10-4 for western chimpanzees and 
17.6x10-4 for central, with heterozygosity between the groups of 19.0x10-4. 
This shows a lower diversity for western chimpanzees than central, with 
central chimpanzees having approximately twice that of humans, consistent 
with a larger ancestral effective population size for chimpanzees (and, as 
hypothesized, for the chimpanzee-human ancestral population144). Clint’s 
average heterozygosity is slightly higher than the western chimpanzees, but 
over most the genome is consistent with western origin. A few small regions 
of greatly increased heterozygosity between Clint’s haplotypes are possibly 
signs of a small contribution of central ancestry, but more likely represent 
regions where Clint’s apparent heterozygosity is artificially inflated by dup-
lications unique to the chimpanzee genome and therefore not properly 
screened by our use of the human reference for filtering of duplications. 

The relatively high rate of intraspecific variation compared to the inters-
pecies divergence indicates that a substantial fraction of the difference seen 
between any given human chromosome and the orthologous chimpanzee 
chromosome is actually variant in one of the populations. If we adjust for the 
estimated fractions of the time since divergence of chimpanzees and humans 
(~ 7 My) that represents the coalescent within each species (~1 My in hu-
mans and 1-2 My in chimpanzees), the rate of fixed difference between hu-
mans and chimpanzees is no more than ~1.06%. 

Divergence across different nucleotide contexts, however, is highly non-
uniform. Although CpG sites constitute only 2.1% of all bases, they account 
for 25.2% of differences between the genomes, a divergence rate of 15.2% 
(divergence at non-CpG sites is only 0.92%). This would suggest a 16-fold 
increase in mutation at CpGs, but in fact the difference is not that large. As-
suming that mutations into and out of CpG are roughly in equilibrium158, half 
of all CpG changes represent normal mutation that created a CpG. Solving 
the quadratic equation for the elevated rate of mutation due to deamination at 
CpG yields a rate increase of 8.8x. This remains a slight underestimate of the 
rate increase at methylated CpG sites, as ~7% of the CpG sites are in CpG 
islands and are mostly unmethylated, so the actual increase in mutation rate 
at methylated CpGs would be close to 10-fold. 

Analysis of divergence in broader contexts also showed significant varia-
tion in local divergence rate in 1 Mb windows, consistent with prior observa-
tions for other genomes44,159. Variability in CpG content can explain only a 
small fraction of this, as is also true of other factors associated with mutation 
rates such as recombination160 and G+C content159. The strongest predictor 
turned out to be proximity to chromosome ends, with windows near telo-
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meres or acrocentric centromeres having divergence significantly higher 
than other sites (15% higher, P < 10-30, Mann-Whitney U-test). These re-
gions tend to have high G+C content and high recombination rates. The lat-
ter may occur because of obligate crossovers, and may create higher G+C 
content due to biased gene conversion161; however, it has also been sug-
gested the increased fragility of G+C rich DNA may lead to greater inci-
dence at chromosome ends71,162. Interestingly, another class of regions with 
elevated divergence are Giemsa dark bands (10% higher, P < 10-14, Mann-
Whitney U-test), which tend to be G+C poor. Prior studies159 have noted a 
quadratic relationship of mutation rate with G+C content, possibly because 
of an inverse correlation of mutation rate with G+C combined with a posi-
tive correlation with recombination and terminal location. 

The chimpanzee and human genomes also provide an opportunity to revi-
sit the question of male mutation bias in primates163,164. We compared muta-
tion rates on the X chromosome, the Y chromosome, and the autosomes to 
estimate the rate of elevation of mutations in the male germ line in primates. 
Based principally on the X-autosome comparison (due to reduced density of 
variation data on the Y chromosome), we estimate a rate of male mutation 
bias at non-CpG sites of ~5-6, consistent with estimates of the elevation of 
DNA replication in the male germ line165. Notably, the bias at CpG sites is 
only ~2. The difference is mainly caused by the time-dependent nature of 
CpG deamination mutations, but the bias still remains, as the creation of new 
CpGs is replication-dependent and still occurs at a higher rate in the male 
germ line. These results may, however, be skewed by differential rates of 
methylation in the male and female germ lines166. 

The sequence of the chimpanzee genome is also a useful tool for studying 
human variation. Because of the relatively small divergence between human 
and chimpanzee, the chimpanzee genome provides highly accurate informa-
tion about the ancestral state of human polymorphisms, a useful piece of 
information in many tests for positive selection106,107. Using uniquely aligned 
chimpanzee reads with NQS bases, we were able to assign ancestral alleles 
for ~80% of all human bases. Using the assembled genome at varying de-
grees of base quality allows coverage a few additional percent. The remaind-
er cannot be aligned uniquely, have a chimpanzee nucleotide matching nei-
ther human allele, or are polymorphic in the chimpanzee as well. Based on 
the divergence of human and chimpanzee, we expect the false assignment 
rate to be ~0.5% at most sites. The exception is human CpG to TpG poly-
morphisms for which the chimpanzee allele is T. Because of the high proba-
bility of a parallel C to T mutation in chimpanzee (or a human back mutation 
from a previously fixed T to C mutation), we expect that 9.8% of these will 
be incorrectly assigned. The combination of these two yields a total rate of 
~1.6%. 

Theoretical models suggest that in a constant size panmictic population, 
the probability that an allele is ancestral should equal its frequency167. We 
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used a set of genotyped alleles for which we could assign ancestral status to 
test this. We found reasonable agreement, but with a slope of only 0.83 in-
stead of 1. One possibility is that errors would reduce the slope, but only by 
twice the error rate, so our estimated error of 1.6% would only explain a 
small portion of the decrease. An alternate possibility is that a population 
bottleneck would reduce the slope by the inbreeding coefficient of the bot-
tleneck. Tests using smaller SNP sets genotyped in individuals of known 
ethnicity suggest that non-African populations do show such a signature, 
whereas African populations do not. Since our genotyped samples are from a 
mix of populations (including many samples of unknown ethnicity), we con-
clude that we are picking up a signal of previous bottlenecks in some of the 
populations. 

Lastly, we applied these data to look for signatures of recent positive se-
lection in humans. A predicted signal of a selective sweep is reduction in 
heterozygosity around the selected locus100. Rigorous tests have been defined 
for this102,105,108, but all are dependent on complete and unbiased sampling of 
multiple individuals within a population, which was not available in this 
case. Instead, we developed a method to search for more general reduction in 
heterozygosity. However, this could also be accounted for by reduced muta-
tion in a genomic region. To control for this, we used the divergence be-
tween humans and chimpanzees, which would be unaffected by a selective 
sweep, as a measure of mutation rate. Human diversity is strongly correlated 
(r2 = 0.37) with human-chimpanzee divergence across the genome, so we 
performed a regression of human diversity on human-chimpanzee diver-
gence and looked for windows where the human diversity was significantly 
lower than predicted by the interspecies divergence. We merged overlapping 
windows and then scored them based on the sum of their log odds scores. 
This resulted in 6 regions showing much higher scores than the remainder of 
the genome. These regions range from 2.63 to 4.32 Mb in size and include 
anywhere from 0 to 57 annotated genes. Notably, the gene desert, on human 
chromosome 4, has previously been associated with obesity168,169 and may be 
a candidate for adaptation to a modern human diet. There are no good gene 
models within the interval, suggesting the selected variant may be regulato-
ry, or possibly a non-coding RNA. There are no obvious gene candidates in 
any of the regions, and further study will be required to determine the se-
lected mutations. 

Models also predict a strong skew towards high frequency derived alleles 
in such regions106. We used SNPs from the typed subset which lay within the 
regions and tested for the proportion of with derived allele frequency > 80%. 
Compared to the genome-wide distribution, all 6 regions were in the top 
10% of regions for high derived allele frequency SNPs (p < 10-6), providing 
strong additional support for recent selection. 

Two additional regions merit discussion. The genes FOXP2 and CFTR 
have both been suggested to be under selection170,171. They lie relatively 
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close together on human chromosome 7q. Our data do not identify them as 
among the most strongly selected genes, but the region contains several 
strongly scoring regions that, if taken together, would be among the top scor-
ing regions. This could indicate several weak or overlapping sweeps, or a 
single very strong sweep with a decaying signal. The latter would have re-
quired a selective advantage of 0.1-0.2 to generate such a broad region. We 
also note that, consistent with the observation of elevated mutation at telo-
meres, the region of human chromosome 2 which corresponds to the telo-
meres of chimpanzee chromosomes 2A and 2B shows a large number of 
regions with moderately strong selection scores, most likely explained by the 
elevated rate of divergence relative to human diversity caused by higher 
mutation in the chimpanzee lineage where this region is close to chromo-
some ends. 

Future Prospects 
One of the biggest next steps in using the chimpanzee genome would be 
generation of a finished or near finished chimpanzee sequence. Unfortunate-
ly, only one chromosome156 and few scattered regions relevant to specific 
areas of study (such as Paper III) have been finished, or are likely to be in 
the near future due to the prohibitive cost. Although the draft sequence has 
allowed a great deal of meaningful comparison, many duplicated or structu-
rally variant regions are still incomplete or incorrect in the current chimpan-
zee draft, and even a very good draft genome will have many gene models 
with errors or gaps69, a factor which is especially important considering that 
the median number of coding differences between human and chimpanzee 
genes is 0. 

A finished genome would allow a more comprehensive look at mutation, 
both by improving the accuracy of single base calls and by allowing exami-
nation of regions currently missing and incorrect. This is especially impor-
tant for duplicated regions, which likely play a major role in differentiation 
of humans and chimpanzees. 

The availability of additional primate genomes such as the macaque110, 
orangutan, and marmoset will also enhance the utility of the chimpanzee 
genome for research, by improving our ability to predict ancestral alleles and 
by serving as further outgroups for highly mutable bases such as CpGs 
where inferring ancestral status is more difficult. These will also be useful 
for studying the history of duplications and structural rearrangements, al-
though the draft status of these genomes and dependence on human for long 
range ordering will reduce their utility in the latter case. A complete genome 
sequence of gorilla, long planned but not yet executed, would also be ex-
tremely useful for studying recent evolution in both the human and chimpan-
zee lines149. 
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We note that further work has already elaborated on some of the topics 
covered here. Examination of a region of particularly high human diversity 
on chromosome 8 suggests a resolution to the uncertainty about the role of 
G+C content in mutation rate, noting that this region is unusual also in hav-
ing a combination of low G+C, high recombination, and telomeric proximi-
ty, a possible “perfect storm” of high mutability172. Other work has used 
these data to quantify the effects of recombination on mutation173, although it 
remains unclear whether there is an additional effect of terminal proximity 
greater than the mutagenic nature of recombination. A study of genetic di-
vergence between humans and chimpanzees149 notes a particularly low di-
vergence across the entire X chromosome, which the authors suggest is due 
to a more recent hybridization between human-like and chimpanzee-like 
ancestors leading to one of the modern lineages. Notably, this would provide 
an alternate explanation to male mutation bias for the very low divergence 
observed on the X chromosome, which would lower the estimates of male 
mutation bias given here. Clearly many factors that are not easily quantifia-
ble at present may still affect these calculations174, and the topic deserves 
further examination in light of additional genome sequences and better popu-
lation models. 

Finally, substantial effort has been devoted to searching for signatures of 
selection in human populations since this work was published175, mostly 
facilitated by the HapMap Project32,176. Regions identified in our study have 
also been identified independently3. Although no functional mutation has 
been discovered, we do note that one region contains the KIT ligand precur-
sor (KITLG), which has since been found to harbor mutations controlling 
pigmentation in sticklebacks and may play a role in differentiation of human 
pigmentation177. 

Signatures of selection in domestic chicken (Paper V) 
Background 
Domestic animals represent thousands of years of selection for specific phe-
notypes, including color, growth, reproductive, and behavioral traits. Be-
cause there have been relatively few generations since the selective events 
compared to the population size, signatures of selection should be visible for 
loci underlying many of these traits. Examples of selective sweeps already 
identified in domestic animals include the IGF2 locus controlling muscle 
growth in pigs6 and the BCDO2 locus causing yellow skin in chickens178. It 
has been suggested that direct comparison of genome sequence from differ-
ent populations of domestic animals could be used to identify regions under 
selection179. 
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Chickens were domesticated ~8,000 years ago from birds of the genus 
Gallus180. It has generally been believed that domestic chickens derived ex-
clusively from Gallus gallus, the red junglefowl181,182, but recent work has 
shown contribution from Gallus sonnerati, the grey junglefowl178. The do-
mestic chicken is markedly different from its wild ancestors in many traits. 
Wild birds lay one clutch of ~10 eggs per year, while modern layers can 
produce 300183. Broiler chickens grow to ~4 kg, compared to 1 kg for wild 
chickens. Domestic birds also come in a wide variety of feather colors and 
types and display a range of ornamentation. 

In addition to its major role as a food source, the chicken has served as an 
important model organism. Color phenotypes have been studied in chickens 
for over a century. Chickens have also been used for study of embryogene-
sis, neural crest development, limb formation, immunology, virology, and 
cancer184,185,186. The ability to study embryo development outside the mother 
is a huge benefit; chickens are also relatively small and easy to keep and 
breed in large numbers. 

The important role of chickens in agriculture and science motivated the 
generation of a complete genome sequence of the chicken, published in 
2004134. The sequence was generated by whole genome shotgun from a sin-
gle female red junglefowl (UCD001). In birds, the females are the heteroga-
metic sex, having Z and W chromosomes, so both are represented in the 
assembly, but only at half the coverage of the autosomes. Like mammalian 
Y chromosomes, the avian W is largely non-recombining and is gene poor 
and repeat rich187,188. The genome is slightly over 1 Gb. In addition to the sex 
chromosomes, there are 38 autosomes in chicken with wide size variation. 
There are 10 large macrochromosomes and 28 small microchromosomes. 
Because of this organization, G+C content, gene density, and rates of re-
combination vary greatly across the chicken genome134. The current genome 
assembly only contains assigned sequence for 29 of the 38 autosomes, with 
the remaining 9 microchromosomes represented only by unplaced sequence 
or sequence anchored to genetic linkage groups with no chromosomal as-
signment. Along with the genome sequence, low coverage Sanger sequenc-
ing of 3 domestic lines was performed to generate 2.8 million SNPs189. From 
these data, we can infer an historically large population size for domestic 
chickens, as the rate of heterozygosity within and between domestic lines is 
~5x10-3, approximately five times that in humans. The small size of the 
chicken genome and high neutral variation rate within and between popula-
tions makes the chicken an attractive target for attempting to identify selec-
tion through whole genome resequencing. 

For this work, we have selected a diverse collection of lines of wild and 
domestic chickens representing both layers and broilers and also including 
lines of particular research interest. We selected 4 layer lines: White Leg-
horn Line 13, a research line previously used in a cross with red 
junglefowl190; a commercial White Leghorn line; the OS line of obese chick-
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ens, a research line derived from White Leghorns in 1955191; and Rhode 
Island Reds, a popular commercial layer. We also chose 4 broiler lines: 2 
commercial lines designated CB1 and CB2 taken from a diversity panel and 
the High and Low growth lines divergently selected for juvenile body 
weight192 and used in crosses to map growth quantitative trait loci 
(QTLs)193,194. We also sequenced a pool consisting of 2 zoo populations of 
red junglefowl. Finally, we resequenced the reference red junglefowl female 
to serve as a quality control for our SNP calling and also as a normalization 
control for copy number in the genome assembly. For each of the lines, we 
chose 8-11 birds to pool for resequencing to try to sample as much diversity 
as possible; the reference bird was resequenced as a single individual. We 
generated random whole genome shotgun fragment reads using SOLiD with 
individual line coverage ranging from 3.3x to 6.9x, with a total of 44.5x over 
all lines and the reference bird. 

Results and Discussion 
We aligned all the reads to the reference genome and used all unique align-
ments to identify SNPs, resulting in ~7.5 million SNPs. Several lines of 
analysis, including estimation of the single read error rate and analysis of 
SNPs identified on the Z chromosome in the reference bird (which contains 
only a single Z and should therefore have no SNPs), suggest that these SNPs 
are of very high quality, with false positive rates < 4.5%. Validation of a 
selected group of SNPs by Illumina BeadXpress showed a false positive rate 
of only 1.2% (0.3% after removing false SNPs resulting from errors in the 
reference genome). We rediscovered 63% of the 2.8 million SNPs found by 
prior Sanger sequencing189, so ~5.5 million of our SNPs are novel. Those 
missed in our study are likely accounted for by low frequency of the non-
reference variants in our sample population, although some may represent 
regions where we cannot uniquely align short reads or false SNPs in the 
previous work. In the BCDO2 sweep region178, where we expect all domes-
tics to be fixed for a non-reference allele, we found 93% of SNPs known 
from complete Sanger resequencing of the region. 

We next determined allele counts in every line for all 7.5 M SNPs and in-
ferred allele frequencies within the lines and within pools of lines (broilers, 
layers, and all domestic chickens). We then computed average heterozygosi-
ty at variant sites across the genome. To search for evidence of selective 
sweeps, we slid 40 kb windows across the genome (step size 20 kb) and 
measured average heterozygosity within each window. For each window, we 
computed a Z-score based on an assumption of a normal distribution of hete-
rozygosity in windows. Any window showing a six sigma or greater drop in 
heterozygosity within a given combination of lines was considered to be a 
potential site of selection. We identified 18 putative selected loci (merging 
overlapping windows with Z < -6) when using all domestics, and 17 and 20 
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when pooling only broilers (commercial broiler lines 1 and 2) or only layers 
(the 2 White Leghorns plus Rhode Island Red), respectively. Of the 18 loci 
in all domestics, 3 had scores exceeding the known selection locus around 
BCDO2. 

The strongest sweep region in all domestics occurs over the thyroid sti-
mulating hormone receptor gene (TSHR). Further genotyping of 8 SNPs 
from a 40 kb region surrounding TSHR showed at least one copy of the non-
reference allele in 271 different commercial and local chickens from around 
the world and only 7 non-sweep haplotypes in the 542 chromosomes typed. 
Examination of TSHR revealed a missense mutation causing a glycine to 
arginine change at a highly conserved residue. It has been suggested that the 
thyroid system plays an important role in domestication195, making this an 
obvious candidate as a domestication mutation. Several other high scoring 
sweep regions in broilers include genes with known roles in growth (IGF1, 
INSR), obesity (TBC1D1), or appetite regulation (PMCH), but we have no 
obvious candidates for causal mutations in these regions. 

It has been suggested196 that loss of function mutations may play an im-
portant role in rapid adaptation, such as happens during domestication. We 
used our data to search for two types of loss of function mutations: stop mu-
tations and deletions. 

We looked for stop codons in a filtered set of the 8,364 ensembl197 chick-
en transcripts which had both stop and start codons and generated a protein 
at least 100 amino acids long. This resulted in 120 distinct SNPs that were 
predicted to create or destroy a stop in at least one transcript. Further review 
identified 4 false SNPs, 2 errors in the reference sequence (one of which 
resulted in a missed splice site that disrupted the proper transcript annota-
tion), and 78 loci which either lay in spurious gene models or in misanno-
tated exons of true genes and therefore did not truly cause stops. This left 35 
putative stop mutations and 1 putative splice mutation (after correction of the 
gene model). In all but one case, the non-reference allele creates a stop; the 
remaining case appears to be a real segregating null for which the reference 
bird carries a premature truncation, 1200 bp short of the conserved 3’ end of 
the gene. However, none of the stop mutations segregate between domestic 
and wild or broiler and layer chickens so as to suggest strong selection on 
the null allele. Since we are only able to analyze ~25-30% of the expected 
total number of chicken genes due to fragmentation of gene models, we can-
not rule out the possibility that nonsense mutations may still play an impor-
tant role in domestication, but we see no evidence of this from our current 
data. 

Because of the difficulty of determining copy number from low pass se-
quencing of pools, we focused on identifying deletions relative to the refer-
ence that were fixed or nearly fixed in one or more line. We identified 1,284 
deletions ranging in size from 106 bp (essentially our resolution limit) to 67 
kb. We intersected these with ensembl transcripts and highly conserved ele-
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ments generated by phastCons51 (www.ucsc.edu) and found 27 deletions 
removing all or part the coding sequence of a gene and 143 removing all or 
part of 368 highly conserved sequences. Manual examination of the 27 gene 
deletions revealed seven confident candidates (the majority of the remainder 
were deemed spurious gene models; only a handful of sites were deemed 
false deletion calls). We have validated four of these by PCR, with all being 
fixed or nearly so in the predicted line(s) and some segregating in other lines 
as well. Deletion breakpoints identified by sequencing were found to mostly 
lie within 10 bp of the computational predictions, although one of the four 
was 30 bp shorter, resulting in the validated deletion being completely in-
tronic. 

Two of our validated deletions have interesting phenotypic associations. 
The first, a deletion of part of the growth hormone receptor (GHR) on chro-
mosome Z is a known mutation responsible for sex-linked dwarfism198. This 
mutation has been used commercially in broiler-breeder dam lines to control 
the size of the chickens and make them easier to keep. When deleted female 
birds are crossed with wild-type males, they produce offspring with normal 
growth. Not surprisingly, this deletion was found to be fixed in an all-female 
pool of commercial broilers (CB2). 

The second deletion is a novel deletion of all but the first exon of SH3 
domain containing ring finger 2 (SH3RF2). Little is known about the func-
tion of this gene, but it lies under a major growth QTL in crosses of the High 
and Low line chickens, and was found to be fixed in the High line. We typed 
400 chickens in a F8 generation of a High x Low intercross and found a sig-
nificant correlation between the deletion and growth, with -/- chickens 
weighing 20% more (600 v 500 g) at 70 days than +/+ chickens (P < 0.001). 
Because the deletion occurs at low frequency in the Low line also, we were 
able to estimate the effect of inheritance on a High or Low background in F2 
birds, and they were indistinguishable. We looked at expression of SH3RF2 
in hypothalamus and found that Low line chickens had normal expression of 
the first three exons, but High line chickens had no expression of the deleted 
exons 2 and 3, as expected. The High line is known to have a defect in hypo-
thalamic appetite control192. These lines of evidence strongly suggest that the 
SH3RF2 deletion may be the causal mutation underlying the growth QTL at 
this locus. 

Finally, in the process of analyzing the whole genome resequencing data, 
we were able to detect some errors in the draft chicken genome. The base 
quality of the genome is generally very high, but we estimate that ~40,000 of 
our 7.5 million SNPs are due to errors at low quality bases in the reference 
genome. Some larger structural issues were found during deletion analysis. 

Most of our pools contained only male birds, but 1 line (CB2) was all fe-
male and 2 (High and Low) were mixed gender. The deletion analysis de-
tected 10 large autosomal regions that were fixed deletions in all 6 of the 
male lines but none of the 3 containing females. We suspected that these 
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regions might be W-linked. Analysis of the assembly and newer genetic 
marker data188 showed that 4 of these regions spanning 242 kb were not 
linked by sequence to their assigned autosomal positions and contained 
markers whose correct location was on W. Two regions appeared to be well 
linked in the assembly and likely contained true autosomal deletions that 
coincidentally segregated in the male and female lines. The final 4 regions 
were short regions of interspersed repeat and may be true W sequence or 
polymorphic repeats that coincidentally differ between the male and female 
lines. 

Analysis of an earlier release of the chicken genome showed an 11% rate 
of segmental duplication, but with a low (26%) validation rate134. We ana-
lyzed the new assembly and found a similar rate of segmental duplication, 
but with a large number of perfect tandem duplications. We computed cov-
erage of these regions by reference bird reads with one or two placements, 
and estimated that <1% of the sequences appearing exactly twice in the ref-
erence genome truly had two haploid copies in the reference bird. To further 
test this, we selected 10 regions of tandem duplication 4-5 kb in length and 
generated PCR assays to test tandem copy number. In all 10 cases, we found 
a product spanning the region with only a single copy of the duplicated se-
quence; in no case were we able to generate the junction product that would 
exist if it were a true tandem duplication. We conclude from these analyses 
that although the reference individual is largely homozygous, ~2.3% of the 
genome is sufficiently heterozygous that it was assembled in two copies, 
either as artificial tandem duplications or with one copy on the “Unplaced” 
chromosome. We estimate that correcting these duplications would close 
~4,000 gaps and improve 2,535 ensembl gene models. 

Future Prospects 
We have identified several putative domestication and growth mutations in 
chickens. Further work will be necessary to conclusively determine the caus-
ative mutations underlying selective sweeps and find their function. Thus 
far, this has proven a difficult transition in human genetics3, but the access to 
crosses between different lines of chickens and between domestic and wild 
chickens will facilitate further study of these loci. In particular, we plan to 
examine birds in a cross of White Leghorns and red junglefowl190 to try to 
identify phenotypic consequences of the TSHR mutation. Since TSH signal-
ing is known to play a role in regulation of seasonal reproduction199,200,201, it 
is possible that this mutation is involved in the loss of strict seasonal repro-
duction in domestic chickens. 

We also note that we have only looked at 2 lines of commercial broilers 
and 3 lines of layers in our current study. It will be useful to extend this to 
further lines either by additional resequencing or targeted genotyping of 
putative sweep regions in different lines. This should help to refine the 
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boundaries of sweep regions and also provide some insight into function by 
examining the presence of selected haplotypes in lines selected for different 
purposes. 

So far, we have found phenotypes for 2 of 6 fixed gene deletions we dis-
covered. It will be interesting to look in more lines for evidence of segrega-
tion or fixation of these deletions to find clues as to their function. Further 
resequencing using mate pair protocols will also vastly increase our power to 
find segregating deletions as well as to identify other events like insertions 
and inversions relative to the reference; these are not detectable using our 
current fragment read strategy. Eventually, it would be interesting to look for 
phenotypes associated with deletions of conserved regions, as mutation in 
regulatory regions has been suggested as a mechanism for rapid phenotypic 
change202 with some interesting recent examples of non-coding functional 
mutations in model systems6,177,203. 

Finally, we hope that our resequencing data will be helpful in improving 
future revisions of the chicken reference genome. Although the SOLiD data 
are not currently amenable to direct incorporation in a revised assembly, it is 
useful in providing QC of individual bases and also in improving the struc-
tural assembly by highlighting artificial duplications and, in the case of Z 
and W, mismapped assembly units. 
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