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Abstract 

Genomic mutations arise in many forms, varying from single base pair 

substitutions to complicated sets of overlapping copy number variants (CNVs). 

While each type of variation contributes to phenotype, complex structural 

variation, which contains multiple mutations, is difficult to type across many 

individuals and is largely omitted from genomic studies. This thesis presents 

methods to type complex structural variation, understand how it evolves, and 

integrate these complex variants into association studies to phenotypes.  

We focused on four structurally complex regions in the human genome. 

The 17q21.31 region contains an inversion, previously uncharacterized 

overlapping copy number variants, and SNPs that associate to the female 

meiotic recombination rate and female fertility1. The haptoglobin (HP) gene at 

chromosome 16q22.2 contains a 1.7 kb tandem duplication2, previously 

uncharacterized paralogous gene conversion, and nearby SNPs that associate to 

cholesterol levels3. The haptoglobin related gene (HPR) at chromosome 

16q22.2, segregates as a multi-allelic copy number variant (mCNV) specifically in 

African populations. Lastly, complement component 4 (C4) at chromosome 

6p21.3, contains a length polymorphism, paralogous sequence variation, and 

copy number variation segregating in humans and non-human primates4.  

We developed methods to characterize the complex structural variation in 

each of these four regions, type the variation at the population level and integrate 

it into association studies. Briefly, we determined the breakpoints of each 
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individual structural variant, typed each variant in a population cohort, and 

learned which variants segregate together through trio inheritance patterns. Once 

these structural haplotypes were defined, we phased them with surrounding SNP 

haplotypes and used this data as a reference panel for imputation into disease 

cohorts, and to better understand their evolutionary history. 

We found that two overlapping duplications in the 17q21.31 region rose 

rapidly and independently to high frequency within European populations, and 

may account for the regional association to female fertility and the female meiotic 

recombination rate. We also found that a recurrent deletion in the HP gene 

associates to total cholesterol and LDL cholesterol levels. The methods 

developed in this thesis enable the integration of structurally complex variation 

into future association studies so that we can begin to understand their effects on 

phenotypes.   
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Introduction to complex structural genomics



    2 

Overview 
 

Genomic variation spans from single nucleotides to megabases and from 

simple biallelic differences to complex sets of nested events. While each type of 

genomic variation has the potential to contribute to phenotypes, certain types of 

variation are more easily studied than others, and this greatly influences their 

representation in literature. Single nucleotide polymorphisms (SNPs) are the 

most commonly studied class of variation and are often typed using genotyping 

arrays. Arrays are readily scalable and the data can be easily interpreted, 

allowing for widespread use on a mass scale5. More recently, simple deletion 

and duplication polymorphisms have been discovered and typed with array 

comparative genomic hybridization (arrayCGH)6 and high density genotyping 

arrays7,8, allowing them to be studied alongside nucleotide variation on a large 

scale. 

However, regions with more complex structure – those that have been 

affected by multiple cumulative structural mutations in human ancestors – remain 

an untapped reservoir of variation. Multiple structural changes at the same locus 

create multi-allelic variation with multiple structural forms segregating in the same 

population. These regions are difficult to study because they can contain 

overlapping structural mutations that are challenging to tease apart, and high 

copy number, which is difficult to measure accurately. The complex structure for 

a specific individual can be determined through the sequencing of clones1; 

however, this method is not easily scalable to large numbers of individuals. As a 

result, there is little understanding of how complex structural variation evolves, 

and this class of variation is largely omitted from association studies. 
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In this thesis we design strategies for studying complex structural variation 

and apply these methods to gain an in depth understanding of four structurally 

complex regions in the human genome.  

1. We aim to design and apply methods for typing structurally complex 

haplotypes at the population level (Chapter 3). 

2. We aim to understand how complex structure evolves within 

populations, across populations, and across species (Chapter 4). 

3. We aim to develop and implement methods to incorporate complex 

genome structures into association studies (Chapter 5). 

 

Genome Evolution: understanding different classes of variation 

 

The evolution of nucleotide variation  

The genome evolution of SNPs is commonly studied. The human 

nucleotide mutation rate is estimated to be 2.5x10-8 per nucleotide, per 

generation9, but this rate varies throughout the genome. The rate is increased 

near recombination hotspots10, high GC content11, and insertions and deletions12. 

However, the overall clocklike consistency of single base mutations13 under 

selective neutrality14 has allowed both understanding of the relationships 

between organisms and the dating of species divergence times15.  

A nucleotide mutation arises on a specific haplotype background and 

continues to segregate with that haplotype. While recombination and recurrent 

mutation disrupt haplotypes, most SNPs have high linkage disequilibrium (LD) 

with other nearby nucleotides. A SNP in high LD with another SNP that is not 
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directly typed in a study can be used as a tag to infer the state of the unknown 

SNP.  

Additionally, monitoring the length of SNP haplotypes can be informative 

for understanding how selection has affected specific regions. Haplotypes with 

low nucleotide diversity segregating at high frequency can be interpreted as 

regions evolving by positive selection16,17. Such regions in which a beneficial 

mutation has occurred rise to high frequency quickly without accumulating many 

nucleotide mutations or recombinations. 

Furthermore, the rate of accumulation of nucleotide mutations in specific 

regions of the genome is used to gain understanding of the type of selection 

acting. For example, highly conserved regions of the genome with very few 

nucleotide differences between humans and mice18, or even humans and 

yeast19, have evolved by purifying selection. Under this scenario, most mutations 

are deleterious and are eliminated from the population. Additionally, the 

nucleotide diversity of species and populations can be informative for 

determining demographic events such as bottlenecks or population 

expansions20,21.  

 

The evolution of simple structural variation 

The evolution of genome structural variation is less well understood. While 

many of the insights into genome evolution that were observed using SNPs may 

also apply to structural variation, there are also likely to be striking differences.   

Recently, geneticists have begun to explore the evolution of simple structural 
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variants, and CNVs have been discovered and typed in a diverse array of 

mammals including humans7,8, great apes22, rodents23,24, dogs25,26 and cows27.  

For a given species of great ape, the diversity of CNVs in the genome is 

correlated to that of nucleotides. While the rate of fixed deletions in great apes is 

relatively clocklike, on the chimpanzee lineage it has increased twofold22.  

Differences in the rate of structural and nucleotide evolution for a given 

species may be impacted by selection, but other forces also play a role. While 

the nucleotide mutation rate varies somewhat across different regions of the 

genome, the structural mutation rate likely varies more widely and depends more 

strongly on regional genetic architecture. For example, specific regions of the 

genome can be predisposed to structural mutations due to adjacent homology28. 

Additionally, CNV breakpoints are enriched for indels and microsatellites, 

indicating a relationship between different types of structural variants8. 

The majority of simple and common copy number variants in humans are 

well-captured by tag SNPs7,8, suggesting that most of these arose from a single 

mutational event and continue to segregate on a specific haplotype. In the CEU 

population (Utah residents with Northern and Western European ancestry), 77% 

of simple and common CNVs are tagged by at least one SNP with r2 = 0.8 (See 

Supplementary Table 1 for population identifiers). Interestingly, deletions appear 

to be tagged more often than duplications. This could be due to reversion 

mutations (deletions of one copy of a duplication resulting in the ancestral state) 

or recurrent mutation8.  
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The evolution of complex structural variation 

The evolution of complex structural variation is relatively unknown. In 

addition to the difficulty of typing this variation in large cohorts, complex structure 

cannot be inferred from a single surrounding SNP as multi-allelic variants are not 

in high LD with any single biallelic SNP. In this thesis we develop methods to 

type and analyze such regions in large cohorts, across populations and across 

species. One of the goals of the research presented in here is to thoroughly 

understand previously cryptic structurally complex loci and gain insight into their 

evolution. 

 

Associating genomic variants to phenotypes 

 

Association studies through direct typing of candidate genes 

Natural genomic variation can provide insight into gene function and 

disease-causing variation. Until relatively recently, genotype-phenotype 

association studies were performed solely with candidate genes and candidate 

variants. While this method has successfully found phenotypic associations to 

single nucleotide29-31 and structural32-34  polymorphisms alike, there are multiple 

drawbacks. For example, direct typing of candidate variants severely restricts 

study sample size because each variant must be directly typed without the use of 

high-throughput genotyping technology. This strategy leaves variants of small 

effect undetectable, and risking false-positive associations. Additionally, typing 

only one specific variant in an LD block can result in incorrect assumptions about 
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the true causal variant. Finally, corrections for ancestry can be difficult to make 

without extensive genome-wide information.   

Association studies using genotyping arrays 

Genome-wide association studies (GWAS) can overcome many of the 

difficulties of the candidate gene approach. Because of the scalability of 

genotyping arrays, sample sizes have increased drastically, and are often in the 

tens or hundreds of thousands35. In addition to increased power, multiple SNPs 

are usually assayed within each haplotype, allowing for a more precise 

understanding of the most associated variants within an LD block, and ancestry 

correction can be made based on genome-wide SNPs. 

Progress has been made recently to incorporate simple structural variation 

(deletions, duplications) into association studies. Genotyping arrays such as the 

Affymetrix SNP 6.0 are hybrid arrays on which both SNPs and CNVs can be 

ascertained7. While most common, biallelic, CNVs are in high LD with a SNP, 

arrays which include CNVs allow some duplications and deletions which are not 

captured by SNPs to be incorporated into association studies. Using a genome-

wide approach, numerous copy number polymorphisms have been associated to 

phenotypes8, including Crohn’s disease36 and body mass index37. 

 

Association studies of complex structural variation 

Complex structural variation is largely omitted from association studies. 

This type of genomic variation is affected by multiple structural mutations and 

segregates as an allelic series, meaning that no single biallelic SNP can serve as 

a tag. In order to incorporate complex structural variation into association studies 
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and understand contribution to phenotype, we must be able to type this class of 

variation with high-throughput methods. This research seeks to develop methods 

to type complex structural variation in large cohorts and include it in association 

studies to human phenotypes.  

 

The potential to leverage previous GWAS data to study complex structural 

variation through imputation 

 There is currently a wealth of data collected for GWAS that contains both 

SNP genotype and human phenotype information for thousands of individuals. 

While complex structural variants are not tagged by any individual biallelic SNP, 

a series of SNPs on a haplotype may be sufficient to infer complex structural 

variation through imputation. Imputation is a statistical method by which 

unobserved variants can be inferred through their association with a particular 

SNP haplotype. If complex structural variation were imputable using surrounding 

SNP haplotypes, previously collected GWAS data could be leveraged to study 

complex structural variation.  
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Background information for four structurally complex loci 
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Introduction 

In order to gain a broad perspective on the evolution of complex structural 

variation, we selected an interesting and diverse panel of structurally polymorphic 

regions for in-depth study. While structural polymorphisms have previously been 

documented in each of these regions, knowledge of precise structural forms and 

how they vary in different populations and species was previously unknown. It is 

also not known how these structural alleles relate to phenotypes. While the 

selected regions share common features, they are each affected by different 

types of structural polymorphism, have different evolutionary histories, and can 

teach us different principles about genome structural evolution (Table 2.1). Each 

of the chosen regions is described below.  

 

Table 2.1. Structurally complex regions classified by different categories.  This 

table compares four structurally complex loci by various criteria.  

 

Locus 

Thought to 
vary in all 
human 
populations 

Thought to 
have multiple 
classes of 
structural 
variation 

Structural 
polymorphism 
likely derived 
in humans 

Part of 
a gene 
cluster 

Thought 
to 
contain 
high 
copy 
number 
(>3) 

17q21.31 X X X 
 

X 

HP 
16q22.2 

X 
 

X X  

HPR 
16q22.2   

X X X 

C4 
6p21.3 

X X 
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17q21.31 

The 17q21.31 region is associated with multiple phenotypes and has a 

long and interesting genetic history. There are two haplotypes at this locus that 

are inverted with respect to each other. The inversion prevented these 

haplotypes from recombining, and this lack of recombination has caused two 

haplotypes to become isolated and highly diverged1. The common allele of the 

inversion polymorphism is called H1, while the inverted form is called H2 (Figure 

2.1). 

The 17q21.31 region contains many genes but is perhaps most famous for 

the microtubule-associated protein (MAPT), which is thought to be involved in 

progressive supranuclear palsy and Parkinson’s Disease38-40. 

 

 

Figure 2.1. The 17q21.31 region contains a megabase long inversion as well as 

regions of known copy number variability, indicated with small black boxes. The 

standard form of the inversion polymorphism is called H1, while the inverted form 

is called H2. 
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It is estimated that the inversion event took place 2.3 million years ago41, 

which is an exceptionally long period of time for a population to maintain both 

haplotypes, as genetic drift should favor the fixation of one allele42. This 

population-genetic oddity led some researchers to hypothesize that the inversion 

was transmitted into humans from Neanderthal gene flow43, but the publication of 

the Neanderthal genome demonstrated that the inversion is unlikely to be of 

Neanderthal origin44. Other possible explanations for the maintenance of these 

two haplotypes include frequency dependent selection, heterozygote advantage, 

and founder effects1,41. 

 In addition to the noteworthy age of this inversion, it also has an unusual 

population distribution. The common H1 allele is predominant in most human 

populations, while H2 is present at a frequency of approximately 20% throughout 

most of Europe, 30% in Southern Europe, and <5% in Africa45. This distribution is 

surprising for a variant estimated to be much older than the date that modern 

humans are thought to have left Africa (100,000 years ago)46, and could indicate 

that the H2 variant has been selected specifically in European populations.  

 An association study in an Icelandic population also supports the idea of 

positive selection. In their analysis, Stefansson et al. observed that women who 

are carriers of H2 have more children than those who are homozygous for H11. 

In addition to this increase in fertility, women who carry H2 have a greater 

number of recombinations in their gametes (p = 0.0002)1. These two traits are 

correlated with each other, and it is thought that an increased rate of 

recombination makes women more fertile by decreasing the odds of a non-

disjunction event in female germ cells47.  
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 The 17q21.31 region also harbors SNPs that associate with various 

phenotypes in GWAS. The region has reported genome-wide significant 

associations with Parkinson's disease38, autism48, Crohn's disease49 and others. 

Interestingly, a recent GWAS examining variation in meiotic recombination also 

found an association with SNPs inside the 17q21.31 inversion region (p=2.4x10-

6)50; however, none of the recombination-associated SNPs reached genome-

wide significance (5.5x10-8)51. 

While the 17q21.31 region contains several interesting phenotypic 

associations, the variants responsible for these associations have yet to be 

identified. Additionally, this region is known to contain multiple multi-allelic copy 

number variants (mCNVs) that have not been characterized. In order to more 

thoroughly understand phenotypic associations and structural history of the 

17q21.31 region, in the following chapters we will describe the accurate mapping 

and typing of its structure in large numbers of individuals.  

 

Haptoglobin (HP) 

Haptoglobin (HP) is a particularly important gene, which codes for both the 

haptoglobin protein (an antioxidant which binds free hemoglobin and cholesterol 

complexes)52,53, and the zonulin protein (a key regulator of intercellular tight-

junctions)54. The HP protein is proteolytically cleaved and held together by 

disulfide bonds55, while zonulin is the pre-processed product of the HP gene54.  
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Figure 2.2. A 1.7 kb duplication affects two exons of the HP gene. The sequence 

affected by this duplication is indicated in blue, while the amino acid changes that 

cause the protein to run faster on a gel are indicated with pink lines. The 

common haplotypes of HP are called HP1S, HP1F and HP2FS. Black arrows 

indicate homologous exons included in the duplication. The black boxes indicate 

the locations of exons.  

 

The haptoglobin (HP) gene contains a seemingly simple 1.7 kb tandem 

duplication polymorphism, which was the second polymorphism to be discovered 

in man56, and continues to be widely studied. This CNV overlaps two exons of 

the HP gene and is polymorphic in every human population yet examined57. The 

duplicated form of haptoglobin is called HP2, while the unduplicated is known as 

HP1. HP haplotypes are also classified by the “F” and “S” alleles, named for their 

bands running “fast” or “slow” on a protein gel, and caused by two directly 

adjacent charge-changing amino acids in exon four (Figure 2.2). The common 

HP haplotypes are called HP1F, HP1S and HP2FS, as the HP2 haplotype 

usually has a copy of the fast and the slow form (Figure 2.2)56,58. These charge-
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changing amino acids do not appear on SNP genotyping arrays, likely due to 

copy number variability, and their LD to other SNPs is not known.  

The HP2 allele is responsible for two striking molecular phenotypes: (1) it 

is required for the creation of the zonulin protein54, and (2) it causes the HP 

protein, which is standardly a dimer, to form trimers or tetramers56. Interestingly, 

it has recently been documented that the duplication is not in high LD with any 

single SNP (max r2=0.16)59, and therefore this important structural variant is 

currently inaccessible to SNP-based association studies. We also note that this 

CNV is not observed with high-throughput CNV detection methods including 

probe intensity and read depth8,60. 

The HP CNV is one of the most highly studied variants in the human 

genome and can be directly typed by PCR or Western Blot61. Thus far in 2014 

alone, more than fifteen studies have directly typed this variant and performed 

association studies to various phenotypes62-77. However, the necessity of directly 

typing HP structural variation severely restricts sample size. While individual 

studies have concluded that the HP duplication variant associates to a variety of 

phenotypes, including susceptibility to malaria, Crohn’s disease78,79, heart 

disease62,80,81, leukemia82-84, and HIV progression85,86, we are not aware of any 

highly significant and reproducible associations (Table 2.2). Furthermore, 

association studies of HP structure that do not integrate nearby SNPs have led to 

controversy about the true causal variant87.  
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Table 2.2. Association studies of the HP CNV to phenotypes have not been highly 

significant and reproducible. The phenotype, population risk allele, sample size, 

and p-value are listed for each study. 

 

 

Promising functional data supports molecular differences between HP 

structural forms in the HP protein’s antioxidant capacity88, macrophage binding 

efficiency89, and the ability to make the zonulin protein, which alters intestinal 

permeability54. However, because large cohort studies for relevant phenotypes 

have used SNP genotyping arrays, which do not effectively capture HP variation, 

and smaller direct-typing studies are likely underpowered, the true phenotypic 

contribution(s) of this highly studied and molecularly functional duplication remain 

uncertain.  
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The evolutionary history of HP structural variation is also not well 

understood. It is thought that the duplication is derived in humans because it has 

not been observed in other primates90. Maeda and Smithies et al. published a 

structural evolution model in which an HP1F haplotype and an HP1S haplotype 

underwent non-homologous recombination, thereby fusing to form HP2FS2. 

However, the lack of a good tag SNP for this common duplication indicates that a 

more complicated structural history is possible. 

It has been proposed that balancing selection acts on the duplication82,91, 

but this idea is difficult to demonstrate, given the uncertain age of the variant 

(estimates range from 100 thousand to 2 million years)59,92. In order to establish 

a role for balancing selection through allele age, a variant must be identical by 

descent and polymorphic in both humans and chimpanzees93,94.  

It will be necessary to further investigate the structural history of the HP 

region in order to understand why HP2 is not in high LD with any SNP and not 

observed in genome-wide scans for structural variation. Additionally, in order to 

demonstrate robust phenotypic associations of HP structural variation to 

phenotype, it will be necessary to develop high-throughput typing methods. 

 

The haptoglobin related gene (HPR) 

The haptoglobin related gene (HPR) is another member of the haptoglobin 

gene cluster, lying 2.2 kb downstream of HP and sharing 90% sequence identity 

with it. HPR was created by an ancient primate triplication of HP, and the HPR 

gene is itself copy number variable in African populations (Figure 2.3)95. HPR is a 

key component of the Trypanosome Lytic Factor complex 1 (TLF1)96. TLF1 
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provides humans with immunity to most species of trypanosome, the cause of 

African Sleeping Sickness97. An mCNV containing the HPR gene was first 

observed in 1986 in African Americans95, but this variation has yet to be fully 

characterized for extent of copy number variation and distribution within African 

populations. We hypothesized that this variant affects susceptibility to human 

trypanosomiasis.  

 

Figure 2.3. The HPR gene segregates as a multi-allelic CNV in African and 

African American populations. The HPR gene is depicted as a lavender box, 

while the HP gene (another member of the HP gene cluster) is shown as a blue 

box. Copy number of up to five has been observed segregating on a single 

haplotype. 

 

Complement component 4 (C4) 

Complement component 4 (C4) is a gene within the human leukocyte 

antigen (HLA) region that contains complex structural variation segregating in 
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both humans and non-human primates. C4 is a critical member of the 

complement pathway, which has roles in both the immune98 and nervous 

systems99,100. Multiple forms of structural variation segregate at C4. There are 

two paralogs of this gene called C4A and C4B, which are defined by five base 

pair differences within a seventeen base pair region and result in functional 

sequence differences. C4A binds to proteins, while C4B binds the hydroxyl 

groups of carbohydrates101. Additionally, the insertion of a Human Endogenous 

Retroviral (HERV) generated a length polymorphism distinguished with the 

names C4L (long) and C4S (short). Finally, the copy number of each of these 

forms varies102 (Figure 2.4). 

 

Figure 2.4. The C4 gene is polymorphic for three types of structural variation: (a) 

A length polymorphism created through the introduction of a HERV. (b) 

Paralogous sequence variation in exon 26 that yields functional differences. (c) 

The entire C4 gene is copy number variable.  
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Variation in C4 and the HLA in general has deep coalescence. A few small 

studies have shown that several great apes share the L/S and A/B 

polymorphisms and are also copy number variable at this locus4,103,104. While 

extensive sequencing and genotyping of the C4 locus in humans has led to a 

thorough understanding of the structural haplotypes segregating in human 

populations (Figure 2.5)105, only a few great apes have been typed at C4.  

 

 
Figure 2.5. The C4 gene is highly structurally polymorphic in humans. The length 

polymorphism in the gene is indicated with a short (C4S) or long (C4L) grey bar. 

The nucleotide differences for the C4A haplotype are shown in red and the 

nucleotides for the C4B allele are shown in blue.  
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While variation in the length polymorphism is present in most Old World 

monkeys and the great apes, the A/B paralog differences are present in apes 

and both Old World and New World monkeys4 (Figure 2.6). The extent to which 

C4 copy number varies in the great apes is unknown. In the following chapters 

we will explore how the frequencies of C4 structural haplotypes vary in different 

non-human primate species, observing structural evolution on a 

macroevolutionary scale.  

 

Figure 2.6. Great ape and monkey species are displayed with information about 

polymorphisms in the C4 gene. A “+” indicates that the species has a certain 

variant, while a “-” indicates that the species appears to lack the variant.  
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In addition to gaining insight into how structurally complex regions evolve 

across species, more extensive C4 typing in primates is relevant to the 

association of C4 to human phenotypes. Work by Aswin Sekar and others in the 

McCarroll Laboratory has shown that structural variants in the C4 gene are 

associated with lupus erythematosus (SLE) and schizophrenia (In preparation). 

Specifically, increased C4A copy number leads to an increase in C4A expression 

in lymphoblastoid cell lines, and both the copy number and expression level of 

C4A are associated with decreased risk of SLE. Conversely, increased 

expression of C4A is associated with increased risk of schizophrenia. In the 

brain, increased copy number of both C4A and C4L increase the expression of 

C4A, and elevated copy number of both of these variants associates to increased 

risk of the disease.  

The C4 haplotype most highly associated with SLE is C4BS and the 

haplotype most commonly associated with schizophrenia is C4AL-C4AL. In the 

following chapters we will investigate the prevalence of these haplotypes in non-

human primates.  

 

 

 

 

 

 

 

 



    23 

 

 

 

 

 

 

 

 

 

Chapter 3 

Designing and applying methods for typing structurally complex haplotypes 
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Current high-throughput methods for identifying structural variants cannot 

define structural haplotypes with multiple alleles 

Current methods used to identify and type copy number variation such as 

qPCR, array CGH, and fluorescent in situ hybridization (FISH) are inadequate for 

studying complex structural variation. Modern genotyping arrays often type both 

SNPs and CNVs genome-wide7. While simple duplications and simple deletions 

can be readily interpreted from this data, other regions are more complex and the 

precise series of mutations contributing to the variation are not obvious (Figure 

3.1).  

Because multiple and often overlapping structural variants segregate in 

structurally complex regions, individual polymorphisms can be difficult to tease 

apart. Due to the difficulty of typing structurally complex loci, they are largely 

omitted from genomics literature.  
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Figure 3.1. Structural polymorphisms depicted by normalized array probe 

intensity. (a) A simple duplication can be inferred from increased array probe 

intensity. (b) A simple deletion can be interpreted from decreased probe intensity. 

(c) Probe intensity differences can have a series of overlapping boundaries from 

which alleles are difficult to determine.  
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High copy number is common in structurally complex regions and is difficult to 

type 

Another challenging aspect of structurally complex regions is that they 

often contain high copy number. Initially, we attempted to measure copy number 

of discrete regions within the 17q21.31 region using qPCR (Figure 3.2) and two-

dimensional summarized array probe intensity (Figure 3.3); however, neither of 

these methods was precise enough for high-confidence genotyping at high copy 

number. Additionally, both these methods only provide relative copy number 

information such that many individuals need to be run at once. 

 

Figure 3.2. Copy number genotyping with qPCR. Known copy numbers are 

plotted in a specific color while unknown values are plotted in black. (a) The 

threshold cycle (Ct) for two fluorophores (FAM and VIC) is shown for each 

individual. Copy number values of three and higher are difficult to determine. (b) 

The median value of VIC Ct minus the FAM Ct is plotted. Higher copy numbers 

cannot be determined with high confidence.  



    27 

 

Figure 3.3. Copy number measurements from the 17q21.31 region using two-

dimensional summarized array probe intensity. Each plot contains a set of 

individuals typed in the same genotyping run. The X axis displays probe 

intensities from the Illumina Human 1M array, while the Y axis shows intensities 

from the Affymetrix 6.0 array. The colors indicate which population each 

individual is from. (a) Summarized array probe intensity measurements for copy 

number genotypes 1-3. For copy numbers 1-3, most individuals localize to a 

specific cluster, allowing copy number determination. Grey circles indicate that 

the copy number could not be determined with high confidence (b) Summarized 

array probe intensity measurements for a region with high copy numbers. While 

there are clearly multiple copy number classes, a minority of copy number 

genotypes could be determined with high confidence. Population identifiers are 

defined in Supplementary Table 1. 
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A new method for understanding the variation in structurally complex 

regions 

In order to better understand the precise structural alleles segregating at 

structurally complex loci, we designed and published a set of methods that 

outlines a step-by-step approach106. Our approach involves  

(i) mapping the breakpoints for each individual structural variant 

using sequence and array data  

(ii) measuring copy number of each variant either by applying the 

Genome STRiP algorithm to whole genome sequence (WGS) 

read depth107 or measuring copy number with a droplet-based 

digital PCR platform (ddPCR)108 

(iii) using patterns of inheritance in trios and statistical phasing in 

populations to determine which structural features segregate 

together on a chromosome.  

These methods are readily scalable, enabling us to examine large panels of 

individuals.  

 

Breakpoint mapping 

The strategy for mapping common breakpoints for structural variants 

depends on the available data and complexity of the locus. The general region 

for a structural breakpoint can be found through next generation sequencing and 

probe intensity by comparing individuals of high copy number to individuals of 

low copy number. Precise breakpoints can be found in non-aligning reads that 

are split-reads, containing the actual structural breakpoint. More complex regions 
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may require cloning and long-read sequencing in multiple individuals. The 

methods used to define structural variants for each of the four regions examined 

in this thesis are discussed below.  

 

Copy number genotyping 

 

Copy number genotyping with droplet-digital PCR  

While qPCR and array probe intensity measurements were unsuccessful 

at typing high copy numbers, we became early adopters of droplet-digital PCR 

(ddPCR) technology, which allows for more precise copy number measurements.  

Briefly, each experiment involves simultaneous interrogation of the CNV 

locus and an invariant two-copy control locus (Figure 3.4). For each locus, we 

designed a pair of PCR primers and a dual-labeled fluorescence/FRET 

oligonucleotide probes. Twenty microliter PCR reactions are compartmentalized 

through emulsion into approximately 20,000 droplets such that each droplet 

contains zero, one, or very few template molecules from each locus. PCR was 

performed on these emulsions and analyzed to count the droplets that were 

positive and negative for each fluorophore. By comparing this molecular count 

between locus X and the control, two-copy locus Y, the integer number of copies 

of locus X in each diploid genome was evaluated. 
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Figure 3.4. Copy number genotyping using the droplet-digital PCR method. The 

left panel shows that two assays are designed: the first to a CNV locus and the 

second to a two-copy control locus. These reactions are placed inside droplets 

and PCR amplification is performed. Each droplet is read for fluorescence in the 

FAM and VIC channels. A given droplet could be positive for FAM only, positive 

for VIC only, positive for both, or negative for both types of fluorescence.  

 

Copy number genotyping with WGS read depth (Genome STRiP) 

As a second method for determining the integer copy number of CNV 

segments in populations, we generalized the Genome STRiP genotyping 

method107 to analyze duplications in low coverage sequencing data from the 

1000 Genomes Project, Phase 160.  

Briefly explained, for each CNV segment, the number of observed 

sequenced reads falling within the CNV segment was counted for each sample, 

and compared to the expected number of fragments per copy at the locus (Figure 

3.5). The expected number of fragments was estimated based on the genome-

wide sequencing coverage, correcting for the alignability of the segment and for 

sequencing bias based on the GC content of the segment.  
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Figure 3.5. Genome STRiP copy number genotyping utilizes WGS read depth. 

(a) Genome STRiP counts the number of observed reads for CNV locus and 

compares this to expected number based on normalized genome sequence 

coverage. (b) A Gaussian mixture model is used to account for statistical 

sampling and to determine copy number. 

 

Using trio inheritance to determine allelic copy number 

We addressed the difficulty of inferring haplotypic contributions to diploid 

copy number using inheritance patterns in trios (Figure 3.6) and employing a joint 

maximum-likelihood analysis of genotypes and allele frequencies when trio data 

was not available or informative.  We considered all possible combinations of 

integer copy number (paternal transmitted, paternal untransmitted, maternal 

transmitted, maternal untransmitted) that were consistent with the diploid copy-

number measurements from all three trio members from ddPCR or WGS read 

depth.   
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Figure 3.6. Examples of trios informing on haploid contribution to diploid copy 

number. Trios composed of father, mother and one offspring were used to 

determine the allelic copy numbers segregating in the population. (a) The father’s 

total copy number is two and the mother’s total copy number is five. Their child 

has a diploid copy number of two indicating that he inherited an allele of copy 

number one from each parent.  (b) In this case a copy number one allele was 

inherited from the father and a copy number two allele was inherited from the 

mother. (c) In this trio a copy number three allele was inherited from the father 

and a copy number four allele was inherited from the mother.  

 

In summary, our strategy for typing variation in structurally complex 

regions involves (1) determining breakpoints for discrete structural variants using 

array or sequence data (2) typing these discrete segments with ddPCR or WGS 

read depth and (3) determining which structural features segregate together 

through inheritance patterns in trios. We used variations on these three basic 
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steps to type the complex structural variation in the 17q21.31, HP, HPR and C4 

loci.  

   

Typing 17q21.31 structural variation 

There is a well known megabase-long inversion polymorphism in the 

17q21.31 region41, but there are also multiple uncharacterized copy number 

variants. To understand the structural alleles segregating in this region, we 

sought to identify and type all structural variants and determine how they relate to 

one another.  

To identify the genomic span of each CNV in the 17q21.31 region, we 

used a combination of array and sequence data to pinpoint the breakpoints of 

each CNV. As a first step, we identified (at kilobase resolution) the estimated 

span of CNV segments using array-based data, and these were further refined 

by comparing read-depth profiles. This analysis used low-coverage sequence 

data from the 1000 Genomes Project, pooled across individuals with shared high 

or low copy number and then compared between these two groups. Searching 

the 1000 Genomes data for split reads identified precise breakpoints of these 

rearrangements.  

We used several specific SNPs that serve as tags for orientation to 

determine the inversion state (H1 or H2). Through plotting copy number dosage 

for CNV Regions 1 and 2 in the context of the inversion state, we were able to 

discern two distinct yet overlapping duplications, which we named α and β. 

(Figures 3.7, 3.8). CNV Region 3 contains a non-overlapping section of a third 

duplication, which we named γ. (Figure 3.8).  
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a           b 

 
 

 
Figure 3.7. Relating the inversion to duplications. Comparison of copy number in 

Region 1 and Region 2 in the context of H1/H2 haplotype orientation makes it 

clear that copy number is influenced by two separate duplication polymorphisms 

segregating with different inversion states. Three main observations underlie this 

determination. (1) Copy number of Region 1 was always equal to copy number of 

Region 2 in H1 homozygotes. (2) Copy number in Region 2 was (in all but two 

cases, described below) equal to the sum of (i) copy number of Region 1 and (ii) 

the number of H2 haplotypes that an individual carries.  This indicated that a 

duplication of Region 2 is present on most H2 haplotypes. (3) Copy number in 

Region 1 was only greater than two in individuals with at least one H1. These 

data indicated the existence of a long duplication which overlaps Region 1 and 

Region 2 segregating on the H1 background, and a shorter duplication 

overlapping Region 2 segregating on the H2 background. 
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Figure 3.8. (a) Assays for Regions 1, 2, and 3 were designed to target copy 

number of α β and γ. Copy number of three copy number–variable segments of 

17q21.31 was measured in populations using two approaches: analysis of read 

depth in WGS libraries available for 942 individuals from the 1000 Genomes 

Project Phase 1, which we applied to measure copy number of Region 1, Region 

2 and Region 3, and a ddPCR approach, which we applied to analyze parent-

offspring trios from HapMap at specific sites within Region 1, Region 2, and 

Region 3. Copy number of three copy number–variable segments of 17q21.31 

(part a) was measured in populations using two approaches: analysis of read 

depth in WGS libraries available for 942 individuals from the 1000 Genomes 

Project Phase 1, which we applied to measure copy number of Region 1 (b), 

Region 2 (c) and Region 3 (d), and a ddPCR approach, which we applied to 

analyze parent-offspring trios from HapMap at specific sites within Region 1 (e), 

Region 2 (f) and Region 3 (g). (Note that the frequencies of these copy-number 

classes are not identical in b–d and e–g, as their frequencies stratify by 

population, and the samples surveyed only partially overlap.) (h–j) 

Determinations of copy number were concordant for genomes analyzed by both 

methods in Region 1 (h), Region 2 (i) and Region 3 (j). 
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Figure 3.8 (continued) 
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In order to determine which structural features segregate together on a 

haplotype, we used inferences from inheritance patterns in trios and maximum 

likelihood analysis. While most haplotypes were decipherable using trios alone, 

others were estimated with a joint maximum-likelihood analysis of genotypes, 

allele frequencies and inheritance patterns in trios. Each population was 

analyzed separately. We considered all possible combinations of integer copy 

number (on each of the four haplotypes in a trio: paternal transmitted, paternal 

untransmitted, maternal transmitted, maternal untransmitted) that were 

consistent with the diploid copy-number measurements from all three trio 

members from ddPCR. 

Using the copy number calls for each region, inheritance in trios to 

determine alleles, and inversion defining SNPs, we determined the haplotypes 

segregating in three populations (Figure 3.9). We learned that the numerous 

structural features of 17q21.31 segregate in a limited number of combinations, or 

nine structural haplotypes. 

We found that the 17q21.31 inversion region contains a structural form 

with sequence in the standard orientation (HP1) and two segregating tandem 

duplications (β and γ). We also determined that the inverted form (HP2) has two 

duplications segregating (α and γ); however, these duplications are dispersed on 

the HP2 form (Figure 3.9). 
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Figure 3.9. Structural forms of the human 17q21.31 locus and their population 

frequencies. Each haplotype is represented in a simplified form to highlight major 

structural differences. The schematic (bottom) indicates which genomic segment is 

represented by each color. The gray arrows indicate the orientation of the unique 

inverted region within 17q21.31. The α, β, and γ structural polymorphisms 

segregate as the nine common haplotypes shown. The table (right) lists allele 

frequencies for the nine structural haplotypes in different populations. YRI, Yoruba 

in Ibadan, Nigeria; CHB, Han Chinese in Beijing; CHS, Han Chinese South; CEU, 

Utah residents of Northern and Western European ancestry.  

 

The H2 structural form and the α and β duplications were absent from 

both the African and Chinese populations. Interestingly, the haplotypes with the α 
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and β duplications (H1. β 2.γ1 and H2. α 2.γ2) are common in the CEU population, 

but absent from the YRI, CHB, and CHS populations. 

 
 
Typing HP structural variation  

The structure of haptoglobin has been studied since the 1950s56,58; 

however, current strategies for typing HP structural variation are low throughput 

and often incomplete, omitting differences between the F and S forms. We aimed 

to develop methods to type all structural polymorphisms in the HP gene and 

understand their frequency distributions in different populations.    

  While the breakpoint for the HP2 duplication was previously determined2, 

we also sought to also type the F/S variant for each haplotype. We began by 

comparing the left (HP-Left) and right (HP-Right) copies of the HP duplication (as 

they differ in the F/S variant) and noticed that the copies of the duplication are 

highly diverged from one another: HP2-Left is more closely related to the 

chimpanzee HP sequence than it is to HP2-Right (Figure 3.10a). This is an 

abnormal pattern for a human-specific duplication. Further inspection revealed 

that the HP2-Left and HP2-Right divergence is confined to a 300 base pair region 

and has high homology to HPR. A sequence comparison of HP-Left, HP-Right, 

and HPR confirms that a majority of this segment of HP2-Left that overlaps exon 

4 is nearly identical to HPR (Figure 3.10b).  
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Figure 3.10. HP2-Left and HP2-Right are highly diverged. (a) A phylogeny 

constructed from regions homologous to the HP duplication in various species 

and paralogs in respective reference sequences. This phylogenetic tree shows 

that HP2-Right is more closely related to chimpanzee HP than it is to HP2-Left.  

(b) Representation of an alignment that identifies the non-matching base. Dots 

on this plot identify the outlier sequence that does not match the other two. The 

blue dots indicate a region in which HP2-Left and HPR match each other, while 

HP2-Right is different. The red dots indicate locations of bases where HPR and 

HP2-Right have the same base, while HP2-Left is different. The green dots 

indicate the bases at which HP2-Left and HP2-Right have the same base and 

HPR is different. The bottom diagram demonstrates the location of HP2-Left and 

HP2-Right within the HP gene.  
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We examined the ancestral state of HP in this region by sequencing the 

HP gene of several great apes (Figure 3.11, Supplementary Figure 1) and 

interpreted that a large segment of the differences between HP2-Left and HP2-

Right were due to derived paralogous gene conversion from the nearby HPR 

gene, while another segment was highly diverged between HP2-Left and HP2-

Right, but does not result from a recent paralogous gene conversion event as 

each haplotype contains a mix of derived and ancestral variants (Figure 3.11, 

Appendix Figure 1).  

Next, we sequenced the HP structurally variant region of twenty-eight 

haplotypes (Supplementary Figure 2) from diverse SNP haplotype backgrounds 

determined by SNPs from the 1000 Genomes Project low coverage sequence. 

We found that the HPR paralogous gene conversion (first observed on HP2FS) is 

also present on HP1F (Figure 3.11) and responsible for the “fast” amino acid 

changes on both haplotypes. Additionally, we also found an HP2 form lacking the 

HPR gene conversion, which we call HP2SS, because it has two of the slow 

forms (3.11).  
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Figure 3.11. HP haplotypes contain paralogous gene conversion from HPR and a 

highly diverged region. (a) The polymorphic bases which define each region are 

shown. Haplotypes of HP in humans, human HPR and great ape HP are 

compared and the coordinates of each region are shown for hg19, which 

corresponds to HP2FS. The region of the duplication is shown in blue. The HPR 

gene conversion region in shown in lavender, while the non-gene converted form 

remains shown in blue. Form L of the highly diverged region is shown in pink, 

while Form R of the highly diverged region is shown in green. The black boxes 

indicate the locations of exons. HPR gene conversion is derived in human 

HP2FS and HP1F. The ancestry of the highly diverged region is unclear. See 

Supplementary Figures 1 and 2 for complete alignments.  

 

In order to type these polymorphisms at the population scale, we designed 

ddPCR and PCR assays to each regional breakpoint including the HPR gene 

conversion and the highly diverged region (Figure 3.12a). We typed these 

polymorphisms in 589 individuals from four populations (Figure 3.12b), and 
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verified that the haplotypes transmit faithfully in trios. All but three of the typed 

individuals were homozygous for one of the four structural alleles shown above. 

The exceptions were a triplication variant, and deviations from the common 

breakpoints for the HPR gene conversion and the highly diverged region.   
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Figure 3.12. Typing breakpoints for common HP variation. The blue region 

represents the sequence that is duplicated. The lavender region is affected by 

paralogous gene conversion from HPR. The pink and green regions represent 

segments that are highly diverged between HP2-Left and HP2-Right. The black 

boxes indicate the locations of exons. (a) DdPCR and PCR assays (A-E) 

designed to the breakpoints of different HP variants. The table to the left lists the 

copy number result for each assay on each haplotype. For example, all five 

assays have a copy number of zero on the HP1S haplotype. For haplotype 

HP1F, the A and B assays yield copy number one, while the other assays yield 

copy number zero. (b) The frequency of each haplotype is indicated for each 

population. YRI, Yoruba from Ibadan, Nigeria; CEU, Utah residents of Northern 

and Western European ancestry; IBS, Iberians from Spain; TSI, Tuscans from 

Italy. 
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The frequency of the four major HP structural haplotypes is different 

between European and African populations. In fact, Europe and Africa have 

different major haplotypes (HP2FS in Europe and HP1F in Africa). Additionally, 

the HP2SS haplotype was not observed in Africa. 

 

!
Typing HPR structural variation 

It was documented in the 1980s that the HPR gene has segregating high 

copy number haplotypes in African Americans. Additionally, the breakpoints of 

this duplication had previously been observed through Sanger sequencing95. 

However, the extent to which this tandem duplication has expanded and the 

duplication’s distribution throughout Africa was not well understood.  

We determined the HPR copy number using both ddPCR and WGS read 

depth in the YRI and LWK populations. We found that our copy number calls 

were 92% concordant overall and 68% concordant for high copy numbers 

between these two methods. Disagreements between the two methods were 

resolved with triplicate ddPCR measurements.  

We then used trios to determine haploid copy number for each individual.  

Previously, copy numbers of up to five on a single haplotype had been published, 

but our results show haplotypes with up to eight tandemly arranged copies of 

HPR (Figure 3.13a). Interestingly, we observe that the distribution of HPR copy 

numbers is bimodal: the most frequent copy number class is one followed by five 

(Figure 3.13b). 
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Figure 3.13. (a) The structural haplotypes of HPR are shown along with 

the frequencies determined. Tandemly arranged HPR genes are shown in 

purple. (b) The frequency of specific HPR copy numbers is plotted. The most 

common haplotype has copy number one and the second most common has 

copy number five. The distribution of copy numbers is bimodal.!!  
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Typing C4 structural variation 

Complement component 4 (C4) is a gene within the HLA region that 

contains complex structural variation in both humans and non-human primates. 

Sequence variants define two paralogous forms of this gene (C4A and C4B), 

which bind either proteins (C4A) or carbohydrates (C4B)101. Additionally, there is 

a length polymorphism distinguished with the names C4L (long) and C4S (short).  

Previous research in a small number of individuals has shown that these 

structural polymorphisms also vary in other primates103. To understand how this 

structure has evolved in different species of great ape, we applied our methods 

for typing structurally complex loci to C4 in several populations of humans and 

chimpanzees, as well as to other primates: bonobos, gorillas, orangutans. While 

five fixed nucleotide variants differentiate C4A from C4B in humans, these can 

differ among primates. We chose to define the C4A/C4B difference by a single 

base that governs function (protein or carbohydrate binding). Sanger sequencing 

was performed to identify the sequence differences between C4A and C4B 

defining bases in each species of great ape (Figure 3.14).   
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Figure 3.14.  Defining sequences for C4A/C4B in great apes. Nucleotides that 

define the difference between C4A and C4B in humans are colored in either red 

(C4A) or blue (C4B). Bases that differ between non-human primates and humans 

are printed in bold and underlined. C4B’ was defined for the orangutan due to 

variation among its C4B sequences.  

 

DdPCR assays were designed to C4A and C4B and C4S for several great 

ape species. Because genomic variation is not well known among great apes, it 

was difficult to develop a control assay in which we had confidence that there 

was neither copy number variation nor nucleotide variation. We ultimately 

designed an assay to a mammalian ultra-conserved element (UCE) identified in 

Derti et al. 2006109. Both the nucleotide sequence and copy number of ultra-

conserved elements are highly conserved between species and these sequences 

play a role in chromosomal pairing during meiosis. We chose a specific region of 
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a UCE (chr12:106976559-106976654, hg19) that is identical and single copy in 

the reference sequences of humans, the great apes, dogs, horses and other 

mammals. 

Using these assays we typed twenty western chimpanzees (Pan 

troglodytes verus), four central chimpanzees (Pan troglodytes troglodytes), eight 

bonobos (Pan paniscus), and three gorillas (Gorilla gorilla) (Figure 3.15). 

 

 

Figure 3.15. The frequencies of copy numbers for C4A (left column), C4B (center 

column) and C4S (right column) are plotted for different great ape populations 

and species: top row (western chimpanzee), second row (central chimpanzee), 

third row (bonobo), fourth row (gorilla).  
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While trios were not available for these great apes, we discerned the likely 

haplotypic confirmation of each structure based on frequency (Figure 3.16).   

!

 

Figure 3.16. The frequency of inferred C4 haplotypes for great ape species and 

populations. The most common haplotype in all species is C4A-C4B. Of the 

species and populations sequenced here, the Central Chimpanzees have the 

greatest amount of diversity at this locus.  

 

Summary of typing structurally complex regions 

The 17q21.31 region, HP, HPR and C4 contain very different forms of 

complex structural variation, yet all were able to be typed (Figure 3.17) on a large 

scale using three basic steps: (1) mapping breakpoints for each discrete 

structural variant, (2) typing the copy number of each variant using ddPCR or 

WGS read depth, and (3) determining which variants segregate together on a 

haplotype using trio inheritance and population frequency information.   
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Figure 3.17. Structural haplotypes at four structurally complex regions. Structures 

are identified in legends below each figure. (a) Haplotypes at 17q21.31. The 

orientation of the arrow indicates the standard (H1) orientation, or the inverted 

(H2) orientation. The colored boxes indicate duplications. (b) The common 

structural haplotypes of HP are shown. Exons of HP are represented with by 

black boxes, while structural changes are indicated with color. (c) Seven 

structural haplotypes of HPR showing different numbers of tandemly arranged 

copies of the HPR gene. (d) The common human and great ape structural 

haplotypes of C4 are shown. The long and short forms are distinguished by 

different length of grey rectangle, while the sequences differences (C4A vs. C4B) 

are indicated with colored boxes.  

!
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In the next chapter we will explore how these different forms of complex 

structural variation evolved by examining the SNP haplotype backgrounds on 

which each structural haplotype segregates.  

!

!

Contributions 

I designed the methods for typing complex structural variation under the 

guidance of Steve McCarroll. I designed all experiments and molecular assays, 

performed all molecular experiments, and did all data analysis in this chapter 

excluding the contributions of others mentioned below. The methods for typing 

complex structural variation were developed jointly with Aswin Sekar. Aswin 

Sekar provided advice for experiments involving the C4 gene. Robert Handsaker 

performed the read depth analysis using Genome STRiP. Mike Zody analyzed 

clone sequence of the 17q21.31 to infer breakpoints and haplotypes of structural 

variation. David Reich provided some of the great ape DNA samples for the 

analysis of C4. 
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Chapter 4 

Understanding how complex structure evolves within populations, across 

populations, and across species 
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Introduction 

Applying our methods for understanding structurally complexity across a 

diverse array of loci allows us to gain insight into the patterns of structural 

evolution within and between different genomic regions, populations, and 

species. While some structural changes are unique in our dataset such as the 

inversion on 17q21.31, other structural features are common to multiple loci such 

as multi-allelic CNVs as in HPR and 17q21.31.  

In this chapter we will develop hypotheses about how the structure of each 

of these loci evolved. Specifically, we use information from the SNP haplotypes 

surrounding each structurally variant region to determine which structural 

haplotypes are more closely related.  

 

17q21.31 structural evolution 

While the frequencies for the different structural haplotypes in the 

17q21.31 region vary widely between populations, we hypothesized that the 

structural diversity at 17q21.31 arose from a definable series of structural muta-

tions; each mutation likely arose on a specific haplotype and may continue to 

segregate on that haplotype.  

We analyzed the SNP haplotypes on which each 17q21.31 structural form 

segregates in European populations (Figure 4.1). The structural forms of 

17q21.31 were strongly associated with SNP haplotypes on both sides of the 

distal end of the 17q21.31 inversion, where the polymorphic CNV copies reside 

(Figure 4.1).  
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Figure 4.1. Structural forms of 17q21.31 segregate on specific SNP haplotype 

backgrounds. The plot shows homozygosity and divergence (due to mutation and 

recombination) of the SNP haplotypes on which each structural form segregates 

in the European (CEU) trios analyzed in HapMap 3. The polymorphic CNV 

copies at the right end of the 17q21.31 inversion reside between the two origins 

of this plot (center). SNPs on the left half of the plot therefore reside within the 

unique inverted region of 17q21.31, whereas SNPs on the right half of the plot 

are distal to the 17q21.31 inversion. Branch points represent markers at which 

the depicted haplotypes diverge due to mutation and/or recombination with other 

haplotypes. In the plot, the structures are represented on the leaves in order to 

clarify their relationships to SNP haplotypes, but the variable parts of these CNVs 

actually reside (in genomic space) within the gap at the center between the two 

origins on the plot. The structural forms segregate on characteristic SNP 

haplotypes, both inside and outside the inversion region. Statistical imputation of 

structural alleles uses SNPs on both sides of the CNVs together with more 

distant markers not shown here. 
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Figure 4.1 (continued) 

 

 

Comparing 17q21.31 structural forms (Figure 3.9) and observing 

similarities in SNP haplotype backgrounds for each structural haplotype (Figure 

4.1) one can infer the likely mutational steps in the evolution of structure: a 
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duplication originates on a specific haplotype and then continues to expand on 

that haplotype (Figure 4.2). We can see that the duplications existing in tandem 

(on H1) have both expanded to become multi-allelic, while the dispersed 

duplications (on H2) appear stable and remain biallelic (Figure 4.2). One 

explanation for this phenomenon is that tandem duplications are predisposed to 

further duplication events due to the proximity of homologous sequence enabling 

non-allelic homologous recombination (NAHR)110.  

While most structural mutations likely are selectively neutral and may 

expand or contract due to random chance, measures such as population 

differentiation can be informative for inferring selection. For example, if a variant 

is rare or absent in most populations, but at high frequency in a specific 

population, this may indicate that the variant underwent a rapid rise in frequency, 

which can be due to positive selection.  

 

Figure 4.2. The evolution of 17q21.31 CNVs can be inferred as a series of 

duplication expansions. The left panel shows a structural phylogeny, which 

outlines a series of mutational steps that result in the present-day structural 

haplotypes of 17q21.31. The frequency of each structural haplotype is displayed 

for three populations.  
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While the H2 inversion is common in west Eurasians and rare in most 

other populations, which has been attributed to recent positive selection1, we 

found that other structural variations at 17q21.31 show even greater population 

differentiation. Two distinct duplications (α and β), each affecting the 5′ coding 

exons of the KANSL1 gene, have arisen independently on the H1 and H2 back-

grounds and together comprise almost half of all forms of chromosome 17 in 

Europeans. In order to determine if the frequency increases of the α and β 

duplications are statistically significant, we calculated the fraction of SNPs that 

had a similarly high derived allele frequency in the European populations 

sampled (CEU, FIN, GBR, IBS, TSI); and that had a similarly low derived allele 

frequency across the non-European populations sampled (CHB, CHS, JPT, 

LWK, YRI) (Supplementary Figure 3).  

We observed the α duplication segregating at an allele frequency of 19% 

in CEU and appearing only once among the 942 non-European chromosomes 

sampled by 1000 Genomes. For comparison, of 7,013 SNPs with allele 

frequency between 18% and 20% in Europe, only 37 SNPs (0.53%) were 

observed 0-1 times among the non-European population samples. 

Evaluating the β duplication (allele frequency 26% in CEU, and not 

observed at all among the 942 CHB, CHS, JPT, LWK, and YRI chromosomes 

sampled in 1000 Genomes Phase 1), out of 6,127 SNPs with allele frequency 

between 25% and 27% in Europe, 4 SNPs (0.065%) were monomorphic in the 

non-European populations. These observations place both the α and 

β duplications among the human genome’s most population-differentiated 

polymorphisms. The α and β duplications have reached these highly 
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differentiated allele frequencies in parallel at the same locus and in the same 

populations, in a pattern similar to that observed at other loci (such as the LCT 

and APOL1 loci in African populations)111,112 that have undergone recent positive 

selection. 

We estimated two dates for each duplication: the time to coalescence of 

contemporary haplotypes and the age of the duplication events. The first can be 

estimated from the divergence of sequences flanking the duplications, the 

second by comparing the sequences of the duplication copies. To generate these 

data, we selectively captured and sequenced the 17q21.31 region in H1.β2 and 

H2.α2 homozygotes. We estimated the coalescence of the sampled β-duplicated 

H1 chromosomes at 12,000 years ago. Divergence of otherwise unique 

sequences within the β duplication suggests that the duplication itself occurred 

20,000–27,000 years ago. For the α-duplicated H2 chromosomes, we estimate 

an average coalescence of 17,000 years ago, but the duplication itself seems to 

have occurred much earlier (>1 million years ago) than it rose to high frequency 

in west Eurasia, indicated by the large divergence of sequence within the 

α duplication.  

 

HP structural evolution  

A key mystery surrounding the evolution of HP structural variation is why 

no SNP is in high LD with the CNV. The currently accepted model of HP 

structural evolution proposed that HP2 arose through the fusing of two diverged 

HP1 alleles (HP1F and HP1S)2, and is a textbook example of non-homologous 

recombination113. However, we hypothesized that the HP CNV’s lack of LD to 
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surrounding SNPs indicates a more complex structural history. We began by 

phasing the HP structural alleles onto SNP haplotype backgrounds from the 1000 

Genomes Project whole genome sequence using Beagle114.  

We first sought to understand why the HP CNV is not in high LD with any 

SNP. We considered that the forces which decrease linkage disequilibrium 

between proximal loci are (1) recombination and (2) recurrent mutation. We 

reasoned that if recombination were frequent in the HP structurally variant region, 

we would observe both low LD between SNPs and structure and low LD between 

SNPs on either side of the structural variants. Conversely, if HP structure were 

affected by recurrent mutation, we would observe low LD between SNPs and 

structure, but high LD between SNPs on either side of the structurally variant 

region (Figure 4.3). 

We observed that SNP haplotypes almost always persist through the 

structurally variant region: common SNPs which reside on opposite sides of the 

CNV segregate with different structures and are routinely in high linkage 

disequilibrium with each other (r2 >0.9) (Supplementary Figure 4). Likewise, a 

genome-wide scan of recombination rates has documented the lack of a 

recombination hotspot in this region115. These results are inconsistent with the 

hypothesis of high recombination and support recurrent structural mutation at 

HP.  
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Figure 4.3. SNP haplotype background for HP structural haplotypes.!This plot 

displays the SNP haplotypes (10 kb on each side) segregating with the HP 

structural variants. Each horizontal line represents an individual SNP haplotype. 

White represents the minor allele and grey indicates the major allele across the 

pooled populations (CEU, IBS, TSI, YRI). Population identifiers are defined in 

Supplementary Table 1. YRI individuals are indicated with red bars to the left of the 

plot. Haplotypes were first grouped by structure, then upstream SNP haplotypes 

were clustered by the k-means method, and downstream haplotypes were assigned 

the same order. Similar SNP haplotypes carrying different structures are indicated 

with colored outlines (orange, green, purple, blue). 
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Figure 4.4 (a) A simplified alignment diagram shows base pair differences 

between HP structural forms inside the structurally variant region. Only the 

polymorphic bases are depicted. HP1S lacks the paralogous gene conversion, 

while HP2SS-Left contains only the right portion. Form L of the highly diverged 

region is only present on HP2 alleles. (b) The current model of HP structural 

evolution is that and HP1F and an HP1S recombined to form HP2FS; however, 

HP1F and an HP1S allele do not have the necessary sequence to form either 

HP2 allele as neither HP1 has Form L of the highly diverge region. (c) HP2FS 

contains the necessary sequence to mutate into HP1S and HP1F through 

different deletion events. The deletion event which could create HP1S is depicted 

in blue, while the HP1F deletion event is shown in orange. In both cases the 

deleted sequence is underlined with a dashed line, while the preserved sequence 

is shown inside a box. 
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Next, we considered the directionality of the potential recurrent structural 

mutation. HP1 could either recurrently duplicate to become HP2, or HP2 could 

experience deletions to form new HP1 alleles. We examined the structural forms 

to determine if each scenario is equally likely. We observed that while HP1F 

contains HPR gene conversion, as on HP2FS-Left, neither HP1 allele has the 

Form L form of the highly diverged region (Figure 4.4). 

Because Form L of the highly diverged region is not present in either of 

the HP1 structural alleles (Figure 4.4a), a new HP2 cannot be created by a 

simple tandem duplication, or by a fusion of HP1F and HP1S as is the current 

model2 (Figure 4.4b). However, we observed that both HP1F and HP1S could be 

created by simple deletions in HP2FS (Figure 4.4c).  

In fact, an HP2 to HP1 deletions have been observed at low frequency in 

the somatic and sperm cells of homozygous HP2 individuals (mutation rate: 

8x10-6 per cell)116, demonstrating that the HP gene is predisposed to this 

structural mutation. 

We next hypothesized that if HP2 deletion events occur regularly, we may 

be able to observe recent deletions using long and specific SNP haplotypes. 

While the above short SNP haplotypes can be similar across many individuals, 

we reasoned that observing longer SNP haplotypes and considering all 

mutations and recombination events, would allow us to observe small groups of 

closely related haplotypes. We phased structural variation with a longer section 

of adjacent SNP haplotypes and created a tree diagram to group highly similar 

haplotypes (Figure 4.5).  



    64 

 

Figure 4.5. Lone HP1S alleles segregate with common HP2FS SNP haplotypes. 

The plot depicts homozygosity and divergence (due to mutation and 

recombination) of the SNP haplotypes on which each structural form segregates 

in European populations (CEU, IBS, TSI) and one African population (YRI). 

Branch points represent markers at which the depicted haplotypes diverge due to 

mutation and/or recombination with other haplotypes. We observe four HP1S 

alleles (indicated with blue arrows 1-4), segregating with HP2FS haplotypes for 

at least 20 kb surrounding the CNV on both sides. The African individuals are 

identified with a dot after the colored leaf. The red * indicates a SNP haplotype 

which segregates with HP1S in European populations and HP2FS in YRI. In the 

plot, the structures are represented on the leaves in order to clarify their 

relationships to SNP haplotypes, but the CNV actually resides (in genomic 

space) within the gap at the center between the two origins on the plot.  
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While most branches of the tree resolve into groupings of single structural 

haplotypes, several majority HP2FS branches contain single HP1S haplotypes. 

The structure of these HP1S alleles was phased with SNP haplotypes using the 

Drop-Phase method117, in which DNA from physically linked alleles is partitioned 

into the same nanoliter-sized droplets more often than variants on separate 

chromosomes. 

The observation that these HP1S structures segregate on standard 

HP2FS SNP haplotype backgrounds indicated to us that they may result from 

recent deletion events. We selected four putative deletion HP1S alleles, which 

each had a minimum of 20 kb perfectly matching HP2FS haplotypes on each 

side of the structurally variant region, for sequencing. We sequenced the 

structurally variant region in each putative recent deletion allele and the 

corresponding region in an HP2 allele from the same SNP haplotype branch. In 

each case we found that the HP1S sequence more closely resembled the HP2 

from the same SNP haplotype than other HP1S alleles (Figure 4.6). While none 

of the sequenced HP1F alleles contained derived variation apart from the HPR 

gene conversion and highly diverged regions, the sequence was consistent with 

HP2FS sequences on similar SNP haplotypes (Supplementary Figure 2). 
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Figure 4.6. An alignment showing variation inside the structurally variant region 

from HP2 and HP1 structural alleles, which segregate with the same SNP 

haplotype background. The numbers 1-4 indicate the HP1S allele from Figure 

4.5. Nucleotides that define the gene conversion and highly diverged region are 

shown along with other derived alleles (shown in white). HP2-Right and HP1 

deletion alleles on the same SNP haplotype background share most derived 

mutations inside the structurally variant region.  

 

We next considered HP structural evolution at the population level. HP2 is 

thought to be derived in humans since all other great apes are fixed for HP1, but 

we wondered if adjacent SNP haplotypes for HP1 or HP2 would appear less 

bottlenecked. Older variants segregate on more diverse SNP haplotypes 

because they have had more time to accumulate mutations. We found that SNPs 

proximal to HP2 harbor a greater level of diversity than SNP haplotypes 

surrounding HP1 in both African and European populations (Figure 4.7), 

indicating that modern HP2 haplotypes pre-date most HP1 haplotypes.  
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Figure 4.7. Measures of pairwise diversity (π) for HP1 and HP2 alleles within 

three populations. The 95% confidence intervals were obtained through 1000 

bootstrap iterations. 

 

Figure 4.3 shows that HP1 SNP haplotypes are each closely related to a 

specific class of HP2 SNP haplotype. We next quantified this distance in order to 

identify potential ancestral HP1 alleles (Supplementary Figure 5). While the vast 

majority of HP1 alleles appear closely related to specific class of HP2, we cannot 

rule out that a small number of segregating HP1 alleles are ancestral and not 

derived deletions (Supplementary Figure 6). 

We propose that the HP CNV is not in high LD with any SNP due to 

recurrent HP2 to HP1 deletion events, which have occurred on a variety of 

distinct SNP haplotype backgrounds. 
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The idea that the HP2 allele is ancestral to HP1 among common 

haplotypes led us to wonder if HP2 and HPR paralogous gene conversion could 

be observed in our hominoid relatives. Previous estimates for the age of the HP 

CNV vary from 100 KYA to 2 MYA59,92. By examining high-coverage (~30x) 

Neanderthal118 and Denisova119 genomes, we observed that both species had 

alleles consistent with the human HP2FS haplotype (Supplementary Table 2). 

Because the HP2FS haplotype segregates in humans from every continent, 

including Africa, its presence in early hominins indicates that this haplotype was 

segregating in the ancestor of all three species and is not the result of 

introgression. The divergence time of these species is 400 to 600 KYA120, which 

provides a lower-bound estimate for the age of both the HP CNV and the gene 

conversion from HPR, and both forms of the highly diverged region. 

In order to confirm that the HP duplication is derived in humans, we 

assayed the breakpoint between the HP-Left and HP-Right segments in a panel 

of 64 chimpanzees and bonobos. None of the examined individuals produced an 

amplicon for this assay, indicating that they are all HP1-HP1 homozygotes.  

 

HPR structural evolution 

The observation of 17q21.31 tandem duplication expansions led us to 

investigate the HPR region, which appears to have undergone a more extensive 

and rapid duplication expansion. While the γ duplication in 17q21.31 region was 

observed at copy numbers up to four on a single haplotype, we observed copy 

numbers of up to eight on a single haplotype for the HPR gene (Figure 3.13). 
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Interestingly, copy number at HPR is bimodal with the most common haplotypes 

being HPR.1 and HPR.5. 

Unlike the γ duplication in 17q21.31, which segregates in European, Asian 

and African populations, elevated copy number at HPR is perhaps more recent 

and is confined to African populations65. Supporting the idea that the HPR mCNV 

is relatively new, we estimated the coalescence of four sequenced HPR 

haplotypes with elevated copy number to be fairly recent (28 kya, 95% CI: 16-42 

kya). Additionally, we can see from a haplotype plot of the SNPs surrounding 

HPR that all haplotypes with elevated copy number reside on a similar SNP 

haplotype background (Figure 4.9). This pattern suggests that present diversity is 

descended from a single duplication event. These lines of evidence support the 

model that HPR copy number underwent a rapid run-away expansion after one 

initial duplication.  
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Figure 4.9. Elevated HPR copy number alleles segregate on highly similar SNP 

haplotype backgrounds. The plot shows homozygosity and divergence (due to 

mutation and recombination) of the SNP haplotypes on which each structural 

form segregates in the three African (or African-derived) populations. SNPs on 

the left half of the plot exist upstream of the HPR duplication, whereas SNPs on 

the right half of the plot are downstream. Branch points represent markers at 

which the depicted haplotypes diverge due to mutation and/or recombination with 

other haplotypes. In the plot, the structures are represented on the leaves in 

order to clarify their relationships to SNP haplotypes, but the variable parts of 

these CNVs actually reside (in genomic space) within the gap at the center 

between the two origins on the plot. The group of haplotypes with elevated copy 

number resides on a similar SNP haplotype background; however, haplotypes 

with the same copy number do not cluster together within this group. Allelic copy 

number was ascertained in trios for the YRI population, and using a population-

based maximum likelihood method for the ASW and LWK populations. 
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Figure 4.9 (continued) 
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In order to better understand the distribution of the CNV in African 

populations, we used phased CNV and SNP haplotypes as an imputation 

reference panel to impute the presence or absence of elevated copy number at 

HPR into other populations in and around Africa. 

 

 

Figure 4.10. The frequency of elevated copy number at HPR in populations in 

and around Africa. The table lists each population as well as the number of 

imputed haplotypes used in the analysis. The left column indicates the number 

used to designate the population on the map. The number on each pie graph on 

the map indicates the identity of the population. The pink color indicates 

haplotypes imputed as having elevated copy number at HPR (2+), while the grey 

indicates haplotypes that were imputed as copy number 1.  
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We found the highest frequency of elevated copy number in the Dinka 

population and noted several populations in which we imputed no alleles with 

elevated copy number: San, Mbuti Pygmy, Hadandawa, Baniamer. Additionally, 

the HPR CNV segregates at low frequency in multiple populations in the Middle 

East (Figure 4.10). 

Unlike the interpretable series of mutations that likely gave rise to 

17q21.31 structural haplotypes, the HPR rapid expansion of a single element to 

high copy number leaves the evolutionary steps that created these haplotypes 

uncertain. One could imagine that duplications could accumulate in a stepwise 

fashion (one at a time), or make large jumps (e.g., four copies to seven copies). 

The observation that haplotypes carrying the same copy number do not always 

have the most similar SNP haplotype backgrounds also supports the model of a 

complicated mutational history (Figure 4.9).  

!
!
!
C4 structural evolution 

On a macroevolutionary scale, ancestral structural polymorphisms often 

become lost or fixed for different alleles in descendent species due to genetic 

drift, creating fixed differences between closely related organisms. However, 

regions like the HLA are known for deep coalescence121, and the C4 gene in this 

region is no exception. Our research confirms that both the length and sequence 

polymorphism vary in orangutans and humans, while the other great apes lack 

the C4L form. By comparing great ape species, we found that the sequence 
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differences between C4A from C4B can differ both between and within species 

(Figure 3.14). 

 In all Chimpanzee populations, Bonobos, and Gorillas in our study, the 

C4AS-C4BS haplotype is the most common (Table 4.1). While we see that 

Western Chimpanzees (Pan troglodytes verus) have at least four structural 

haplotypes, only the C4AS-C4BS is common.  

Central Chimpanzees (Pan troglodytes troglodytes) appear to be more 

diverse, harboring several relatively common C4 structural haplotypes. This 

observation is in line with the conclusion that Central Chimpanzees have more 

nucleotide diversity in their nuclear genomes than Western Chimpanzees122.!

!
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Table 4.1. The observed frequency of C4 structural haplotypes in great apes. 

The counts of observed C4 structural haplotypes are indicated for each group. 

The frequency of each haplotype is shown in parentheses. Although the sample 

size of several populations is modest, we can begin to understand the level of C4 

diversity in different great apes. Interestingly, the C4 types that are most highly 

associated with SLE (C4BS) and schizophrenia (C4AL-C4AL) are rare or absent 

in these great apes.  

 

 
!
!
Conclusion of the evolution of complex structural variation 

The 17q21.31 region, HP, HPR and C4, all contain copy number variants, 

but the subsequent evolution of these CNVs differs greatly by region. In the 

17q21.31 and HPR loci there was a multi-allelic expansion after an initial 

duplication. Regions with CNVs appear to be predisposed to creating multi-allelic 

CNVs, likely due to non-allelic homologous recombination. However, the HP 

gene commonly only segregates with two copies of the CNV, with an HP 
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triplication observed only once in this study. This pattern may be due to random 

chance, or the copy number of the HP CNV could be held at two by selection. As 

the CNV at copy number two allows HP to form tetramers, a triplication might 

allow larger quaternary structures of this protein, which might inhibit function.  

Like tandem duplications, gene clusters (which evolve from ancient 

duplications) also contain adjacent homologous sequences that can spark 

structural mutation. We see an example of this phenomenon in the HP 

paralogous gene conversion from HPR. When double-stranded breaks occur, 

usually the other allele of the same gene provides the template; however in the 

case of the gene conversion in HP, a nearby paralog donated the sequence. This 

phenomenon has been observed for other tandemly arranged paralogs123,124 and 

may be a common mode of sequence exchange between genes.  

In addition to understanding how structurally complex regions evolve, it is 

also important to include this class of variation in association studies. In the next 

chapter we develop and implement methods to allow complex structural variants 

to be studied alongside nucleotide variation in association studies.  

 
 
Contributions 

I received guidance and input for work presented in this chapter from 

Steve McCarroll. I designed all experiments and molecular assays, performed all 

molecular experiments, and did all data analysis in this chapter excluding the 

contributions of others mentioned below. Aswin Sekar provided advice for 

experiments involving the C4 gene. Figure 4.1 was produced by Robert 
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Handsaker. Sarah Tishkoff provided SNP genotype data for various populations 

provided by the HGDP125 (Human Genome Diversity Project). 
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Chapter 5 

Developing and implementing methods to incorporate complex genomic 

structures into large-scale association studies 
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Developing methods to incorporate complex structural variation into 

association studies 

 Simple, common deletion and duplication polymorphisms have been 

typed in large cohorts and have been found to segregate on SNP haplotypes and 

have been associated with many human phenotypes via proxy SNPs7,8. Each of 

the structurally complex loci addressed in this thesis has greater than two 

structural forms, and we have shown that the HP structural polymorphism is 

recurrent; therefore, none of these polymorphisms is well tagged by an individual 

biallelic SNP and may be overlooked in GWAS.  

Our observation that many structural haplotypes reside on specific and 

distinct SNP haplotype backgrounds (Figures 4.1, 4.5, 4.9), suggested the 

possibility that surrounding SNPs could be used to infer these structures. If this 

idea were achievable, it would allow complex structural haplotypes to be 

computationally determined from the wealth of SNP data already collected for 

many cohorts (for which phenotype information is available). This method would 

allow us to test if complex structural variation is responsible for regional 

associations to specific phenotypes. We use an imputation approach, which 

takes advantage of the r2 correlation between an unknown variant and many 

surrounding SNPs to infer the state of the unknown polymorphism.  

We constructed an imputation reference panel for each region composed 

of individuals for whom both structure and SNPs were determined. We used 

unrelated individuals from different populations in the 1000 Genomes Project60 

and HapMap126 to create these reference panels. Using the imputation software 

Beagle127, we then tested these reference panels using leave-one-out tests: 
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removing each individual from the reference panel, eliminating the individual’s 

encoded structure, and attempting to impute the structure using the remaining 

reference panel. Comparing an individual’s known structure to the imputed 

structure allows us to estimate the accuracy of the imputation. The results of 

these leave-one-out tests can be seen in Tables 5.1-5.3. From this study we 

observed that more stable structures at high frequency (17q21.31 inversion, HP 

duplication and gene conversion) were imputed with extremely high accuracy, 

but the more rapidly evolving tandem mCNVs proved more difficult. The least 

imputable structural variant was the exact copy number of the HPR mCNV (data 

not shown), followed by the multi-allelic γ duplication in 17q21.31 (Table 5.1). 

However, the presence or absence of the HPR elevated copy allele was 

imputable with high accuracy (Table 5.3).  

 

Table 5.1. Correlation of 17q21.31 structural features with those inferred through 

imputation or biallelic tagging SNPs. Shown is the correlation (r2) of experimental 

determinations of the state of each structural feature in each genome with either 

(i) imputed, probabilistic ‘dosages’ of each structural feature or (ii) the state of the 

single most-correlated proxy SNP (tag SNP) from each reference panel for the 

17q21.31 region.  

!
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Table 5.2. Correlation of HP structural features with those inferred through 

imputation or biallelic tagging SNPs. Shown is the correlation (r2) of experimental 

determinations of the state of each structural feature in each genome with either 

(i) imputed, probabilistic ‘dosages’ of each structural feature or (ii) the state of the 

single most-correlated proxy SNP (tag SNP) from the reference panel for the HP 

region.  

  

 

 

Table 5.3. Correlation of HPR copy number with inferred copy number through 

imputation or biallelic tagging SNPs. Shown is the correlation (r2) of experimental 

determination of the state of the structural feature in each genome with either (i) 

imputed, probabilistic ‘dosages’ of each structural feature or (ii) the state of the 

single most-correlated proxy SNP (tag SNP) from the reference panel for the 

HPR region. 

!

 



    82 

Phenotype hypothesis generation for 17q21.31 structural variation 

Markers in the 17q21.31 region associate with female fertility and female 

meiotic recombination1,50; however, the genetic variants underlying these 

associations remain unknown. One of the key challenges to understanding 

association signals in the 17q21.31 region is the extensive linkage disequilibrium.  

Recombination gradually disentangles variants that have arisen on a 

common haplotype, allowing these variants a degree of independence in an 

association study. The recombination rate varies throughout the genome128, and 

the rate in the 17q21.31 region is particularly low due to the megabase-long 

inversion polymorphism. This structural variant has inhibited recombination to the 

degree that H1 and H2 have evolved with almost complete independence over 

the past 2.3 million years41. 

 To overcome this challenge, we generated a hypothesis based on 

nucleotide association, overlapping duplications on different SNP haplotypes, 

and functional data. 

 

17q21.31 and female miotic recombination rate and fertility 

The 17q21.31 region contains SNPs that associate to the female meiotic 

recombination rate (which relates to fertility47), and women with at least one copy 

of H2 are more fertile than those who are homozygous for H11. However, it is not 

known which alleles segregating with H1 or H2 contribute to this phenotype. The 

vast majority of H2 haplotypes segregate with the α duplication, while a minority 

of H1 haplotypes segregate with duplication β in the CEU population. 

Additionally, we have documented that both the the α and β duplications 
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underwent parallel increases in frequency in Europe over a short period of time. 

These ideas lead us to hypothesize that both the α and β duplications increase 

the female meiotic recombination rate and fertility. We sought to develop a 

hypothesis for which gene(s) in the duplications regions might play a role in the 

phenotype. 

Our observation that the α and β duplications in the 17q21.31 region 

overlap the same gene (KANSL1) and underwent parallel increases in frequency 

in Europe, invited the hypothesis that they may be functional and influence a 

common phenotype. Based on the breakpoints of the duplications we 

hypothesized that they may cause novel truncated transcripts to be created.    

 Through reverse transcription PCR (RT-PCR) and sequencing we found 

novel fusion transcripts specific to individuals with the α and β duplications. 

These novel transcripts display the 5′ exons of KANSL1 fused to cryptic exons 

that terminate the coding sequence (Figure 5.1). Notably, a similar truncation in 

the Drosophila melanogaster ortholog of KANSL1, GC4699/E(nos), was 

identified in a mutagenesis screen for modifiers of Nanos and was found to 

enhance the effect of a Nanos hypomorph on age-dependent female fertility and 

germline stem cell differentiation129. The precise role of KANSL1 in these 

processes is unknown, although the encoded protein is found within the MOF-

MSL1v1 chromatin-modifying complex130,131. Proteins arising from these novel 

KANSL1 transcripts would contain the coiled-coil domain. 

 The parallel increase in frequency of β and α in Europe, the functional 

affect that these duplications have on the KANSL1 transcript (which affects 

female fertility in Drosophila) and the association of SNPs in the region to the 
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female meiotic recombination rate led us to hypothesize that these structural 

polymorphisms affect the female meiotic recombination rate and fertility. The 

female meiotic recombination rate and age-dependent fertility are related 

phenotypes because more recombinations decreases the odds of a non-

disjunction in egg cells47.  

 

a 
Fusion mRNA created from β duplication breakpoint 
TGAGACGCAGGTCAGAATGGAAATGGGCTGCAGACCGGGCAGCTATTGTCAGCCG
CTGGAACTGGCTTCAGGCTCATGTTTCTGACTTGGAATATCGAATTCGTCAGCAAAC
AGACATTTACAAACAGATACGTGCTAATAAGGTTTCTGTGTGGAGACAGTAGAATAT
AAAAATAACACCTTCGCT 
 
b 
Fusion mRNA created from α duplication breakpoint 
TACCCCTAGACGTGGGAACAACGCAAGTCCCACTTACAACACTTAAGAACATTCTC
ATGATGACCGTTGAACTGGAAAAACTTCCCAGCAGACCACAGGAGGTTGGCCCCA
GACTCACTGAGTGCCTGCAGCAGCCGTACAGACACAGCATCCTTGGCCACCTCAT
GCCCATCCCGGCCATCTAGGGTCAGCACAACCCAGATGAGGCCGCTGAAGGGCAC
CGGATGCCCAGGAATCACCACCTGGTACCAGAAGCGGTGCCAGCCAGCAGGTCCT
ATGCCCAAACACTTGGTGAGG 
 
Figure 5.1. Fusion transcripts created from KANSL1 duplications (α and β). (a) 

KANSL1 (shown in blue) is fused ARL17 (shown in red). This sequenced 

breakpoint is also present in cDNA BC006271, likely a complete transcript of this 

fusion mRNA. (b) KANSL1 (shown in blue) is fused to LRRC37A (shown in 

green), and yet another fusion occurs with a novel exon (shown in orange). 

 

Phenotype hypothesis generation for HP structural variation 

The HP structural variant was the second human polymorphism ever 

discovered58, and has been widely studied ever since. Haptoglobin codes for the 

HP protein, an acute phase reactant that binds hemoglobin and cholesterol 
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molecules53,132, and zonulin, a key regulator of intercellular tight junctions54. 

While the HP CNV affects the structure and function of both proteins54,88,133 and 

is highly studied through the candidate gene approach, we are not aware of any 

highly significant and reproducible physiologic phenotypic associations, 

potentially due to lack of power. While some results from association studies are 

intriguing, there is a clear lack of consistency among the commonly studied 

phenotypes (Table 2.2). 

Our imputation approach now allows for interrogation of structural 

genotype-phenotype associations to be tested in much larger sample sizes and 

could potentially allow for enough power to reach highly significant and 

reproducible associations. 

 

HP and Malaria 

 Malaria is a disease transmitted by mosquitos that kills at least one million 

people each year134. Haptoglobin’s potential involvement in an indivdual’s 

predisposition to malaria is commonly studied64,135,136 and cited, yet the results 

from association studies have been mixed (Table 2.2). It is important to examine 

the putative association between HP structural variants and malaria 

predisposition with a large cohort in order to resolve this contentious association.   

 

HP and Inflammatory Bowel Disease (IBD) / Crohn’s Disease 

Inflammatory bowel disease is caused by an immune response which 

creates inflammation of the gastrointestinal tract and affects over 2.5 million 

people with European ancestry137. Crohn’s disease and ulcerative colitis are the 
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most common types of IBD. While ulcerative colitis is confined to inflammation of 

the large bowel, Crohn’s disease can affect any location in the gastrointestinal 

tract, and most commonly affects the the small intestine and colon138. There are 

two lines of evidence which suggest that the HP duplication may play a role in 

Crohn’s disease.  

First, SNPs in the region associate to Crohn’s disease (best p=2.17x10-5). 

Furthermore, the most associated SNP in the region is also the best tagging SNP 

for the CNV in European populations (rs217181, r2 with CNV = 0.44) (Figure 5.2).  

 

Figure 5.2.  SNPs in the HP region associate to Crohn’s Disease. The best tag 

SNP for the HP CNV is the most associated SNP in the region but is below 

genome-wide significance. Potentially this association could be improved through 

imputation. This plot was made with Ricopili 

(http://www.broadinstitute.org/mpg/ricopili/).  
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Second, Crohn’s disease is thought to relate to intestinal permeability139 

and zonulin is a key regulator of intercellular tight junctions (including cells of the 

intestines)54. While the haptoglobin protein is proteolytically cleaved and bound 

together by disulfide bonds, zonulin is uncleaved and thought to be the product of 

the HP2 form only (though this has not been tested on a large scale)54.  

 

HP and Cholesterol Levels 

Cholesterol levels measured in blood are highly predictive for the 

development  of cardiovascular disease (CVD)140, which is the leading cause of 

death for Americans141. While LDL cholesterol (LDL-C) can cause artery-clogging 

plaques, HDL cholesterol (HDL-C) clears cholesterol from the blood142,143. A high 

LDL-C to HDL-C ratio predisposes one to develop CVD144. Additinally, lowering 

LDL cholesterol levels using statins has been shown to reduce the incidence of 

CVD145.  

Evidence from GWAS suggests that HP may play a role in cholesterol 

levels.  A GWAS for blood lipids found a highly significant association between 

total and LDL cholesterol levels and a SNP in the HP region (rs2000999, p=3x10-

24)3. Additionally, this SNP is among the best tag SNPs for the structural variant 

(r2=0.13), having a greater r2 with HP2 than 97% of SNPs in the region.  

Protein-protein interactions suggest that HP may play a role in cholesterol 

levels. The ApoE protein is known to be involved in regulating cholesterol 

levels146, and variants in or near this gene are highly associated with LDL and 

total cholesterol (TC) levels (p=9x10-147). Multiple studies have now verified that 
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the HP protein physically binds ApoE53,147, and this invites the hypothesis that HP 

may also affect cholesterol levels.  

 

Phenotype hypothesis generation for HPR structural variation 

 

HPR and trypansosomiasis 

Trypanosomes cause trypanosomiasis or African sleeping sickness, which 

is a devastating disease that affects humans and other mammals in rural Africa. 

Between 50 and 70 thousand individuals are infected each year, and this disease 

is often deadly if treatment is not received148.  

An interesting evolutionary arms race149 has occurred between 

trypanosomes and the human immune system. Host macrophages emit oxidative 

bursts which have a general antimicrobial action150. Trypanosomes are able to 

protect themselves against the oxidative burst with heme groups, which are 

obtained through importing the host’s haptoglobin-hemoglobin complex through 

the trypanosome’s haptoglobin-hemoglobin receptor151. However, HPR bound to 

hemoglobin also binds this receptor and is imported by trypanosomes. HPR is a 

key component of the Trypanosome Lytic Factor 1 complex (TLF1), and acts as 

a trojan horse to import this complex into the trypanosome, where it kills it from 

the inside152. While TLF1 protects humans from some species of trypanosome153, 

other species of trypanosome have evolved countermeasures154,155. 

Our population genetic study demonstrated that the HPR gene has 

increased copy number in many individuals in Africa, the same continent in which 
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trypanosomiasis is most prevalent. We hypothesized that elevated copy number 

of HPR may be protective against Trypanosomiasis.  

 

Imputation of complex structural variants and non-significant association 

results 

We used these reference panels to impute structural variation into cohorts 

with relevant phenotypic information. For 17q21.31 we imputed the structural 

haplotypes into the AGRE156 dataset, which contains parent and offspring 

genotypes, to test the association of the female meiotic recombination rate to 

structural variation. The HP structural haplotypes were imputed into the 

MalariaGEN157 malaria case/control cohort and a Crohn’s disease case/control 

cohort from the IBD Genetics Consortium158. We directly type the HPR CNV in a 

Ghanan cohort to examine the variant’s association to trypanosomiasis because 

the efficacy of imputation was not tested in this population. The controls in the 

trypanosomiasis experiment were individuals who had malaria. In each of these 

experiments, the association study was either underpowered or suggested that 

no highly-significant association was present (Table 5.4).  

The trypanosomiasis association to HPR was in the opposite direction 

from that which we had originally anticipated: the modest p-value (0.01) suggests 

that the single-copy allele of HPR is protective against trypanosomiasis. This 

study was likely underpowered and the association is not felt to be a true result.  
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Table 5.4. Association results for complex structural variants and various human 

phenotypes. Along with the structural variants and phenotype being examined 

the table lists the sample size and p-value for each association. * The controls for 

the association study between HPR copy number and trypanosomiasis were 

individuals who were treated at the same hospitals as those with trypanosomiasis 

and had malaria.  

 

 

 

HP structure associates to Crohn’s disease with a p-value of 9x10-4; 

however, the top nucleotide association in the region was slightly more significant 

(p=2.71x10-5). A larger study would need to be conducted in order to resolve the 

variant(s) underlying the putative association to Crohn’s disease in the HP 

region. 

While there is compelling evidence for the 17q21.31 region’s involvement 

in the female meiotic recombination rate, we did not find an association to the 
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structural variants in this region. This association was done with an extremely 

limited sample size (30 trios) and should be examined in the future with a larger 

cohort.  

 

HP structural variation associates with cholesterol levels 

We performed meta-analysis on 12,063 subjects of European descent 

from three cohorts with cholesterol information (ARIC159, MESA160, and CHS161) 

to examine the potential association between HP structural variants and 

cholesterol levels. Individuals who were diabetic or taking cholesterol-lowering 

medication were omitted from the study. The first 10 principal components from a 

genome-wide principal components analysis (PCA) were used as covariates in 

the analysis to account for population substructure. The imputation was 

performed with a reference panel composed of the CEU, TSI and IBS 

populations and composed of SNPs from the Illumina OMNI, Affymetrix 6.0 and 

Illumina Human 1M arrays. The genomic region used included all assayed SNPs 

up to 1 megabase on both sides of the CNV.  

 Our analysis showed that the HP2 haplotype associates to total 

cholesterol levels (1.49x10-8)(Fig 5.3a) and LDL cholesterol levels (2.53x10-6) 

(Fig 5.3b).  
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a 

 

 

b 

 

Figure 5.3. HP2 associates to total and LDL cholesterol levels. Regional SNPs 

are shown in black, while the GWAS index SNP (rs2000999) is shown in pink. 

Other colors indicate HP structures (see legend). (a) HP2 is most highly 

associated to total cholesterol levels. (b) HP2FS is the structural haplotype most 

associated with LDL cholesterol levels.  
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Additionally, we examined the effect size of each HP structural haplotype 

on both total cholesterol levels and LDL cholesterol levels. Both the HP2FS and 

the HP2SS haplotypes positively affected total and LDL cholesterol levels, while 

both HP1S and HP1S negatively affected total and LDL cholesterol levels (Figure 

5.4). 

a 

 

b 

 

Figure 5.4. Effect size of HP2 haplotypes on total cholesterol levels and LDL 

cholesterol levels. The black dots indicate the effect size (β) of each haplotype. 

The pink lines indicate the effect size +/- the standard error. (a) The effect of 

each HP structural haplotype on total cholesterol levels. (b) The effect of each 

HP structural haplotype on LDL cholesterol levels. 
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One potential mechanism by which HP2 contributes to an increase in total 

cholesterol and LDL cholesterol levels is through its interaction with 

apolipoprotein E (ApoE). The ApoE protein is critical to maintaining low total 

cholesterol and LDL cholesterol levels146, and the oxidation of ApoE is known to 

impair its function162. The HP protein directly binds ApoE53,147 and serves as an 

ApoE antioxidant53; however, the HP2 form of the protein is a less efficient 

antioxidant88. We propose that HP2 contributes to increased total and LDL 

cholesterol levels by providing insufficient antioxidant activity for ApoE.  

 

Contributions 

I received guidance and input for work presented in this chapter from 

Steve McCarroll. I designed all experiments and molecular assays, performed all 

molecular experiments, and did all data analysis in this chapter excluding the 

contributions of others mentioned below. Stephan Ripki performed the 

association study for HP structural haplotypes and Crohn’s Disease. Rany Salem 

performed the association study for HP and cholesterol levels. The samples for 

the trypanosomiasis association study were provided by Martin Pollak. 

Genotypes for the malaria case-control dataset were provided by MalariaGEN 

Genomic Epidemiology Network157.  
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Chapter 6 

 Discussion and future directions 
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Discussion 

This thesis has discussed how we designed and applied methods for 

typing structurally complex haplotypes at the population level (Chapter 3), how 

we studied the evolution complex structure within populations, across 

populations, and across species (Chapter 4), and how we designed and 

implemented methods to incorporate complex genome structures into association 

studies (Chapter 5). 

We observed that complex structural variation can occur on the megabase 

scale, affecting many genes in a region (17q21.31), or on the kilobase scale 

affecting a whole gene (HPR) or portions of a gene (HP, C4). Our comparisons of 

the structural evolution between and within regions showed that certain types of 

mutations can be stable: inversions, paralogous gene conversion, and dispersed 

duplications, while tandem duplications can be dynamic, rapidly accumulating 

additional structural mutations. Through a series of leave-one-out imputation 

trials we observed that the more stable structural mutations segregated on more 

uniform SNP haplotype backgrounds and imputed with greater accuracy.  

Our constructed imputation reference panels for complex structural 

variation in several interesting regions will be extremely valuable for future 

association studies. They will make it possible to include multi-allelic structural 

variation in genomic studies while minimizing or avoiding costly and time-

consuming direct testing of complex structure in large cohorts.  
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Future directions 

 

Genome-wide studies of complex structural variation 

This thesis examines a set of four structurally complex regions in the 

human genome; however, there are many more.  A key extension of this work is 

to expand our methods of understanding complex structural variation to other 

complex loci. An important goal of the field of complex structural genomics is to 

ultimately develop genome-wide approaches to typing and incorporating complex 

structural haplotypes into association studies.  

Extensive progress has recently been made to identify and type multi-

allelic CNVs from genome-wide sequence data. Handsaker et al. have extended 

the GenomeSTRiP algorithm to scan whole genome sequence at the population 

level, map CNV breakpoints, generate precise genotypes at high copy number, 

and compute likelihoods for each copy number allele. They observed that simple 

deletion alleles can be imputed from surrounding SNPs, but the precise copy 

number of mCNVs often does not impute accurately163 (as we observed for the 

HPR mCNV). Eventually, whole genome sequence may be used in association 

studies, in which case these mCNVs could be determined genome-wide using 

read depth. However, in the near term, targeted methods could be applied to 

mCNVs and other structural variants near significant GWAS variants.  

Despite this recent advance in typing mCNVs, loci with overlapping CNVs 

and loci containing multiple classes of structural variation still require locus-

specific strategies in order to be discovered and typed. Such highly complex 



    98 

regions also currently need to be studied on an individual basis to be 

incorporated into association studies.  

 

Haptoglobin’s relationship to cholesterol levels  

In this thesis we have demonstrated that the HP2 structural allele 

associates to increased total cholesterol and LDL cholesterol levels. We 

hypothesize that this association relates to haptoglobin’s physical interaction with 

the ApoE protein in which HP performs an antioxidant function. An important 

extension of this work is to test this hypothesis.  

One method of examining whether the HP2 allele affects cholesterol levels 

through its interaction with APOE is to test if alleles of these genes statistically 

interact. ApoE is itself an antioxidant. The E4 allele of APOE possesses the least 

antioxidant activity of the common alleles164, and also is associated with 

increased LDL cholesterol165. We could test if individuals who have both E4 at 

APOE and HP2 at HP are more likely to have higher total and LDL cholesterol 

levels than expected from the two variants independently.  
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Supplementary Tables 
 
 
Supplementary Table 1. Population identifiers 
 
ASW African Ancestry in the Southwestern US 
CEU Utah residents with Northern and Western European ancestry 
CHB Han Chinese in Beijing, China 
CHS Han Chinese South 
CLM Colombian in Medellin, Colombia 
FIN Finnish from Finland 
GBR British from England and Scotland 
JPT Japanese in Toyko, Japan 
LWK Luhya in Webuye, Kenya 
MEX Mexican Ancestry from Los Angeles USA 
TSI Toscani in Italia 
YRI Yoruba in Ibadan, Nigeria 
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Supplementary Table 2. Neanderthal and Denisova coverage of HP2FS 
haplotype.  

 

Chromosome Position Base Uniquely3mapped3reads Mapped3reads Uniquely3mapped3reads Mapped3reads Variant CNV3copy
chr16 72091102 T 22 33 21 29
chr16 72091103 G 23 35 18 26
chr16 72091168 C 23 27 43 51
chr16 72091169 T 22 27 42 51
chr16 72091178 G 18 25 35 55
chr16 72091180 C 17 25 34 57
chr16 72091183 C 17 25 31 57
chr16 72091185 T 16 24 29 57
chr16 72091191 C 13 28 24 56
chr16 72091192 T 12 27 24 57
chr16 72091195 T 10 25 22 56
chr16 72091201 T 7 22 18 59
chr16 72091207 A 6 21 16 59
chr16 72091216 C 4 22 12 61
chr16 72091238 T 1 30 6 65
chr16 72091245 G 1 36 4 64
chr16 72091246 C 1 37 4 65
chr16 72091258 T 0 40 3 68
chr16 72091271 T 0 43 3 64
chr16 72091295 A 0 35 2 61
chr16 72091307 T 0 32 0 66
chr16 72091308 G 0 32 0 63
chr16 72091311 A 0 31 0 68
chr16 72091382 G 0 19 0 40
chr16 72091383 A 0 20 0 41
chr16 72091384 G 0 20 0 39
chr16 72091385 C 0 19 0 40
chr16 72091386 A 0 21 0 43
chr16 72091387 C 0 21 0 43
chr16 72091388 T 0 21 0 47
chr16 72091565 G 17 21 35 38
chr16 72091593 C 20 22 46 48
chr16 72091598 G 21 22 47 48
chr16 72091599 G 21 22 48 49
chr16 72091602 C 21 21 48 49
chr16 72091603 T 19 19 49 50
chr16 72091614 C 21 21 50 51
chr16 72091648 A 29 29 46 47
chr16 72091808 C 34 34 49 50
chr16 72091819 A 30 30 51 52
chr16 72092826 C 23 23 46 46
chr16 72092827 A 23 23 45 45
chr16 72092892 T 25 25 48 48
chr16 72092893 C 23 23 48 48
chr16 72092902 T 25 25 48 48
chr16 72092904 T 24 24 48 48
chr16 72092907 T 24 24 50 50
chr16 72092909 C 23 23 50 50
chr16 72092915 T 26 26 52 52
chr16 72092916 C 26 26 50 50
chr16 72092919 C 24 24 47 47
chr16 72092925 T 25 25 53 53
chr16 72092931 T 25 25 53 53
chr16 72092940 T 22 22 60 60
chr16 72092962 G 22 22 69 69
chr16 72092969 A 24 24 69 69
chr16 72092970 G 23 23 68 68
chr16 72092982 C 30 30 68 68
chr16 72092995 T 30 30 66 66
chr16 72093019 A 27 27 57 57
chr16 72093031 A 37 37 61 61
chr16 72093032 T 37 37 61 61
chr16 72093035 G 36 36 59 60
chr16 72093106 A 17 26 27 41
chr16 72093107 G 17 27 26 40
chr16 72093108 A 17 27 24 38
chr16 72093109 G 16 27 24 39
chr16 72093110 A 15 28 23 40
chr16 72093111 G 15 29 23 41
chr16 72093112 C 14 29 22 40
chr16 72093289 A 32 33 42 42
chr16 72093317 T 33 33 41 41
chr16 72093322 C 32 32 40 40
chr16 72093323 A 30 30 39 39
chr16 72093326 G 29 29 39 39
chr16 72093327 A 29 29 39 39
chr16 72093338 C 21 22 29 33
chr16 72093372 G 12 24 20 32
chr16 72093532 A 35 35 44 44
chr16 72093543 C 28 30 36 44
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Supplementary Figures 
 
 

 

Supplementary Figure 1. HP contains paralogous gene conversion from HPR 

and a highly diverged region. An alignment of the structurally variant region for 

human structural haplotypes and other primates shows distinct polymorphic 

sections. The paralog which provided the sequence is indicated, excluding the 

Marmoset and Squirrel Monkey sequences as these primates lack the triplication. 

Only the fixed differences between human HP structural forms are plotted. The 

blue and lavender region shows that human HP1F and HP2FS-Left have 33 

derived mutations (with respect to the chimpanzee and bonobo HP) which match 

the human HPR gene. The series of mutation that gave rise to the highly 

diverged region is unclear, as the great apes are also highly polymorphic in this 

region, and multiple bases have potentially deep coalescence.  
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Supplementary Figure 2. Sequence differences between structural haplotypes 

within the structurally variant region of HP. The X axis lists the base pair position 

of each nucleotide variant (hg19). The Y axis indicates the structural haplotype 

and HapMap or 1000 Genomes Project individual who provided the sequence. 

The lavender sequence indicates bases which result from paralogous gene 

conversion from HPR, the blue bases indicate the standard HP base. The pink 

and green bases indicate alternate forms of the highly diverged region, while the 

grey and white colored bases indicate other sequence variation. The derived 

base (with respect to chimpanzee and bonobo) is indicated in white.  
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Supplementary Figure 3. SNPs with highly differentiated allele frequencies 

between European and non-European populations in 1000 Genomes phase 1. 

 Minor allele frequency distribution of SNPs in non-Europeans (n=471, 

populations CHB, CHS, JPT, LWK and YRI) with MAF of 18% - 20% (blue) and 

25% - 27% in Europeans (n=379, populations CEU, FIN, GBR, IBS and TSI), 

corresponding to the allele frequencies we observed for the alpha and beta 

duplications in CEU. Inset shows the low frequency portion of the same 

distribution by allele count in the non-European populations.  The SNPs were 

ascertained and genotyped in Phase 1 of the 1000 Genomes Project on 

chromosome 17, excluding the region 17:43165000-45785000 (+/- 1Mb from the 

inversion region). 
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Supplementary Figure 4. Linkage disequilibrium between SNPs on opposite 

sides of the CNV and between SNPS and the CNV in European populations. The 

Y axis indicates position on chromosome 16, while the X axis indicates the r2 for 

linkage disequilibrium. The linkage disequilibrium value for each SNP is the 

maximum LD shared with a SNP on the opposite side of the structural variation. 

As indicated, the maximum LD between the CNV and a SNP is 0.49. The minor 

allele frequency for each SNP is indicated by color.   
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Supplementary Figure 5. The vast majority of HP1 SNP haplotypes are closely 

related to a specific class of HP2 SNP haplotype. The colored dots indicate one 

of four common SNP haplotypes in the region. These colors are the same as 

those in Figure 4.3. The each point on the X axis is a different HP1 SNP 

haplotype. The colored dots on the Y axis indicate the number of nucleotide 

differences between the HP1 SNP haplotype and each class of HP2 SNP 

haplotype (indicated by color). For the most closely related class, an additional 

dot is plotted, which shows the most closely related haplotype within that class. 

In most cases, each HP1 haplotype is closely related to a specific type of HP2 

SNP haplotype. However, eight HP1 haplotypes were of ambiguous origin 

(defined by the distance between the closest and the second closest SNP 

haplotype being fewer than nucleotides. These eight are examined below in 

Supplementary Figure 6. 
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Supplementary Figure 6. Some HP1 SNP haplotypes are not closely related to a 

specific class of HP2 SNP haplotype. Each plot examines a specific HP1 SNP 

that is not closely related to a specific, modern, HP2 SNP haplotype. The X axis 

indicates the genomic coordinates of the SNPs and the Y axis indicates the 

percent identity to a specific HP2 SNP haplotype (indicated by each color). The 

most closely related HP2 SNP haplotype varies throughout the region. While 

NA20761 appears to be recombinant (the left half is closely related to the green 

haplotype while the right is closely related to the orange haplotype, the other HP1 

haploypes could be ancient deletions or ancestral HP1s, which are not derived 

from deletions in HP2. Distances between the haplotypes are measured with a 

sliding window of six SNPs. 
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