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Abstract 

Genetic variation comes in different size, ranging from a single nucleotide variation to karyotypic 

alteration. However, the abundance of the genetic variations in humans with their size larger 

than a few nucleotides has not been appreciated until this decade. Such genetic variations 

involving in blocks of sequences are generally termed the genomic structural variants (SVs). 

SVs, like any other type of genetic variation, potentially lead to phenotypic variation and are 

targets of natural selection. In the past decade, a plethora of SVs has been detected in a 

genome-wide manner. The range of mutational mechanisms that underlie SVs include 

deletions, duplication, multiallelic copy number variants, insertions, inversions, and 

translocations. One of the emerging goals in the field is to find among them the potential targets 

of selection. In my dissertation, I developed two approaches to screen for the SVs that likely 

evolve under non-neutral forces. First, I used the comparative genomics approach to find the 

exonic deletion variants that are shared between modern humans and Neandertal/Denisovan 

genomes. Given that most of the deletion variants disrupting coding sequences have been 

eliminated by negative selection over time, an exonic deletion that remains in the population for 

an extended period likely evolved under other non-neutral forces. I found fifteen such deletion 

variants that evolved before the divergence of human and Neandertal/Denisovan. Indeed, 

further analyses into the adjacent sequence of one of these ancient deletions, the LBC3BC, 

reveal that this deletion has been maintained under balancing selection. Second, I searched for 

loci across the human genome where SVs recurrently form. A subset of these “hotspots” of SVs 

are maintained because the disruption of these sequence by SVs is favored by natural 

selection, including a series of deletions affecting the genes in the hemoglobin clusters. To 

reveal the SVs that were not visible in the previous dataset, I conducted a pilot project 
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combining target-specific capturing and PacBio sequencing to detect the variants that were 

undetectable with the conventional technology. With the success of this method, I discovered 

SVs previously hidden. Overall, my work demonstrated the adaptive relevance of human SVs 

and provided new venues for future studies. 
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Introduction 

As modern humans spread around the world, they colonized various environments and 

developed distinct populations. Many traits of these populations are seemingly adaptive to their 

environments, including the body sizes, hemoglobin concentrations, and skin pigmentation 

(Katzmarzyk and Leonard 1998; Beall et al. 1998; Jablonski and Chaplin 2010). Scientists have 

long been curious about the genetic differences between people, and to what extent their 

differences resulted from adaptation. Since the completion of the human genome project 

(Venter et al. 2001), it has become relatively easy to evaluate whether there is a polymorphism 

in each of the 3 billion nucleotides in the human genome, simply by comparing the local 

sequence of an individual with the reference genome. A plethora of SNPs has been detected 

(Sherry et al. 2001). These SNPs convey information about our ancestry (Bryc et al. 2010), our 

demographic history (Li and Durbin 2011; Hara, Imanishi, and Satta 2012), and most 

interestingly, our adaptation to the various environments and lifestyles (Perry et al. 2007; 

Tishkoff et al. 2007; Jeong et al. 2014; Cooper et al. 2017; Ilardo et al. 2018). The picture 

constructed with the SNP data is very informative. However, it is far from complete. The 

researchers have long been aware that there are other forms of genetic variation than the SNPs 

or the small indels, which involve the structural rearrangement of DNA segments. These 

segments vary among individuals in their copy numbers, directionalities, and location. These 

forms of genetic variations are the genomic structural variants (SVs). The largest SVs were 

already detectable long before the genomic era with cytological methods (Speicher, Gwyn 

Ballard, and Ward 1996), and they almost always associated with congenital diseases 

(American College of Obstetricians and Gynecologists 2001). Such cases are mostly sporadic 

and de novo. Hence, the SVs were discussed in the context of rare abnormalities rather than 
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polymorphisms. However, not all SVs are like that. With new array- and sequencing-based 

technologies, it is now possible to detect submicroscopic SVs in a genome-wide manner (Alkan, 

Coe, and Eichler 2011). The sizes of these SVs can be as short as 50 bps, and as long as tens 

of million bps (Alkan, Coe, and Eichler 2011). Researchers have discovered plenty of such SVs 

in perfectly healthy people, including deletions, insertions, duplications, multiallelic copy number 

variations, inversions, and translocations as compared to the reference genome. 

The SVs, like the genetic variation of any other form, undergo various evolutionary trajectories 

depending on their phenotypic consequences. SVs that colocalize with the alleged “junk” DNA, 

which account for the majority of the human genome, are expected to evolve neutrally. 

However, other SVs potentially lead to phenotypic changes and are thus subjected to selection. 

An SV can affect a human phenotype in several ways. First, an SV can alter the dosage of a 

gene or the characteristics of its protein product by changing its coding sequence (Perry et al. 

10/2007; Filopanti et al. 2011). Second, an SV can modulate the expression of a gene by 

changing its regulatory environment (McLean et al. 2011; Tanimoto et al. 1999). Third, a 

duplication of a functional sequence can create the new copy that can be subjected to 

neofunctionalization or subfunctionalization (Iskow, Gokcumen, and Lee 2012). As such, SVs 

are potential substrates of natural selection. The depletion of SVs in the coding regions provides 

indirect evidence that negative selection has acted upon most of the SVs hitting coding 

sequences (Conrad, Pinto, Redon, Feuk, Gokcumen, Zhang, Aerts, Andrews, Barnes, 

Campbell, Fitzgerald, Hu, Ihm, Kristiansson, MacArthur, et al. 2010). However, there is still a 

subset of SVs overlapping with coding genes. One explanation for the existence of these genic 

SVs is that the genes affected by these SVs are of little fitness effect or only marginally 

disrupted by the SVs. In other words, these genic SVs evolved neutrally. Alternatively, the genic 

SVs may be adaptive and favored by non-neutral evolutionary forces. Studies of individual SVs 

have reported that at least a subset of human SVs is involved in the adaptation of human in 
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various aspects including brain development, immunity, and metabolism, and (Popesco et al. 

2006; Kidd et al. 2007; Xue et al. 2008; Hardwick et al. 2011). One example is the copy number 

variation of the AMY1 gene. AMY1 encodes for the enzyme amylase, which digest the starch in 

our diet. Perry et al. found that the populations with starch-rich diet have more copies of AMY1 

than the populations with low starch diet, implying that the diet-related selection has shaped the 

AMY1 copy number variation in different population (Perry et al. 2007). 

Although the evolutionary impact of a small subset of SVs is clearly demonstrated on a case-by-

case basis, the overall contribution of SVs to human adaptation is still not clear. Several 

adaptive scenarios can manifest in a non-fixed allele, including ongoing selective sweep, 

population-specific sweep, and balancing selection. These evolutionary scenarios leave distinct 

signatures on the subjected sequences. The standard approach to screen for the signatures of 

selection is to search for sequences that deviate from the null hypothesis of neutrality. However, 

most of the neutrality tests are not suitable for adaptive SVs scanning. One reason some test 

are not suitable is that they consider the behavior of multiple polymorphisms on a stretch of 

sequence simultaneously, e.g. Tajima’s D test (Tajima 1989), Fay’ and Wu’s H test (Fay and 

Wu 2000), HKA test (Hudson, Kreitman, and Aguadé 1987), and McDonald-Kreitman test 

(McDonald and Kreitman 1991). Such tests yield the best performance when applied to co-

segregating polymorphisms. To simplify the process, the genome-wide scans for adaptive 

signatures virtually always take only the SNPs as the representatives of the polymorphisms and 

assume the SNPs are linked within a fixed-sized window. This practice could miss many 

adaptive targets when a window encompasses contradicting signals, and this issue is especially 

serious if the selected targets are SVs or near SVs. The existence of the SVs themselves 

changes the local distribution of SNPs and creates misleading patterns of polymorphisms. In the 

case of a deletion variant, for example, the SNPs would only be detected from its non-deleted 

counterpart and not from the deleted allele. It is simply because the sequence is missing in the 
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deletion allele. If this deletion has an allele frequency of 0.5, half of the haplotypes in the 

population do not contribute any genetic variation. It would create an illusion that this region is 

depleted with SNPs, but the actual explanation is that the local effective population size is 

smaller. 

The measures of extension of linkage disequilibrium (ex, iHS and EHH) are also used to infer 

the recent selective sweep (Conrad, Pinto, Redon, Feuk, Gokcumen, Zhang, Aerts, Andrews, 

Barnes, Campbell, Fitzgerald, Hu, Ihm, Kristiansson, MacArthur, et al. 2010). However, a large 

SV can suppress the recombination of the haplotype and mechanistically create an extended 

haplotype (Hoffmann and Rieseberg 2008; Morgan et al. 2017). The statistic measures based 

on the differential allele frequency between populations can be easily applied for genome-wide 

screening. Indeed, population stratification is the most widely used measure to search for the 

SVs with potential adaptive roles (Redon et al. 2006; Conrad, Pinto, Redon, Feuk, Gokcumen, 

Zhang, Aerts, Andrews, Barnes, Campbell, Fitzgerald, Hu, Ihm, Kristiansson, MacArthur, et al. 

2010; Sudmant et al. 2010; C. D. Campbell et al. 2011; Sudmant, Mallick, et al. 2015). Given 

the relatively short timescale of human adaptation signatures, it would be more reliable to have 

multiple threads of evidence before making the adaptive claims (Akey 2009). Hence, it is critical 

to develop novel genome-wide approaches to further explore the adaptive role of SVs. 

With the release of the comprehensive human genetic variation dataset from the 1000 

Genomes Project, which includes more than a thousand individuals across dozens of 

populations (1000 Genomes Project Consortium et al. 2012; Sudmant, Rausch, et al. 2015), we 

developed two genome-wide approaches to explore the adaptive roles of SVs. First, we 

searched among the human deletion variants that are shared with archaic hominin genomes, to 

find the deletion variants that have been maintained in the hominin lineage for an extended time 

by balancing selections or population-specific sweeps. Second, we searched across the human 
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genome for the “hotspots” of SVs. The rationale is that if a region is currently disrupted by SVs, 

it is possible that the alteration of the local sequences by SVs is favored by selection. Lastly, we 

performed target-specific long-read sequencing on ten individuals for a more comprehensive SV 

detection methodology. By doing so, we can detect previously invisible SVs that are potentially 

contributing to human adaptation. 

The first chapter describes how we searched for human deletion variants that are shared with 

Neandertal/Denisovan genomes and discusses the evolution of these deletions. Sharing of a 

genetic variant between modern and archaic hominin genomes has been variously interpreted. 

It can reflect an “ancestral genetic structure” scenario in which the variant had existed among 

the common ancestors of human and archaic hominins and was passed down to part of the 

individuals of both lineages. Alternatively, it can reflect an “introgression” scenario in which the 

variant evolved in Neandertal lineage and was introduced to human population through mating 

approximately 70,000 years ago when the ancestors of Eurasians migrated out of Africa. We 

identified 427 human deletion variants that are shared with archaic hominin genomes, 

approximately 87% of which originated before the Human-Neandertal divergence and only 

approximately 9% of which have been introgressed from Neandertals. Several rare scenarios 

constitute the remaining approximately 4% of allele sharing between humans and archaic 

hominins, including a recurrent scenario in which the deletion variants evolved independently in 

the human and archaic hominin lineages. We observed that deletions that originated from 

ancestral genetic structure correspond to more than 13% of all common (45% allele frequency) 

deletion variations among modern humans. Our analyses indicate that purifying selection is the 

primary factor shaping the genomic landscapes of deletion variants, both the ones that 

originated from the ancestral genetic structure and from Neandertal introgression. 
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Negative selection eliminated most of the deletions that are large or disrupt gene coding 

sequences. Nevertheless, we still found 17 deletions affecting gene coding sequences among 

the deletions that modern humans share with archaic hominin genomes. The affected genes are 

involved in the metabolism of external compounds, growth, and sperm formation, as well as 

susceptibility to Crohn’s disease and psoriasis (the scrutinization into which was detailed in 

Chapter II, described below). Our analyses suggest that these gene-overlapping deletions have 

evolved through different adaptive forces, either because keeping both the intact and deletion 

versions is evolutionarily favored, or because the deletion variants are beneficial in specific 

populations. Our findings reveal that SVs that are shared between humans and archaic hominin 

genomes are common among modern humans and can influence biomedically and 

evolutionarily important phenotypes (Lin et al. 2015). 

The second chapter describes further analysis of one of the ancient deletions overlapping with 

LCE3B and LCE3C genes (LCE3BC deletion). LCE3BC deletion is a strong psoriasis risk factor. 

It is 32 kilobases (kbs) long and disrupts two consecutive genes involved in wound healing. It 

was not clear why negative selection has not removed this deletion from the population. The 

deletion, by definition, lacks the sequences for us to trace the marks left by specific evolutionary 

forces. Instead, we investigated the deletion’s evolutionary trajectory by analyzing the adjacent 

nucleotide sequences that share a similar evolutionary history with the deletion itself. Overall, 

we show that the haplotype block harboring the deletion (i) retains high allele frequency among 

extant and ancient human populations; (ii) harbors unusually high nucleotide variation; (iii) 

contains an excess of variants with intermediate frequency; and (iv) has an unusually long 

history as compared to the rest of the genome. These results are most parsimonious with the 

scenario where the LBC3BC deletion has evolved under balancing selection in humans. In other 

words, keeping both the deletion and intact versions is evolutionarily favored at this locus. A 

biological hypothesis for this balance is that the affected healing process resulting from this 
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deletion variant predisposes a carrier to skin disease, but at the same time boosts the person’s 

immunity (Pajic et al. 2016). 

Next, I characterized the genomic regions with an unusually high number of SVs, i.e. the SV 

“hotspots”. These hotspots have been implicated in critical evolutionary innovations including 

brain development, as well as serious medical conditions, especially autoimmune, metabolic 

and cognitive disorders. However, the evolutionary and biomedical features of these hotspots 

remain incompletely understood. To investigate this issue further, we analyzed data from 2,504 

genomes and constructed a refined map of 1,148 SV hotspots in human genomes. By studying 

the genomic architecture of these hotspots, we found that the SV hotspots are significantly 

enriched for segmental duplications, which are stretches of DNA duplicated earlier in genome 

evolution. The long and highly homologous sequences between segmental duplications enable 

unequal crossing over between DNAs and therefore increase the SV mutation rate. We found 

that the majority of SV hotspots are within gene-poor regions and evolve under relaxed purifying 

selection or neutrality. However, we found a small subset of SV hotspots harboring genes that 

are enriched for anthropologically crucial functions, including blood oxygen transport, olfaction, 

synapse assembly, and antigen binding. We provide evidence that balancing selection may 

have maintained these SV hotspots, which include two independent hotspots on different 

chromosomes affecting alpha and beta hemoglobin gene clusters. Variants within these sites 

have been widely discussed as a balance between inherited anemia and malaria susceptibility. 

Biomedically, we found that SV hotspots coincide with the breakpoints of spontaneous genomic 

rearrangement more often than the rest of the genome. These include multiple spontaneous 

deletions that affect the SHOX gene and are the leading causes of idiopathic short stature. As 

such, the mutational instability in SV hotpots likely enables the breakage of DNA and lead to 

these usually large and pathogenic alterations. Our study contributes to a better understanding 
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of the mutational landscape of the human genome and implicates adaptive forces maintaining 

the variation in SV hotspots, as described in the third chapter (Lin and Gokcumen 2018). 

The last chapter introduces an improved SV calling methodology to detect the previously 

invisible SVs in a repeat-rich region, the epidermal differentiation complex (EDC) on 

chromosome 1. EDC is a genomic region with densely arranged paralogous genes. The highly 

repetitive nature of this region make it difficult for the mapping of short reads generated with 

next-generation sequencing (NGS) technology, and hence hinders the variant calling therein. 

Previous studies suggested multiple loci within the EDC are involved in common diseases or 

human adaptation. Therefore, it is critical to discover the variants that remain invisible due to the 

technical limitation. In this project, we combine the PacBio long read sequencing and target 

capturing technology to call the hidden variants on four important genes within the EDC region. 

Focusing on the genomic regions of interest, we are able to sequence ten human samples at 

once without compromising the read depth. These include Africans, Europeans, East Asians, 

South Asians, and Americans. We assembled the reads from each genome individually and 

compared the assembled contig with the human reference genome (hg38). Overall, we called 

four SVs from the ten individuals, with two deletions on repetin (RPTN, 36 bp, and 10 bp), one 

deletion on Filaggrin 2 (FLG2, 225 bp), and one duplication on Filaggrin (FLG, 979 bp). The 36 

bp deletion on RPTN and the 225 bp deletion on FLG2 are common in our dataset, with their 

allele frequencies greater than 0.2. These two deletions have been reported. The 10 bp deletion 

on RPTN detected in a Luhya genome and the 979 bp duplication on FLG detected in a 

European genome are novel. The discovery of these SVs allows us to investigate their 

prevalence in a broader population, link their phenotypic effect, and infer their potential roles in 

adaptation. 
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Chapter I. The sharing of deletion variants between 

modern human and archaic hominin genomes 

I.1. Abstract 

Allele sharing between modern and archaic hominin genomes has been variously interpreted to 

have originated from an ancestral genetic structure or through non-African introgression from 

archaic hominins. However, the evolution of polymorphic human deletions that are shared with 

archaic hominin genomes has yet to be studied. We identified 427 polymorphic human deletions 

that are shared with archaic hominin genomes, ~87% of which originated before the Human-

Neandertal divergence (ancient) and only ~9% of which have been introgressed from 

Neandertals (introgressed). Recurrence, incomplete lineage sorting between human and chimp 

lineages, and hominid-specific insertions constitute the remaining ~4% of allele sharing between 

humans and archaic hominins. We observed that ancient deletions correspond to more than 

13% of all common (>5% allele frequency) deletion variation among modern humans. Our 

analyses indicate that the genomic landscapes of both ancient and introgressed deletion 

variants were primarily shaped by purifying selection, eliminating large and exonic variants. We 

found 17 exonic deletions that are shared with archaic hominin genomes, including those 

leading to 3 fusion transcripts. The affected genes are involved in the compounds metabolism, 

growth, and sperm formation, as well as susceptibility to psoriasis and Crohn’s disease. Our 

analyses suggest that these exonic deletion variants have evolved through different adaptive 

forces, including balancing and population-specific positive selection. Our findings reveal that 

genomic structural variants that are shared between humans and archaic hominin genomes are 
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common among modern humans and can influence biomedically and evolutionarily important 

phenotypes. 
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I.2. Introduction 

The release of ancient Neandertal and Denisovan genomes allowed us to study the relationship 

between genomes of ancient hominids and modern humans. Neandertal and Denisovan 

genomes are more closely related to each other than they are to modern human genomes and 

they diverged from modern human ancestors approximately 500,000 years ago (Prüfer et al. 

2014a). Recent studies have shown that archaic hominins, including but not limited to 

Neandertals and Denisovans, contributed genetic material to modern humans (Veeramah and 

Hammer 2014). The origin and impact of these introgressions vary geographically and involve 

different species (Reich et al. 2010; Hammer et al. 2011; Green et al. 2010; Lazaridis et al. 

2013). The exact timing and geographical origin of these introgressions have been the focus of 

several recent studies (Currat and Excoffier 2011; Hu et al. 2014; Wall et al. 2013; Green et al. 

2010). In 2014, two papers documented the genome-wide distribution of Neandertal alleles 

across modern human genomes (Sankararaman et al. 2014; Vernot and Akey 2014). These 

studies found that regions in modern human genomes that carry Neandertal introgressed 

sequences overlap with genes less than expected by chance. This implies that purifying (i.e., 

negative selection against deleterious phenotypes) removed some Neandertal alleles after the 

introgression event. 

Admixture is not the only source of ancient variation in the human genome. Previous studies 

identified highly divergent haplotypes in the human genome, potentially indicating the presence 

of ancient structure in Africa that has been maintained since before the expected coalescent 

date for modern human genetic variation (e.g., Barreiro et al. 2005; Cagliani et al. 2008; Teixeira 

et al. 2014). One hypothesis for the preservation of these haplotypes is that they may have 

been under polymorphism-conserving balancing selection (e.g., heterozygote adaptive fitness 

advantage). 
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Genomic structural variants, i.e., deletions, duplications, inversions, and translocations of 

genomic segments, have recently been recognized as a major part of human genomic variation 

(Conrad, Pinto, Redon, Feuk, Gokcumen, Zhang, Aerts, Andrews, Barnes, Campbell, 

Fitzgerald, Hu, Ihm, Kristiansson, Macarthur, et al. 2010). It has been an ongoing challenge to 

discover and genotype genomic structural variants (Alkan, Coe, and Eichler 2011). However, in 

the last 5 years, there has been major progress in discovery and genotyping of deletion 

polymorphisms (1000 Genomes Project Consortium et al. 2012). 

We previously described a common deletion polymorphism in modern humans that is shared 

with Neandertal and Denisovan genomes (Gokcumen, Zhu, et al. 2013). We reasoned that this 

deletion has evolved before Human-Neandertal/Denisovan divergence in Africa and has been 

maintained through balancing selection. Herein, we extend our analyses to the entire genome to 

identify deletion variants observed among modern humans that are shared with Neandertal and 

Denisovan genomes. 
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I.3. Results 

I.3.1. Identification of polymorphic human deletions that are shared with 

archaic hominins 

To identify the deletion polymorphisms that are also present in the Neandertal and Denisovan 

genomes, we started with high-confidence deletion polymorphisms documented by the 1000 

Genomes Project Phase 1 data release (1000 Genomes Project Consortium et al. 2012). 

Briefly, this dataset (referred to as 1KG deletions) includes 14,422 deletion polymorphisms 

detected among 1,092 human genomes across 14 populations. The deletions were identified by 

comparing genome resequencing data to the human reference genome (Hg19) and to each 

other using multiple discovery tools. Furthermore, the breakpoints of these polymorphisms are 

well characterized, and an extensive validation effort was made to ensure the accuracy of these 

deletion polymorphisms (See 1000 Genomes Project Consortium et al. 2012). It is important to 

note that because of the emphasis on accuracy, most complex regions of the genome (e.g., 

telomeric regions) that could lead to false-positive genotyping may be under-represented in 1KG 

deletions. As such, this dataset provides an accurate and straightforward starting point for 

genotyping polymorphic human deletions in Neandertal and Denisovan genomes. 

Recent Neandertal (Prüfer et al. 2014a) and Denisovan (Meyer et al. 2012) sequences provide 

high-depth coverage (~30X) aligned to the human reference genome, the same assembly 

against which 1KG deletions were compiled. As such, to detect human deletion variants that are 

shared with archaic hominins, we simply genotyped the 1KG deletions using read-depth data 

from high-coverage Neandertal and Denisovan genomes. Briefly, we calculated the number of 

Denisovan and Neandertal reads mapping to a given interval in the human reference genome 

where a deletion polymorphism was previously detected among modern humans. As expected 
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the number of reads of these regions correlate well with size for both Neandertal and Denisovan 

sequences (R2=0.8582 and R2=0.8713, respectively). However, there are intervals with 

obviously less than expected read depth as compared to their size (Supplementary figure 

I.7.1AB). These outliers suggest potential deletions in the available archaic genomes 

To rigorously identify these outliers, we assumed that the read-depth/size ratio in Neandertal 

and Denisovan genomes across these intervals follows a normal distribution (Figure I.6.1AB) 

with the observed mean and standard deviation. We then identify outliers that do not fit into this 

distribution (p<0.01). Using this conservative estimate, we identified 325 and 227 polymorphic 

1KG deletions that are shared with Neandertal and Denisovan genomes, respectively. 

To ensure the accuracy of our genotyping pipeline, we conducted multiple checks. First, to 

avoid any GC bias that may affect mapping, we investigated the GC content of all the human 

deletions and those that we found to be shared with archaic hominins. We found no significant 

difference (Supplementary figure I.7.2). Second, we have manually checked all calls in both 

the Neandertal and Denisovan genomes using Integrative Genome Browser (Nicol et al. 2009) 

(e.g., Supplementary figure I.7.3A). Third, we were also able to take advantage of recently 

published exome sequences of 3 Neandertal genomes (including the Altai Neandertal used in 

this study) to verify the presence of 16 exonic deletions in other Neandertal genomes 

(Supplementary figure I.7.3B). These exome sequences also verified the accuracy of our 

observation for one human deletion that we found to be deleted in Denisovan, but not in Altai 

Neandertal genome. 

Last but not least, we used the software SPLITREAD (http://splitread.sourceforge.net/) to remap 

Neandertal and Denisovan reads to junctions of the deletion breakpoints as defined in 1KG 

deletion dataset (Supplementary figure I.7.3C, Supplementary table I.7.1). We were able to 
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provide strong split-read support for all of the 220 non-recurrent deletions we observed in 

Denisovan genome (please see below for discussion of the recurrent, ancient and introgressed 

deletions), with at least 20 reads mapping to the breakpoint junctions. Potentially due to 

differences in sequence lengths and whole genome amplification artifacts, Neandertal 

sequences performed worse than Denisovan sequences for this analysis, with the overall 

distribution of the number of split-reads are an order of magnitude smaller than those observed 

for Denisovans. Even then, we were able to show that at least 2 split-reads overlap the 

breakpoint junctions for ~89% (280 out of 315) of the non-recurrent Neandertal deletions. Note 

that we found strong split-read support from Denisovan reads for all of the 123 non-recurrent 

deletions that we found in both Neandertal and Denisovans. Based on these observations, we 

argue that the reduced split-read support from Neandertals is due to lower power, rather than 

false positives in our deletion dataset. Regardless, we were able to provide split-read support 

either from Neandertals or Denisovans for ~95% of the non-recurrent deletions. 

To further quantify our accuracy, we applied the same procedure for genotyping deletions on a 

set of random intervals that match the size distribution of 1KG deletion dataset. Based on this 

analysis, we found 7 Neandertal and 9 Denisovan deletions, corresponding to a false discovery 

rate of 0.02 and 0.04 for Neandertal and Denisovan deletions, respectively. Overall, we 

conservatively estimate that at least 427 (~3%) of all polymorphic human deletions are shared 

with either Neandertals and Denisovans or both (Figure I.6.1C). 
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I.3.2. The ancient genetic structure explains the majority of polymorphic 

deletions among humans that are shared with archaic hominins 

We considered several scenarios to explain the origins of polymorphic deletions among modern 

humans with respect to the Neandertal and Denisovan genomes (Figure I.6.2). For the majority 

of human deletions, we found no evidence of allele sharing with archaic hominins. We will refer 

to these as human-specific deletions. It is important to note that our genotyping strategy in 

archaic hominin genomes is highly conservative and would not be able to pick up deletions that 

varied among archaic hominins at low frequencies. As such, the human-specific deletion 

dataset may include several variants that are actually shared with other hominin genomes. First, 

we considered recurrence of the deletion polymorphisms in humans, Neandertals and/or 

Denisovans. Under this scenario, we expect that the breakpoints of the deletions differ between 

species. Indeed, we found evidence for 15 recurrent deletions in our manual inspection for 

different breakpoints (e.g., Supplementary figure I.7.3D), explaining ~3.5% of the deletions 

shared with archaic human genomes. We will refer to these deletions as recurrent deletions. 

With the high-quality Denisovan split-read support, we found no evidence for similar, but not 

exact breakpoints that we missed in our manual inspection. It is unlikely, but still possible for the 

deletions to be recurrent even if they share exact breakpoints. The 1KG deletion dataset was 

compiled with accuracy as the main priority. As such, evolutionarily complex regions of the 

genome that show high levels of recurrence (e.g., Gokcumen, Babb, Iskow, Zhu, Shi, Mills, 

Ionita-Laza, Vallender, Clark, Johnson, et al. 2011) may have been underrepresented and 

further studies may uncover important recurrent deletions in these regions. Therefore, our 

estimate of 15 recurrent events is a lower bound for the recurrence of deletions among 

Human/Neandertal lineage. 

18 



 

         

        

      

        

               

            

           

           

          

          

       

             

  

           

             

            

             

            

            

        

            

     

       

    

               

        

Second, we considered the possibility that these deletion polymorphisms may actually be 

hominid-specific sequences (e.g., novel insertions or duplications) that evolved in the modern 

human lineage and remain polymorphic within the species. Under this scenario, these regions 

then should be observed as deletions in nonhuman outgroups, including chimpanzees and 

rhesus macaques. We found only two regions that may fit this pattern, like all other deletion 

regions that we have investigated, had an orthologous sequence in chimpanzee or rhesus 

macaque reference genomes (Supplementary table I.7.1). In addition, we found two deletions, 

for which rhesus macaque but not the chimpanzee reference genome has an orthologous 

sequence. The most likely explanation of this is incomplete lineage sorting in human-

chimpanzee lineage for these variants (Caswell et al. 2008). Albeit interesting, deletions that are 

explained by these two scenarios constitute less than 1% of the deletions that are shared with 

Neandertal and Denisovan genomes and will be referred to as the other deletions. 

Third, we considered previously reported introgression from Neandertals into ancestors of 

modern Eurasians as a potential source of the observed allele sharing. Under this scenario, the 

Neandertals contributed genetic material to the ancestors of all non-African populations. One 

challenge was that we could not merely depend on the frequency distribution of deletions in 

African and non-Eurasian populations to distinguish an introgression scenario from the ancient 

structure scenario. The frequency distribution of any genetic variant is highly susceptible to drift 

and recent migrations. As such, we further evaluated the overlap of deletion polymorphisms with 

Neandertal introgressed regions that were identified based on single nucleotide variation based 

haplotype construction (Vernot and Akey 2014). Overall, we expect that most polymorphic 

deletions that introgressed from Neandertals would (i) have breakpoints precisely shared 

between the Neandertal genome and modern human deletions (i.e., non-recurrent), (ii) the 

chimpanzee genome will have the sequence that is deleted in the human genome, (iii) these 

deletions fall into previously reported regions where introgression was detected (Vernot and 
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Akey 2014), (iv) such deletions do not exist or have lower frequency in Africa as compared to 

Eurasia, and (iv) if they exist in Africa, the haplotypes that carry them have lower nucleotide 

diversity than Eurasian haplotypes carrying the deletions. Since Denisovans contributed genetic 

materials mostly to the Melanesian populations (but see for low level Denisovan ancestry in 

Asia Huerta-Sánchez et al. 2014; Skoglund and Jakobsson 2011) we only assumed Neandertal 

introgression for the present purpose as 1KG deletions do not include Melanesians. In 

summary, we found that 38 (~9%) of human deletions that are shared with archaic hominin 

genomes can be explained by Neandertal introgression. We will refer to these as introgressed 

deletions from now on. 

To independently estimate potential miscategorization of low-frequency ancient deletions as 

introgressed, we used the polymorphic human deletions that are shared with the Denisovan 

genome, but not with the Neandertal genome. Since 1KG deletions do not include samples from 

Melanesian or any other South East Asian populations, which were reported to have Denisovan 

introgression, we expect no Denisovan introgression in the 1KG deletions. As such, the 

proportion of polymorphic deletions that are shared with only Denisovans and categorized as 

“introgressed” with our pipeline will give us an indirect estimate of miscategorization. Based on 

this, we estimate that only 5 out of 102 deletions to be miscategorized as introgressed with our 

pipeline. 

Fourth, we considered the scenario where the age of polymorphic deletion variants we observed 

in humans actually predates the Human-Neandertal divergence. It has been argued previously 

that some of the ancient variations that exist in the Human-Neandertal ancestral population 

have been maintained in humans. As such, the polymorphic deletions among modern humans 

that also exist in archaic hominins that cannot be explained by introgression should have 

originated before the Human-Neandertal divergence and been maintained since then in extant 
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humans. Overall, 370 (~87%) of the polymorphic human deletions that are shared with archaic 

hominins can be traced back to ancient genetic structure predating Human-Neandertal 

divergence. We will refer to these as ancient deletions from here on. 

Our observations, taken as a whole, supports the conclusion that the vast majority of allele 

sharing between humans and archaic hominins affecting deletion variation is due to ancient 

genetic structure, rather than introgression. In other words, our findings are consistent with the 

notion that most deletion polymorphisms shared with archaic genomes evolved prior to the 

Human-Neandertal divergence and have been maintained ever since. 

I.3.3. Deletions that are shared with archaic hominins rarely overlap with 

functional regions of the genome. 

We found that the allele frequencies of the deletion variants that are shared with archaic 

hominin genomes are significantly higher than human-specific deletion variants (p<2.2×10-16 , 

Wilcoxon rank test, Figure I.6.3B, Supplementary figure I.7.4A). We also found that the 

deletions that we detected both in Neandertal and Denisovan genomes have a significantly 

higher frequency in humans than those we detected only in one of the archaic hominin genomes 

(p<0.001, Wilcoxon rank test). While ancient deletion variants correspond to only 2.5% of all 

polymorphic human deletions, they constitute approximately 13% of all common (allele 

frequency>5%) deletion polymorphisms reported among 1KG deletions. 

These observations would imply that the ancestral population that gave rise to the Human, 

Neandertal and Denisova lineages harbored a considerable number of common deletion 
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variants that have been inherited by all three species, and remain polymorphic in extant 

humans. To investigate whether these deletions are also polymorphic in Neandertals, we 

manually checked 17 exonic deletions that humans and archaic hominins share among recently 

released exome sequencing data for 3 Neandertal genomes, including the Altaian individual that 

we used in this study (Castellano et al. 2014) (Supplementary figure I.7.3B). We verified the 

16 regions where we previously observed deletions in the Altai Neandertal whole genome 

sequence. Furthermore, we observed that these regions are homozygously deleted in the other 

two Neandertal genomes as well. The likelihood of not detecting any within species variation 

across the 16 deleted loci among 2 additional individuals is infinitesimally small unless the allele 

frequencies of these deletions are extremely high (Supplementary figure I.7.4B). As such, we 

conclude that the majority of shared deletions described in our study are indeed fixed and not 

necessarily polymorphic within Neandertals. This is probably due to high inbreeding reported for 

Neandertals (Castellano et al. 2014; Prüfer et al. 2014b). Using the same dataset, we found no 

evidence for a deletion in the three Neandertal exomes for one exonic human deletion where we 

previously observed a deletion in Denisovan, but not for the Altai Neandertal. 

Deletion variants have already been shown to be significantly biased away from exonic 

sequences, indicating the effect of purifying selection (Conrad, Pinto, Redon, Feuk, Gokcumen, 

Zhang, Aerts, Andrews, Barnes, Campbell, Fitzgerald, Hu, Ihm, Kristiansson, Macarthur, et al. 

2010). We found that the deletions that are shared with archaic genomes have even less 

overlap with exonic regions in the genome than other deletion variants (p=0.0004, Chi-square 

test, Figure I.6.3A). Taking the heterogeneous nature of the genome into consideration, we 

have simulated genomic intervals using a genome structure correction (Bickel et al. 2010). Our 

results showed approximately 3.4 (p=0.0003) and 5.3 fold (p=6.6×10-8) depletion of the exonic 

deletions in ancient and introgressed deletions as compared to random expectation, 

22 



 

         

   

  

        

     

       

           

 

  

       

  

              

        

             

          

        

      

  

             

     

             

           

          

        

respectively. We also found that ancient deletions are smaller than human-specific deletions 

(p<2.2×10-16, Wilcoxon rank test, Supplementary figure I.7.5). 

Together, these observations are consistent with recent studies that highlight purifying selection 

as a major force in shaping the genomic distribution of Neandertal introgressed single 

nucleotide variation in the human genome (Vernot and Akey 2014; Sankararaman et al. 2014). 

Our results furthered these observations for ancient and introgressed genomic structural 

variants. 

I.3.4. The majority of ancient deletion polymorphisms have evolved under 

neutral conditions 

The most likely evolutionary scenario to explain the lack of exonic overlap observed among 

ancient deletions is that purifying selection eliminated most ancient variation. Then, since before 

the Human-Neandertal divergence, the deletions that were not affected by the initial filtering 

through purifying selection evolved largely under neutral conditions. According to this 

hypothesis, we expect that demographic changes and not selective forces operating on ancient 

deletions are the main processes that would affect neutrality tests. 

Ancient deletions provide an especially interesting case. These variants are by definition old, 

often older than the variation observed in other parts of the genome. We expect that 

surrounding haplotypes, depending on the recombination rate in that region, are as old as these 

ancient deletions. Thus, we expect, under neutrality, to observe higher values for Watterson’s θ 

estimator (θW) and for Tajima’s θ estimator (measured by the average number of pairwise 

differences, π) as compared to haplotypes harboring non-ancient deletions. Tajima’s D 
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measures the normalized difference between θW and π. Deviations from 0 indicate either non-

neutral evolution or demographic changes. Recent expansions generate negative values for 

Tajima’s D because most of the polymorphisms are recent and are characterized by low allele 

frequency (Tajima 1989). Human demographic history is characterized by a recent expansion, 

thus generating negative values for Tajima’s D. However, for old regions surrounding ancient 

deletions, we expect that Tajima’s D values will be shifted towards higher values since a 

proportion of polymorphisms will be as old as the region itself. 

To test these expectations, we calculated basic population statistics for ancient and non-ancient 

deletions including the 10 kb sequence immediately flanking them. We performed these 

analyses in sub-Saharan African populations, which have higher effective populations sizes 

than Eurasian populations and consequently less prone to effects of genetic drift. Our results 

showed that regions harboring ancient deletion variants indeed yield significantly higher θ and π 

values as compared to regions harboring non-ancient deletions (p<10-4 for both measures for 

both YRI and LWK populations, Student’s t test, Supplementary figure I.7.6). This 

observation is consistent with older coalescent times for regions harboring ancient deletions. 

Our analysis also showed that Tajima’s D values for regions harboring ancient deletions do not 

significantly deviate from zero with means of -0.14 and -0.31 for YRI and LWK, respectively. 

However, these regions have significantly less negative Tajima’s D values, when compared to 

regions harboring non-ancient deletions (p<10-5 , one-tail Student’s t test for both YRI and 

LWK, Supplementary figure I.7.6). The most plausible explanation for this observation is that 

regions harboring ancient deletions have been affected to a lesser extent by recent human 

demography than other genomic regions with a more recent common ancestor. Most of the 

genomic regions contain polymorphisms affected by the joint effect of a bottleneck and recent 

expansion. These regions in African populations will be characterized by slightly negative 

Tajima’s D as previously shown (e.g. Garrigan and Hammer 2006). On the other hand, we 
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observed that polymorphisms on old regions surrounding ancient deletions are characterized by 

significantly greater values of Tajima’s D. These observations are consistent with the scenario 

that the majority of ancient deletions and their surrounding haplotypes are indeed older than the 

genome-wide average and were not subject to major adaptive pressures. 

I.3.5. Identifying potentially adaptive ancient deletions among the exonic 

deletions 

As mentioned above, deletions that are shared with archaic hominins are depleted for exonic 

sequences, indicating the effect of purifying selection. However, we found 17 instances where 

these deletions overlap with exonic sequences (Table I.6.1, Figure I.6.4ABC). We reasoned 

that these exonic deletions, which lead to whole gene deletions, fusion transcripts and loss-of-

function alleles, are unlikely to evolve under neutrality in contrast to other, non-exonic ancient 

alleles. 

To further investigate the evolution of these exonic deletions, we calculated population 

differentiation based on the variations in allele frequency within and among populations (FST) 

(Hudson, Boos, and Kaplan 1992) for all 1000 Genomes deletions (Figure I.6.4D). We also 

used polymorphisms immediately upstream regions of these deletions to calculate Tajima’s D 

(Tajima 1989) (Figure I.6.4E). We then analyzed the human exonic deletions that are shared 

with Neandertals or Denisovans within the context of all polymorphic human exonic deletions 

across the genome. 

Our analysis highlighted several highly interesting exonic loci (e.g., Supplementary figure 

I.7.7) and below we will discuss several of these genes individually. However, it is important to 

25 



 

        

          

             

            

           

         

         

  

 

 

               

           

            

        

        

      

      

     

             

       

         

          

            

           

note that (i) demographic expansions and bottlenecks introduce high levels of noise, increasing 

the threshold for significance (e.g., false negatives for detecting balancing selection), (ii) 

recombination that broke the haplotypes between the deletions and flanking regions may have 

introduced noise into our calculations (e.g., by decreasing otherwise higher Tajima’s D), and (iii) 

that there are multiple (e.g., in contrast to a single external pressure) and complex (e.g., 

dependent on time, geography, frequency in population, etc.) evolutionary forces that 

complicate the interpretation of both FST and Tajima’s D. 

I.3.6. The functions of the exonic deletion shared with archaic hominins 

We found that 4 of the non-recurrent exonic deletions that are shared with archaic hominin 

genomes likely lead to loss-of-function alleles, where either the entire gene or entire coding 

sequences were deleted (Table I.6.1). One such deletion overlaps with the LCE3B and LCE3C 

gene, which has been strongly associated with psoriasis (de Cid et al. 2009). The allele 

frequency of the LCE3BC deletion is extremely high among Eurasians, reaching to over 70% 

allele frequency in some European and Asian populations (Figure I.6.4ABC). We found 

consistently positive Tajima’s D values across all 8 non-admixed Eurasian populations analyzed 

as calculated for the variation in the region harboring the deletion (Figure I.6.4E). When 

compared to other exonic human deletions, the Tajima’s D values reach to 95th percentile in 5 

populations. In contrast, population differentiation, as measured by FST between continental 

populations, show relatively low overall differentiation between continental populations as 

compared to other exonic deletion variants in humans (Figure I.6.4D). Positive Tajima’s D 

values and low population differentiation are hallmarks of classical balancing selection (e.g., 

Cagliani et al. 2008). This observation, in parallel with our understanding that this deletion has 
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been maintained in high allele frequencies since before Human-Neandertal divergence, is 

consistent with balancing selection acting on the LCE3BC deletion variant. 

The UGT2B genes comprise of evolutionary dynamic genes that are involved in the metabolism 

of external and internal compounds, including several hormones and steroids. Adaptive deletion 

variants have already been reported for some members of this family, including deletion of the 

UGT2B17 gene (Xue et al. 2008). Moreover, UGT2B17 and UGT2B28, both of which are 

involved in steroid metabolism, have been found to be commonly deleted and the functional 

impact of these deletions may have cumulative effects (Ménard et al. 2009). Indeed, we found 

that the deletion that encompasses UGT2B28 deletion is ancient. This deletion is very common 

in Africa, reaching to almost 40% allele frequency. Similar to what we observed for LCE3BC 

deletion, Tajima’s D was consistently higher than genome-wide distribution for other exonic 

deletion variants (Figure I.6.4E), while FST was consistently low among populations (Figure 

I.6.4D). These observations are consistent with balancing selection acting on UGT2B28. 

Another ancient loss-of-function deletion with very high global frequency overlaps with ACOT1 

gene. This gene is involved in lipid biosynthetic pathways and has been argued to play a role in 

the regulation of milk fat synthesis in mammals (Rudolph, Neville, and Anderson 2007), which is 

critical in neonatal development. Interestingly, this whole-gene deletion is shared with the 

Neandertal genome. The allele frequency of this deletion shows considerable differences 

between continents, almost reaching fixation among Asian populations, but remains as the 

minor allele in other continents (Figure I.6.4BC). Unlike the aforementioned LCE3B/C and 

UGT2B28 gene variation, the haplotypic variation around ACOT1 is characterized by 

consistently negative Tajima’s D values in human populations when compared to values 

calculated for other exonic human deletions (Figure I.6.4E). However, as expected from high 

frequency differences, the FST is consistently higher between Asian and non-Asian populations. 

27 



 

            

        

  

             

          

        

         

           

               

      

        

            

 

  

       

 

     

    

             

              

          

           

          

            

This finding may indicate ongoing positive selection pressure on the ACOT1 deletion, 

specifically favoring the deletion allele in Asian populations. 

We found that only one of the loss-of-function deletions was introgressed from Neandertals. 

This deletion includes all of the coding sequences of the spermatogenesis-associated gene 

SPATA45. Several evolutionarily important phenotypic trends, such as reproductive efficacy and 

success, responses to sexual selection pressures or apoptotic pathways that regulate sperm 

selection, are linked to spermatogenesis. As such, the loss of function of SPATA45 due to the 

introgressed deletion mentioned above is a prime candidate for adaptive forces to act upon after 

introgression from Neandertals. Indeed, Vernot and Akey (2014) described a Neandertal-

derived haplotype for the functionally similar gene, SPATA18. Unlike the SPATA18 haplotype, 

however, the deletion variant affecting SPATA45 is relatively rare, found in less than 5% of 

human genomes. 

I.3.7. Incomplete gene deletions lead to novel transcripts, including gene 

fusions 

Nine of the 17 exonic deletions shared with archaic hominins overlap with parts of genes. These 

deletions potentially lead to alternative protein products, rather than deleting the entire coding 

sequences. One such deletion overlaps with the exon 3 of growth hormone receptor gene 

(GHR). This well-studied deletion variant leads to a transcript that misses exon 3 (d3). The d3 

haplotype was associated with smaller birth size (Padidela et al. 2012; Sørensen et al. 2010). 

The d3 haplotype was also linked to a 1.7 - 2 times increase in growth acceleration in children 

that are treated with growth hormone and, consequently is a major target for 

pharmacogenomics research (Dos Santos et al. 2004). The allele frequency of this deletion is 
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~44% in Africa, ~31% in Europe, but only 17% in Asia. Not surprisingly, the FST between Asian 

and non-Asian populations are consistently higher than the genome-wide average (Figure 

I.6.4D), potentially indicating geography dependent positive selection similar to ACOT1. 

We identified only one recurrent exonic deletion that is shared with archaic hominins 

overlapping with DMBT1. Unlike the other exonic deletions which are shared among hominin 

genomes because of common descent or introgression, DMBT1 deletion sharing is most likely 

due to recurrent deletions in this region. DMBT1 also got somatically deleted in malignant brain 

tumors and contribute to cancer progression (Mollenhauer et al. 1997). Indeed, the region 

harboring DMBT1 was discussed within the context of genomic instability (Mollenhauer et al. 

1999). Based on our results, we can conclude that it is likely that the genomic instability of this 

genetic region along chromosome 10q has likely been maintained since Human-Neandertal 

divergence. Moreover, the deletion variant has been associated with Crohn’s disease (Renner 

et al. 2007). We found that the Tajima’s D calculated based on the haplotypic variation 

upstream of the DMBT1 deletion is highly negative and in the 5th percentile for two European 

populations when compared to Tajima’s D values calculated similarly for all human exonic 

deletions in these populations (Figure I.6.4E). Moreover, a recent comprehensive analysis for 

balancing selection among human genomes identified DMBT1 as one of the top candidates for 

balancing selection in both CEU and YRI populations for which the analysis was conducted 

(DeGiorgio, Lohmueller, and Nielsen 2014). The low Tajima’s D values and the balancing 

selection reported recently seem to be in conflict. However, as mentioned before, it is plausible 

that complex mutational and adaptive mechanisms may have shaped the haplotypes carrying 

some of the deletion variants, leaving complicated signatures of adaptation. It is safe to argue, 

based on our results and those of previous publications that DMBT1 deletion variation likely 

evolved under non-neutral pressures. 
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One unexpected observation was that three of the ancient deletions led to fusion transcripts, 

whereby coding sequences of two separate genes are fused. These deletions combine the 

transcripts of SNORD115-12 and SNORD115-13; as well as CYP2A6 and CYP2A7 genes. 

Another such deletion variant, which is very common (>35%) in all human populations, fuses 

GSTT1 and GSTTP1 genes. GSTT1 is also involved in metabolizing external compounds. The 

haplotype surrounding this gene shows one of the highest Tajima’s D values measured for 

exonic deletions in humans (Figure I.6.4E). In addition, there is a relatively high population 

differentiation as measured by FST between continental populations, especially between African 

and Eurasian populations (Figure I.6.4D). This observation may be explained by a scenario 

similar to that is often put forward for sickle cell trait in malaria-stricken geographies. In essence, 

the variation that leads to sickle-cell trait has been maintained in the population through 

geography-specific balancing selection (reviewed in Dean, Carrington, and O’Brien 2002). A 

similar scenario would explain the extremely high Tajima’s D in African populations observed for 

GSTT1-GSTTP1 fusion deletion, as well as the high FST values between African and non-African 

populations observed for this polymorphism. 
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I.4. Conclusion 

Deletion variants, the best characterized of all genomic structural variants, have been shown to 

play an important role in human evolution (McLean et al. 2011). However, the evolutionary role 

of these variants within species has not been well-established. High-quality sequences and, 

more importantly, highly improved discovery and genotyping tools primarily developed within the 

context of the 1000 Genomes project have recently allowed for the study of human deletion 

variation in a population genetics framework. We used these exciting resources to assess 

deletion variants in humans that are shared with the Neandertal and Denisovan genomes. In so 

doing, we were able to (i) identify hundreds of ancient and introgressed deletion variants in 

humans, (ii) investigate deletion variation within their haplotypic backgrounds, and (iii) shed light 

on the evolution of individual deletion variants that may have phenotypic effects. To the best of 

our knowledge, this study is the first to document and characterize deletion variation in humans 

that are shared with Neandertal and Denisovan genomes in a genome-wide context. 

Our results suggest that the majority of allele sharing involving deletion variants between 

modern humans and archaic hominins is due to the ancestral structure and, not due to 

introgression. This observation does not conflict with the recent reports regarding Neandertal 

and Denisovan introgression to modern humans, but rather highlights a largely unexplored deep 

ancestry for a considerable portion (~13%) of common deletion variation in humans. Moreover, 

the genomic distribution of these variants shows signatures of ancient purifying selection, 

eliminating all but a few exonic variants. This observation complements similar observations 

made for deletion variants in general (Mills et al. 2011) and further suggests the potential role of 

recent, rare deletion variants in detrimental phenotypes and disease (Itsara et al. 2009). 
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Only a very small percentage (~4%) of these maintained ancient and introgressed deletions are 

exonic, however, the genes involved affect evolutionarily relevant phenotypes, such as growth, 

immunity, and metabolism of external and internal compounds. Some of these deletions were 

also associated with common human diseases, including Crohn’s disease and psoriasis. Exonic 

deletions are functionally drastic events that are comparable to frameshift, or stop-codon 

introducing mutations, or if a gene still functions, to multiple non-synonymous single nucleotide 

variants. As such, we argue that unlike the majority of ancient deletions, those that overlap with 

exons that have been maintained since Human-Neandertal divergence are unlikely to have 

evolved under neutral conditions. Instead, these ancient exonic deletions may have been 

maintained through a combination of (i) geographically different, potentially frequency-

dependent, adaptive forces and (ii) balancing selection. We argue that pathways that involve in 

these important phenotypes are viable targets for some form of complex adaptive selection that 

helped maintain the genetic structural variation at these loci for hundreds of thousands of years. 
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I.5. Material and methods 

I.5.1. Genotyping of Neandertal and Denisovan genomes 

We used 1000 Genomes dataset Phase 1 dataset (http://www.1000genomes.org/data) (1000 

Genomes Project Consortium et al. 2012), as well as the high-coverage genome-wide 

sequencing data for Neandertal (Prüfer et al. 2014a) and Denisovan (Meyer et al. 2012) 

(available at http://cdna.eva.mpg.de) as our main starting point. The sequencing data from both 

Neandertal and Denisovan genomes, as well as the 1KG deletions, are aligned to the same 

version of the human reference genome (Hg19). As such, we were able to directly measure the 

number of reads mapping to the intervals where 14,422 polymorphic human deletions were 

reported. To accomplish this, we used a custom bedtools (http://bedtools.readthedocs.org/) 

script. 

We then constructed a normal distribution of the read-depth (as normalized by size) for 

Neandertal and Denisovan dataset where the mean and standard deviation were equal to the 

observed mean and standard deviation. We then established a threshold value that corresponds 

to 0.01 quantile in the normal distribution, below which we assumed the intervals have lower 

than expected read-depth/size ratio indicating a deletion in the respective genome. 

To determine the false discovery rate, we used the shuffleBed function of bedtools to generate a 

set of 14,422 random intervals that match the size distribution of 1KG deletions. We then 

followed the genotyping workflow described above to identify deletions. We found less than 10 

deletions in those random regions in both Neandertal and Denisovan genomes, indicating a 

false discovery rate is essentially lower than 5% for both genomes. 
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We used a modified version of SPLITREAD approach (http://splitread.sourceforge.net/) to 

remap the Neandertal and Denisovan reads to the junctions of the breakpoints of deletions as 

defined in 1KG deletion dataset, rather than applying it to the whole genome. Specifically, we 

extended the deletion breakpoints 50,000 bases to the upstream and downstream to generate 

out mappable reference contigs. The mappings to these reference contigs were performed 

using BWA-MEM method (Li and Durbin 2009). The PCR duplicates, identified by the reads that 

are mapping exactly to the same positions, were removed from the downstream analysis. Due 

to the fact that short reads are single ended, there is an increased rate of support for the regions 

that are repetitive or in segmental duplication regions. SPLITREAD method also relies on the 

consistent mapping of the splits at the breakpoints with base-pair resolution. The deletions that 

are recurrent with different breakpoints are expected to have less support overall. We observed 

a significantly reduced number of split-read mapping with the Neandertal genome sequences as 

compared to what was observed for Denisovan genome sequences. We think this is due to 

inherent read-length variation and differential impact of whole-genome-amplification between 

these two genome sequences. 

I.5.2. Categorization of the origin of deletions that are shared with 

Neandertal and Denisovan genomes 

We assessed all of the 14,422 1KG deletions for their occurrence in different lineages. The 

occurrence of these deletions in Neandertal and Denisovan genomes were determined by 

genotyping described above. Introgressed deletions in humans were defined based on allele 

frequency distribution, overlap with introgressed regions in human genome described by Verot 

and Akey (2014). Specifically, we assumed that those deletions that have lower than 0.01 allele 
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frequency in Africa, accommodating a certain level of possible back migration, is Eurasia 

specific. To determine whether these deletions are present in chimpanzee lineage, we mapped 

them onto chimpanzee reference genome panTro4 using Liftover tool (available through USCS 

Genome Browser (Kent et al. 2002) with a minimum ratio of bases remap = 0.95. Then we 

manually examined those that failed to map using the chain and net tracks in USCS genome 

browser for both chimpanzees and rhesus macaques. The breakpoints of all the 

Neandertal/Denisovan shared deletions are checked on integrative genome viewer (IGV) (Nicol 

et al. 2009) to determine whether they are recurrent. 

I.5.3. Exon content analysis 

We used Galaxy software tools (Goecks et al. 2010) to identify 1KG deletions that overlap with 

RefSeq exon track (http://www.ncbi.nlm.nih.gov/refseq/). We assessed the significance of the 

depletion of exonic deletion we observed using Genome Structure Correction software 

(https://www.encodeproject.org/software/gsc/). Briefly, this software uses a subsampling 

approach to avoid confounding factors in the localization of genomic elements for which the 

analysis is being conducted. 

I.5.4. Population genetics analysis 

We calculated Tajima’s D (Tajima 1989) in 10 kb genomic regions located 500 bp upstream 

each deletion (i.e., the genomic region from 500 bp to 10,500 bp upstream each deletion). We 

included the phased deletion variant as a single variant to this analysis. Polymorphic data were 

downloaded from the 1000 Genomes project (www.1000genomes.org; phase1, v3.20101123). 

Polymorphic data were converted to FASTA alignments using the human reference genome 
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(hg19). Calculations of FST and Tajima’s D were performed by CoMuStats (http://pop-

gen.eu/wordpress/software/comus-coalescent-of-multiple-species). FST (Hudson, Boos, and Kaplan 1992) 

was calculated for the total sample as well as for all demes pairs using the allele frequencies of 

the deletions. We calculated the FST and Tajima’s D values for all exonic sequences. Based on 

the distribution of these statistics, we calculated the percentile for each of the “shared” exonic 

deletions and for each “non-admixed” population. All source codes used for the calculations are 

available from (http://gokcumenlab.org/data-and-codes/). 

I.5.5. Statistical tests and graphs 

All other statistical tests and graphs were conducted using base statistical and ggplot2 

(http://ggplot2.org/) packages available through the R statistical environment (http://www.r-

project.org/). 
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I.6. Figures and tables 

Figure I.6.1. Identification of deletions shared with Neandertal and Denisovan genomes. 
(A) We counted the number of Neandertal sequence reads mapping to the genomic intervals 
where the human deletions were reported by 1000 Genomes Project. The histogram shows on 
the x-axis the distribution of the number of reads in each interval divided by the size of the 
interval and on the y-axis the frequency of the intervals observed. The dotted blue vertical line 
indicates the mean of this distribution. The solid blue line shows the normal distribution with the 
mean and the standard deviation of the observed distribution. The dotted red vertical line 
indicates the read-depth/size ratio, where the probability of observing a smaller ratio under 
normal distribution is 0.01. For the intervals that fall into the red transparent box, the read-depth 
in Neandertal resequencing is lower than expected by chance/noise, and consequently, we 
assumed that these are deleted in the Neandertal genome. These deletions were indicated by 
red histogram bars. (B) The read depth/size ratio distribution analysis for the Denisovan 
genome. (C) Venn diagram showing the number of human deletions that are found only in 
humans (light brown), shared with Neandertal genome (pink), shared with Denisovan genome 
(blue), or shared with both (purple). 
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Figure I.6.2. Possible evolutionary 
scenarios explaining allele sharing (or 
lack thereof) between modern and archaic 
hominins. This figure shows possible 
evolutionary scenarios, in the form of cartoon 
phylogenetic trees, explaining the deletion 
polymorphisms across different lineages. 
Red color designates branches where the 
deletion was observed. The number shown 
under each tree is the number of 
polymorphic deletions corresponding to the 
observation. The red headers indicate the 
likely mechanisms, which were separated 
from each other by dotted lines, through 
which the allele sharing has evolved. The 
“human-specific deletion” scenario covers 
polymorphic deletions which are shared 
neither with Neandertal nor with Denisovan 
genomes. The “recurrent” scenario covers 
Neandertal- or Denisovan-shared human 
deletions, breakpoints of which vary among 
different lineages. The “Neandertal 
introgression” scenario indicates allele 
sharing due to Neandertal gene flow into 
non-African human populations. The “ancient 
genetic structure” scenario indicates 
deletions that were evolved in the Human– 
Neandertal ancestral population and have 
been maintained since then. The “primate 
incomplete lineage sorting” scenario 
indicates deletion polymorphisms that have 
potentially been maintained since before the 
Human–Chimpanzee divergence. The 
“hominid-specific insertion” scenario covers 

polymorphic deletions that are genotyped as deletions in chimpanzee and rhesus monkey, and 
show polymorphism in hominid genomes. This scenario represents likely novel sequences that 
evolved in the ancestral population of Neandertals and humans. 
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Figure I.6.3. Characterization of ancient deletion variants. (A) This figure shows the 
proportions of Neandertal introgressed deletions, maintained ancient deletions, recurrent 
deletions, and human-specific deletions that overlap with exonic regions. H, human-specific 
deletions; R, recurrent deletions; A, deletions maintained from the ancient genetic structure; N, 
Neandertal-introgressed deletions. The orange-colored section indicates the fraction of 
deletions that overlap with exons. Deletion polymorphisms are known to be depleted for exonic 
content. However, the ancient deletion variants are even less exonic than human-specific 
deletion variants (P = 0.0011, Chi-square test). (B) Cumulative fraction plot of allele frequency in 
modern humans for deletion variants shared with Neandertals and/or Denisovans (Shared— 
light blue), and human-specific (Human—red) deletions. The x-axis indicates the frequency of 
the deletion variants and y-axis indicates the cumulative fraction of the deletions of all the 
deletions at a given or lower frequency. The steep slope toward the left end of the human-
specific deletions curve shows that the majority of these polymorphic deletions have allele 
frequencies smaller than 0.1. As for deletions common to Neandertals/Denisovans, about 43% 
of them have allele frequencies over 0.1. Overall, “Shared” deletions are significantly more 
common than Human-specific deletions (P < 2.2 × 10−16, Wilcoxon rank test). 
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Figure I.6.4. Analysis of exonic variants. 
(A–C) The allele frequency of exonic deletion variants. The x- and y axes indicate the allele 

frequencies in a given continent. The heatmap colors represent the number of observations. 
The red to dark blue gradient corresponds to the decreased density of observed deletions. 
Here, we plot allele frequencies of all 14,422 1KG deletion variants. As such, red spots 
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designate thousands of observations decreasing to hundreds of observations for yellow pixels 
and single observations for purple dots. A vast majority of deletions have very low allele 
frequencies. The exonic variants shared with Neandertal/Denisovan genomes are shown with 
white-colored circles. (D) Heatmap of the percentiles of pairwise FST values measured for the 
flanking regions of the ancient exonic deletion variants between ten nonadmixed populations 
using clustering without a priori input. The colors in the heatmap correspond to the percentile of 
the FST values as compared with the distribution of all exonic human deletions, with light-
yellow/white being the highest values observed (1 indicating the highest percentile) and dark red 
corresponding to lower values (0 indicating the lowest possible percentile). Exact values to 
generate this map can be found in Supplementary table I.7.2. On the x-axis are the exonic 
deletion variants, represented by the names of the genes that they affect. The ones highlighted 
in blue are introgressed deletions, the one highlighted in green is a recurrent deletion, and those 
that are not highlighted are ancient deletions. On y-axis are population pairs used in the 
analysis. AFR, African; ASN, Asian; EUR, European; CEU, Utah residents (CEPH) with 
Northern and Western European ancestry; CHB, Han Chinese in Beijing; CHS, Southern Han 
Chinese; FIN, Finish in Finland; GBR, British in England and Scotland; IBS, Iberian population 
in Spain; JPT, Japanese in Tokyo; LWK, Luhya in Webuye, Kenya; TSI, Toscani in Italia; YRI, 
Yoruba in Ibadan, Nigeria. (E) Heatmap of the percentiles of Tajima’s D values observed for 
ancient exonic deletion variants within the Tajima’s D distribution of all exonic human deletions. 
The colors in the heatmap correspond to the percentile of the Tajima’s D values as compared 
with Tajima’s D values calculated for all exonic human deletions, with light-yellow/white being 
the highest values observed (1 indicating the highest percentile) and dark red corresponding to 
lower values (0 indicating the lowest possible percentile). Exact values to generate this map can 
be found in Supplementary table I.7.2. On the x-axis are the exonic deletion variants, 
represented by the names of the genes that they affect. The ones highlighted in blue are 
introgressed deletions, the one highlighted in green is a recurrent deletion, and those that are 
not highlighted are ancient deletions. On the y-axis are the populations for which Tajima’s D 
values were measured. The population designations can be found above, in the legend of 
Figure I.6.4D. 

Table I.6.1. List of Exonic Deletions Shared with Archaic Hominin Genomes. 
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Chromosome Start End Gene Comment Ancestral 
State 

chr11 60,228,164 60,229,386 MS4A1 UTR Introgressed 

chr1 213,002,368 213,013,665 SPATA45 
Loss-of-

function 
Introgressed 

chr13 20,077,974 20,080,405 TPTE2 UTR Ancient 

chr17 79,285,360 79,286,612 TMEM105 UTR Ancient 

chr19 41,355,733 41,387,636 CYP2A6, 
CYP2A7 Fusion Ancient 

chr10 124,369,735 124,377,838 DMBT1 Partial-CDS Recurrent 

chr11 3,238,738 3,244,086 MRGPRG UTR Ancient 

chr8 144,634,064 144,636,239 GSDMD UTR Ancient 

chr15 25,436,588 25,438,493 

SNORD11 
5-12, 
SNORD11 
5-13 

Fusion Ancient 

chr12 27,648,142 27,655,163 SMCO2 Partial-CDS Ancient 

chr11 128,682,716 128,683,410 FLI1 UTR Ancient 
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chr7 99,461,389 99,463,562 CYP3A43 UTR Ancient 

chr14 73,997,051 74,024,450 ACOT1 
Loss-of-

function 
Ancient 

chr4 70,124,301 70,230,600 UGT2B28 
Loss-of-

function 
Ancient 

chr1 152,555,542 152,587,742 LCE3C 
Loss-of-

function 
Ancient 

chr5 42,628,311 42,630,990 GHR Partial-CDS Ancient 

chr22 24,343,050 24,397,301 GSTTP1, 
GSTT1 Fusion Ancient 
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I.7. Supplementary figures and tables 

Supplementary figure I.7.1. Discovery of putative deletions in Neandertal and Denisovan 
genomes. (A) Correlation between the number of Neandertal sequence reads mapping to a 
given interval and the size of this interval. The presence of low-read-depth outliers indicated in 
cyan dots reveals the putative Neandertal deletions. Both the Number of reads and the size is 
shown in logarithmic scale. (B) The same graph for Denisovan reads. 
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Supplementary figure I.7.2. GC content of shared and Human-specific deletions represented 
in box-plots and compared to each other. The significance is tested with a Student’s t-test. 
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Supplementary figure I.7.3. Examples of the IGV (Integrative Genomic Viewer) view of 
deletion variants. (A) Examples of manual inspection of identified deletions. The panels from 
bottom to top designates: 1) The RefSeq Gene track. The concatenated blue arrows represent 
intronic regions and the thicker blue box represent exons. 2) 1KG deletions. The blue boxes 
show human variable deletions. 3) The Denisovan sequencing reads aligned to human 
reference genome and coverage. 4) The Neandertal sequencing reads aligned to human 
reference genome and coverage. 5) A ruler indicating the region focused on the chromosome. 
6) The ideogram of the chromosome analysed. The red box indicates the portion of the 
chromosome being displayed. This deletion, which is determined as shared by Neandertal and 
Denisovan genomes, is located on chr1, overlapping the intron region of LYST (lysosomal 
trafficking regulator) gene. The edge of Neandertal and Denisovan “reads-free” zone is clear-cut 
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and concordant with the coordinate of this deletion. These observations suggest that this 
deletion is indeed shared by Neandertal and Denisovan genomes and likely ancestral, rather 
than recurrent. (B) Example of external verification of Neandertal deletions using Neandertal 
Exome data. The panels from bottom to top designates: 1) 1KG deletions. The blue box show 
position of a human variable deletion. 2) The RefSeq Gene track. The concatenated blue arrows 
represent intronic regions and the thicker blue box represent exons. 3) The Altai whole genome 
sequencing reads aligned to the human reference genome and their read-depth across the 
genome. 4) The aligned reads and read-depth for all three exome sequences. 5) A ruler 
indicating the region focused on the chromosome. 6) The ideogram of the chromosome 
analyzed. The red line indicates the portion of the chromosome being displayed. (C) Snapshot 
of an example for split-read support. The top part shows the chromosomal location. Below is the 
RefSeq genes, with coding exons depicted with thick blue lines, non-coding but transcribed 
regions are thinner lines and intronic regions are thinnest blue lines. The gray sticks show the 
remapped reads from the Denisovan. The red lines spanning the deleted region shows 
connects two parts of a split-sequence. Please note that there is more split-read support than 
seen here as multiple lines are overlapping and not-visible. Below is the location of human 
deletion as reported by the 1000 Genomes project as depicted by the thick blue line. (D) 
Snapshots of 15 recurrent deletions. The bottom section with the blue lines indicate the 
positions of human deletions. Above it are the Neandertal and Denisovan reads, respectively. 
The genomic coordinates of the analyzed region are shown above each graph. Please note the 
apparent discordance between the breakpoints of human and archaic hominin deletions in each 
case. 
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Supplementary figure I.7.4. (A) The cumulative fraction plot for the allele frequency of ancient, 
introgressed and Human-specific deletions. (B) The probability of finding a non-deleted allele 
based on the allele frequency of the deletion. We found that all the 16 exonic human deletions 
that we find to be deleted in the Altai-Neandertal genome exonic deletions also homozygously 
deleted in the two additional Neandertal genomes based on their exome sequencing data 
(Supplementary figure I.7.3B). Based on this observation, we calculated the probability 
distribution of detecting a non-deleted allele among four haplotypes. Y-axis indicates the 
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probability of observing a non-deleted allele among four haplotypes. X-axis indicates the allele 
frequency of the deletion. The gray dots show the probability distribution. The red dots indicate 
the probability of finding a non-deleted allele among the four Neandertal haplotypes for specific 
exonic deletions, assuming the Neandertals to have the same allele frequency for these deletion 
variants as that observed among humans. According to this analysis, we suggest that the allele 
frequency of these deletion variants were extremely high or fixed in Neandertal population, 
otherwise we would have detected at least one non-deletion allele from four haplotypes. 
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Supplementary figure I.7.5. The size spectrum of human-specific shared and ancient 
deletions. In the upper-left graph, we are showing a density plot for the deletion size distribution 
of All 1KG deletions, comparing to the size distribution of deletions shared with archaic 
hominins. In the lower-left, a similar graph is showing the density of size distribution between 
Human-specific and ancient deletions. The right panel graph shows the size distribution in allele 
frequency quantiles for the same category of deletions. Note that shared and deletions are 
significantly smaller than 1KG and Human-specific deletions, respectively, regardless of the 
allele frequency quantile. 
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Supplementary figure I.7.6. Comparison of population genetics statistics between 
regions harboring ancient and non-ancient deletions. This figure compares Tajima’s D, Pi, 
and Theta between ancient and non-ancient deletions in two African populations (YRI and 
LWK). The significance is tested by Student’s t-test and indicated on the boxplots. 
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Supplementary figure I.7.7. Comparison of Tajima’s D and FST values. This figure shows 
the Tajima’s D in LWK population on the y-axis and the FST between JPT and LWK populations 
on the x-axis. Only values for exonic deletions are depicted. The white cloud indicate thousands 
of data-points, purple cloud indicates hundreds of data-points. The individual blue clouds 
indicate less than 10 data points. The red dots are exonic deletions that are shared with archaic 
hominins. The dotted lines show the 95th and 5th percentile points for the x- and y-axes 
distributions. 
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Supplementary figure I.7.8. Sizes of introgressed regions where introgressed deletions 
were found. The boxplot compares the sizes of all Neandertal introgressed blocks to the 
Neandertal introgressed harboring introgressed deletions. The significance was assessed using 
a Student’s t test. 
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Supplementary table I.7.1 and Supplementary table I.7.2 

These tables are too large to show here. They are available from the following link. 
https://academic.oup.com/mbe/article/32/4/1008/1076224#supplementary-data 
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Chapter II. The evolution of the ancient deletion 

LCE3BC 

II.1. Abstract 

A common, 32kb deletion of LCE3B and LCE3C genes is strongly associated with psoriasis. We 

recently found that this deletion is ancient, predating Human-Denisovan divergence. However, it 

was not clear why negative selection has not removed this deletion from the population. Here, 

we show that the haplotype block that harbors the deletion (i) retains high allele frequency 

among extant and ancient human populations; (ii) harbors unusually high nucleotide variation 

(π, P<2.2x10-3); (iii) contains an excess of intermediate frequency variants (Tajima’s D, 

P<5.3x10-3); and (iv) has an unusually long time to coalescence to the most recent common 

ancestor (TSel, 0.1 quantile). Our results are most parsimonious with the scenario where the 

LCE3BC deletion has evolved under balancing selection in humans. More broadly, this is 

consistent with the hypothesis that a balance between autoimmunity and natural vaccination 

through increased exposure to pathogens maintains this deletion in humans. 
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II.2. Introduction 

Genomic structural variants (SVs), which are deletions, duplications, inversions and 

translocations of genomic segments, account for the majority of variable base pairs in primate 

genomes (Conrad, Pinto, Redon, Feuk, Gokcumen, Zhang, Aerts, Andrews, Barnes, Campbell, 

Fitzgerald, Hu, Ihm, Kristiansson, Macarthur, et al. 2010; Gokcumen, Tischler, et al. 2013). 

Because of their sheer size, SVs have outsized effects on gene function and regulation if they 

overlap with protein-coding (e.g., Perry et al. 2007) or regulatory sequences (e.g., Iskow et al. 

2012). Indeed, several studies have revealed important roles that SVs play in human evolution 

(Dennis et al. 2012; Gokcumen, Tischler, et al. 2013) and adaptation (Iskow, Gokcumen, and 

Lee 2012; Sudmant, Mallick, et al. 2015). 

Disruption of a gene’s function by deletion of its coding sequence likely reduces fitness and 

predisposes to several genetic disorders (e.g., Stefansson et al. 2008; Turner et al. 2016; 

Brandler et al., n.d.). Consistent with this notion, deletion variants among humans are 

distributed significantly away from coding sequences (Sudmant, Rausch, et al. 2015) and most 

exonic deletions are found in very low frequencies in human populations (Eaaswarkhanth, 

Pavlidis, and Gokcumen 2014). In a recent study, we searched for unusually old deletion 

variants that affect coding sequences. Specifically, we identified exonic deletions that evolved 

before Human-Neanderthal divergence (i>500-1,000KYA) (Y-L Lin et al. 2015). We surmised 

that it is unlikely that a loss-of-function gene deletion will be maintained for this long especially 

under negative selection. Thus, we hypothesized that a number of these ancient deletion 

variants have been evolving under balancing selection. 

Balancing selection has enjoyed a renewed interest in the evolutionary genomics community. 

Based on the analyses of recently available human and nonhuman primate genomes, several 
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variants have been shown to be evolving under long-term balancing selection in human-

chimpanzee lineage (Teixeira et al. 2014; Leffler et al. 2013). In addition, balancing selection 

within the human lineage were reported in the last decade (DeGiorgio, Lohmueller, and Nielsen 

2014; Gokcumen, Zhu, et al. 2013; Andres et al. 2009; Andrés et al. 2010; Key et al. 2014; 

Barreiro et al. 2005). In its most basic form, balancing selection can be thought as the 

combination of adaptive forces that maintain variation longer than expected under neutrality 

(Schierup, Vekemans, and Charlesworth 2000; Charlesworth 2006). 

In this paper, we interrogate the evolution of an ancient gene deletion (LCE3BC deletion). This 

~32kb deletion variant overlaps 2 genes, LCE3B, and LCE3C, which are both involved in the 

skin tissue repair function. We recently showed that this deletion variant is derived in the Homo 

lineage and that the deletion is present in the Denisovan genome, but absent in the Neanderthal 

genome (Y-L Lin et al. 2015). In the same study, we were able to rule out archaic introgression 

and concluded that incomplete lineage sorting best explains the observed allele sharing in this 

locus. The deletion is very common in humans, reaching up to 70% in some European 

populations and has been strongly associated with psoriasis susceptibility (de Cid et al. 2009; 

Riveira-Munoz et al. 2011; De, Riveira-Munoz, and Zeeuwen 2009). However, the adaptive 

reasons as to why this deletion remains in the population remain uninvestigated. 
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II.3. Results 

The LCE3BC deletion spans slightly more than 32kb in the human reference genome and 

overlaps with two conserved, protein coding genes, LCE3B and LCE3C (Figure II.6.1). We 

manually confirmed that this deletion has been shared with Denisovans, but not with 

Neanderthals (Supplementary figure II.7.1). We then determined single nucleotide variants 

that are in high linkage disequilibrium (R2 > 0.9) with the LCE3BC deletion among 2504 human 

genomes (1000 Genomes Project Consortium et al. 2015). Using this dataset, we identified a 

haplotype block that comprises the LCE3BC deletion and its flanking sequences extending to 

6.6kb downstream and 5.5kb upstream (Supplementary figure II.7.2). 

We constructed a maximum likelihood tree of the variation in the region downstream of the 

LCE3BC deletion among 5,008 modern human haplotypes, as well as Denisovan, Altai 

Neanderthal, Chimpanzee and Rhesus Macaque haplotypes (Figure II.6.2A, Supplementary 

figure II.7.3). We found a clear separation of two haplogroups (named hereon deleted and non-

deleted) with perfect segregation of haplotypes carrying the deletion and those that do not. 

Furthermore, the Denisovan haplotype, which carries the deletion, clusters with the deleted 

human haplotypes, while the Neanderthal haplotype, which does not carry the deletion, clusters 

with the non-deleted haplotypes (Figure II.6.2A). This observation provides further support that 

the LCE3BC deletion evolved before Human-Denisovan split and remains variable since then. 

We then traced back the allele frequency of rs6693105, which tags the LCE3BC deletion in all 

modern humans (R2=0.94986), in recently available ancient genomes. We found that the 

genome of the 45,000 year old individual from Central Asia (Altai) (Fu et al. 2014) is 

heterozygous for the deletion allele (Figure II.6.2B). In fact, we were able to confirm the loss of 

read-depth due to heterozygous deletion in this sample (Supplementary figure II.7.1). We also 
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found that the deletion haplotype has always been found in high frequency in ancient European 

populations (Figure II.6.2B). The LCE3BC deletion is very common in extant human 

populations as well, reaching major allele status in all non-African populations (Figure II.6.2C). 

To explain the evolutionary forces that shape this ancient (older than Human-Denisovan 

divergence) and very common allele (>50% frequency in most populations), we consider three 

scenarios. First, it is plausible that the LCE3BC deletion evolved under neutrality (e.g., Somel et 

al. 2013). Indeed, in a recent study, we provided evidence that a neighboring gene, FLG, 

harbors neutrally evolving common loss-of-function variants (Muthukrishnan et al. Under 

Review). In this scenario, we would expect the haplotype block carrying the deletion variant to 

show no significant deviation in tests of neutrality, when compared to neutral regions of the 

genome. Second, we considered positive selection, which would increase the frequency of this 

variant in human populations. Such cases were reported for other loss of function variants 

(MacArthur et al. 2007). In this scenario, we expect increased population divergence (FST) 

(Hudson, Boos, and Kaplan 1992) and deviation from expected homozygosity (delta integrated 

homozygosity score (�iHH)) (Voight et al. 2006), but reduced nucleotide diversity (�). Third, we 

considered balancing selection, where we expect high π and a deviation from the expected 

frequency site spectrum (e.g., positive values of Tajima’s D). 

To test the above hypotheses, we compared different population genetics statistics for the 

LCE3BC haplotype block to those calculated for 143 randomly selected neutrally evolving 

regions on chromosome 1 as defined by Arbiza et al. (Arbiza, Zhong, and Keinan 2012). We 

found no significant increase of �iHH or FST in the LCE3BC haplotype block as compared to 

neutral regions (Supplementary figure II.7.4). In contrast, we observed that nucleotide diversity 

(π) in the LCE3BC haplotype block is at least 2 fold higher than neutral regions (Wilcoxon Test, 

CEU - P<2.2x10-3; CHB - P<6.7x10-4; YRI - P<6.3X10-4) (Figure II.6.3A) Similarly, Tajima’s D 
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statistics in the LCE3BC haplotype block was significantly higher than neutral regions in all 

populations tested (Wilcoxon Test, CEU - P<1.9x10-3; CHB - P<1.4x10-3 ; YRI - P<5.3x10-3) 

(Figure II.6.3B). Tajima’s D compares the pairwise differences between haplotypes and the 

number of segregating sites (Tajima 1989). In practice, positive values of Tajima’s D indicates 

an excess of intermediate frequency variants, which is a hallmark of balancing selection. Last 

but not least, we found that the region 10kb downstream of the LCE3BC deletion is within the 

10th percentile of the genome-wide distribution of pairwise time to the most recent common 

ancestor as measured by Tsel method (Hunter-Zinck and Clark 2015). 

These standard tests of neutrality can be affected by mutation rate, as well demographic history 

(Hahn, Rausher, and Cunningham 2002). One specific worry was whether preselecting an 

“ancient” deletion that is shared with an archaic hominin species may bias our results. To 

address this, we compared Tajima’s D and π observed for the LCE3BC haplotype block with 

those calculated for size matched regions downstream of 340 other “ancient”, non-exonic 

deletions. These deletions were previously found to be shared with Neanderthals and/or 

Denisovans due to incomplete lineage sorting similar to the LCE3BC deletion (Lin et al. 2015). 

This analysis confirmed our previous observations that π (Wilcoxon Test, CEU - P<7.6x10-3 ; 

CHB - P<1.7x10-3 ; YRI - P<4.9x10-3) and Tajima’s D (Wilcoxon Test, CEU - P<1.9x10-3 ; CHB -

P<2.0x10-3 ; YRI - P<1.5x10-2) calculated for the LCE3BC haplotype block is significantly higher 

as compared to those calculated for other ancient deletion haplotype blocks (Figure II.6.3AB). 

II.4. Conclusion 

In this study, we provided multiple lines of evidence suggesting that the haplotype block carrying 

the LCE3BC deletion, which is a major risk factor for psoriasis, has been maintained under 
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balancing selection in human populations. What remains an open question is the adaptive 

pressure (s) on the LCE3B and LCE3C gene functions at the organismal and ecological levels. 

The phenotypic impact of the LCE3BC deletion has been discussed extensively, especially 

within the context of psoriasis biology (reviewed in Bergboer, Zeeuwen, and Schalkwijk 2012). 

Briefly, LCE3B and LCE3C coding sequences, which remain highly conserved across mammals 

(Supplementary figure II.7.5), are both active in skin barrier repair. As such, their expression is 

mostly confined to injured skin (Bergboer et al. 2011) and deletion of these genes likely leads to 

inefficient skin barrier repair. In addition, a likely regulatory region is also eliminated by the 

deletion (de Guzman Strong et al. 2010) (Supplementary figure II.7.5). In fact, it appears that 

the deletion haplotype leads to a significant increase in LCE3A expression in the sun-exposed 

skin (Supplementary figure II.7.6), which may be a partial compensatory response to loss of 

the LCE3B and LCE3C activity. 

The exact mechanisms through which the lack of LCE3B and LCE3C activity leads to psoriasis 

susceptibility is not fully known. Variants that are related to skin structure (e.g., LCE3BC 

deletion (de Cid et al. 2009)) and variants related to immune function (Hollox et al. 2008; Nair et 

al. 2006; Orrù et al. 2005) are independently associated with psoriasis. Moreover, epistatic 

interactions between HLA-C*06 and LCE3BC loci were reported within the context of psoriasis 

(de Cid et al. 2009; Riveira-Munoz et al. 2011). Briefly, it appears that the LCE3BC deletion 

leads to slower repair of the epidermal barrier, which in turn leads to increased exposure to 

environmental antigens and pathogens. The higher level of exposure consequently leads to 

higher activity of immune elements, and occasionally pathological autoimmune response. 

Based on the above-described mechanism, Bergboer et al. (2012) hypothesized that the 

LCE3BC deletion would be favored to increase the effectiveness of the acquired immunity 
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system (i.e., natural vaccination), with the drawback of increasing the susceptibility to 

autoimmune disorders. In fact, it is plausible that the effect of the LCE3BC deletion on the 

immune system may be more than skin-deep, as the deletion was also associated with more 

systemic autoimmune disorders, such as psoriatic arthritis (Bowes et al. 2010) and lupus (Lu et 

al. 2011). Our findings presented here is concordant with this hypothesis. 
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II.5. Methods 

To investigate genetic variation within the LCE3BC haplotype block, we utilized the 1000 

Genomes Project dataset, which includes 2,504 human genomes across 26 populations (1000 

Genomes Project Consortium et al. 2015), multiple ancient genomes (Haak et al. 2015; Prüfer 

et al. 2014b; Meyer et al. 2012; Fu et al. 2014), chimpanzee and rhesus macaque reference 

haplotypes (Chimpanzee Sequencing and Analysis Consortium 2005; Rhesus Macaque 

Genome Sequencing and Analysis Consortium et al. 2007). We constructed a maximum 

likelihood tree using RAxML (Stamatakis 2014) with single nucleotide variants downstream of 

the deletion [Hg19-chr1: 152,587,904 - 152,593,549]. This 5.6kb region was selected based on 

the linkage disequilibrium between the single nucleotide variants and the deletion (R2 > 0.8). We 

used Dendroscope (Huson et al. 2007) program for visualization. We constructed a rooted 

maximum likelihood tree using PhyML (HKY85 model) and we bootstrapped with 1,000 

replicates for branch support. We used values calculated by the 1000 Genomes Selection 

Browser (Pybus et al. 2014) for comparing multiple population genetics parameters. To visually 

inspect the deletion variation in archaic humans, we used Integrated Genome Viewer (Robinson 

et al. 2011). We used ENCODE and GTEx databases to search for functional variants within the 

LCE3BC haplotype block. We used Python and R for custom bioinformatic and statistical 

analyses of the genetic variation. All codes and processed datasets to replicate our core 

analyses are available through our website (http://gokcumenlab.org/data-and-codes/). 
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II.6 Figures and tables 

Figure II.6.1. Genomic location of the LCE3BC deletion. Top: Location of the LCE3BC 
deletion on chromosome 1q21.3 (red circle). Below: The zoomed-in look at the region 
harboring the LCE3BC deletion. The red bar shows where the deletion occurs (Hg19, 
chr1:152,555,540–152,587,750). The blue bar represents the 5.6 kb “target” (chr1: 
152,587,904–152,593,549) sequence that we used to conduct the majority of the population 
genetics analyses in this study. 

65 



 

 

            
       

    
           

            
           

       
       

              
          

        
       

            
              

            
                  
       

      
 

 

Figure II.6.2. Global haplotype variation of the LCE3BC locus and allele frequency of the 
LCE3BC deletion in modern and ancient populations. (a) Simplified phylogenetic tree based 
on 5008 human haplotypes from the 1000 Genomes Project. We constructed the tree using the 
single nucleotide variants downstream of the deletion (also see Supplementary figure II.7.3). 
Haplotypes separated into two distinct haplogroups, which segregate into haplotypes that carry 
the deletion (deleted, red circle) and those that do not carry the deletion (non-deleted, blue 
circle). Frequency pie charts were superimposed to the tree for an overview of the distribution of 
the major haplotype groups across continental populations (Africans: [ACB, ASW, ESN, GWD, 
LWK, MSL, YRI], Asians: [BEB, CDX, CHB, CHS, GIH, ITU, JPT, KHV, PJL, STU] and 
Europeans: [CEU, FIN, GBR, IBS, TSI]). (b) Frequency distribution of the LCE3BC deletion in 
ancient human genomes. The x-axis indicates the date of the samples. The y-axis indicates the 
allele frequency of the deletion (as imputed by the frequency of tag single nucleotide variants 
rs6693105). The population acronyms are EN: Early Neolithic European; MN: Middle Neolithic 
European; BA: Bronze Age European. Each blue box indicates the ancient population and the 
length of the box spans the estimated age of the samples. The sample size of each population 
is indicated by the red number on the top or bottom of each box. (c) The geographic distribution 
of the LCE3BC deletion allele frequency. The red color indicates the frequency of the 
haplotypes in each population carrying the deletion, whereas white indicates haplotypes without 
the deletion. 
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Figure II.6.3. Population genetics summary statistics (a) Y-axis of the boxplot shows the 
nucleotide diversity (π) and (b) Tajima’s D in three different populations (CEU: Central 
Europeans from Utah; CHB: Han Chinese from Beijing; and YRI: Yoruba from Ibadan Nigeria). 
The red boxes represent all regions of the genome that are predicted to be evolving under 
neutrality, whereas the blue boxes represent the data points from the LCE3BC haplotype block. 
The green boxes represent π and Tajima’s D scores calculated for the size-matched 
downstream regions of non-exonic ancient deletions. These deletions are comparable to the 
LCE3BC deletion in the sense that they were also found to have evolved before Human 
Neanderthal/Denisovan divergence and that they are similarly high in allele frequency [58]. P-
values (Wilcoxon Test) are shown on top of the comparisons. 
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Table II.6.1. Summarized mean and standard deviation values for Tajima’s D and Pi for 
different population and for the target and neutral regions, as well as regions adjacent to 
comparable non-exonic ancient deletions. 

Population Region Tajima’s D Pi 

CEU Target 2.65+/−0.13 45.48 +/−5.62 

Neutral 0.41+/−0.87 29.65 +/−12.56 

Non-Exon 0.49 +/−1.05 31.32 +/−35.12 

CHB Target 2.97+/−0.13 48.00 +/−8.67 

Neutral 0.49 +/−0.96 27.73 +/−12.53 

Non-Exon 0.46 +/−1.19 29.21 +/−35.38 
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YRI Target 0.66+/−0.16 53.58 +/−8.14 

Neutral −0.27+/−0.54 39.30 +/−13.21 

Non-Exon −0.17 +/−0.70 40.29 +/−31.30 
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II.7. Supplementary figures 

Figure III.7.1. Integrative Genome Viewer (IGV) screenshot shows the sequence 
alignments in Neanderthal, Denisovan and 45k Siberian genomes for the LCE3BC locus. 
The bottom blue boxes represent the genes in the LCE3 region. The green line shows the 
breakpoints of the variable LCE3BC deletion among humans. The small grey lines are individual 
reads from Altai Neanderthal (Top), Denisovan (Middle), and the 45,000 year old Siberian 
Human (Bottom) genomes mapping to the human reference genome (Hg19). The histogram 
above each sample indicates the read-depth at that location. 
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Figure III.7.2. Linkage Disequilibrium (LD) scores within and around the LCE3BC deletion. 
The x-axis represents the chromosomal location, while the y-axis is the R2 score. The blue 
arrows represent the location of the LCE3BC deletion. The single nucleotide variants with high 
level (R2 >0.9) are shown in red dots and found to range from 5.5kb upstream to 6.6kb 
downstream of the LCE3BC deletion. The 5.6kb target region indicated by the red bracket was 
used for the majority of the population genetic analyses. This target region also harbors the 
SNP that was used for interrogating ancient genomes, rs6693105. 
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Figure III.7.3. (a) Maximum likelihood haplotype tree constructed using 1000 Genomes Phase 3 
dataset. This input file for the tree is the same as the one used to create Figure II.6.2c, with the 
addition of the Chimpanzee (Pan troglodytes). The Chimp grouped with the “non-deleted” 
haplotype group, represented by the blue circle. (b) Rooted maximum likelihood haplotype tree 
constructed using a select 24 haplotypes from 1000 Genomes Phase 3 dataset, representing 
major branches. Rhesus Macaque (rheMac3) was used as an outgroup. The blue haplotypes, 
Altai Neanderthal, and Chimpanzee grouped together as non-deleted. The red haplotypes and 
Denisovan cluster with the deleted haplogroup. Parametric bootstrap branch support values 
were included on the primary branches. 
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Figure III.7.4. (a) Pairwise population differentiation (FST , y-axis) between 3 populations; CEU 
vs. YRI; CHB vs. CEU; and YRI vs. CHB. The populations considered here are CEU: Central 
Europeans from Utah; CHB: Han Chinese from Beijing; and YRI: Yoruba from Ibadan Nigeria (x-
axis). The red box represents the neutral regions on chromosome 1 with the blue representing 
the previously consistent “target” region. This is consistent with balancing selection acting on 
this locus. (b) Integrated haplotype homozygosity (�iHH) (y-axis) for the populations considered 
here; CEU: Central Europeans from Utah; CHB: Han Chinese from Beijing; and YRI: Yoruba 
from Ibadan Nigeria (x-axis). Data was taken from 1000 Genomes Dataset. 
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Figure III.7.5. Location of the L1 (LINE) element (chr1: 152,587,904152,590,051) within the 
“target” haplotype block (red), with respect to the LCE3BC deletion (blue). The original target 
region (152,587, 904 152,593,549; green), has been reconstructed for analysis, avoiding the 
LINE element (152,590,052152,593,549; purple). 

Figure III.7.6. Reconstructed maximum likelihood haplotype tree using 1000 Genomes Phase 3 
dataset to avoid the L1 element. This tree compares to the one previously constructed in Figure 
III.6.2, with no changes other than branch swapping. The same haplotypes group with the same 
haplogroups as expected. 
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Figure III.7.7. (a) Tajima’s D score in three different populations (CEU: Central Europeans from 
Utah; CHB: Han Chinese from Beijing; and YRI: Yoruba from Ibadan Nigeria). The red boxes 
represent all regions of the genome that are predicted to be evolving under neutrality, whereas 
the blue boxes represent the data points from the reconstructed LCE3BC haplotype block 
omitting the region harboring the LINE element. (b) Pi score in three different populations (CEU: 
Central Europeans from Utah; CHB: Han Chinese from Beijing; and YRI: Yoruba from Ibadan 
Nigeria). The red boxes represent all regions of the genome that are predicted to be evolving 
under neutrality. The blue boxes represent the data points from the reconstructed LCE3BC 
haplotype block omitting the region harboring the LINE element. The green boxes represent π 
and Tajima’s D scores calculated for the size matched downstream regions of non-exonic 
ancient deletions. 

75 



 

 
 

          
       

           
             

 

Figure III.7.8. The regulatory potential in the LCE3BC haplotype block. The UCSC genome 
browser screenshot depicts the chromosomal location of the LCE3BC deletion (red bracket). 
The grey circle shows the deletion overlapping with multiple transcription factor binding sites. 
The blue arrow show peaks of conservation among vertebrates that coincides with LCE3C and 
LCE3B. 
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Figure III.7.9. Gene expression levels (y-axis) of LCE3A, in sun exposed skin in the lower leg, 
for individuals Homozygous for no deletion, Heterozygous, and Homozygous with the deletion. 
Data was displayed from GTex Portal. The SNP rs6693105 (high LD w/ deletion) was used to 
for this analysis. The effect size= 0.4, p=6.4x10-10 
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Chapter III. Fine-scale characterization of the 

hotspots of human SVs 

III.1. Abstract 

Genomic structural variants (SVs) are distributed nonrandomly across the human genome. The 

“hotspots” of SVs have been implicated in evolutionary innovations, as well as medical 

conditions. However, the evolutionary and biomedical features of these hotspots remain 

incompletely understood. Here, we analyzed data from 2,504 genomes to construct a refined 

map of 1,148 SV hotspots in human genomes. We confirmed that segmental-duplication related 

nonallelic homologous recombination is an important mechanistic driver of SV hotspot 

formation. However, to our surprise, we also found that a majority of SVs in hotspots do not 

form through such recombination-based mechanisms, suggesting diverse mechanistic and 

selective forces shaping hotspots. Indeed, our evolutionary analyses showed that the majority of 

SV hotspots are within gene-poor regions and evolve under relaxed negative selection or 

neutrality. However, we still found a small subset of SV hotspots harboring genes that are 

enriched for anthropologically crucial functions and evolve under geography-specific and 

balancing adaptive forces. These include two independent hotspots on different chromosomes 

affecting alpha and beta hemoglobin gene clusters. Biomedically, we found that the SV hotspots 

coincide with breakpoints of clinically relevant, large de novo SVs, significantly more often than 

genome-wide expectations. For example, we showed that the breakpoints of multiple large SVs, 

which lead to idiopathic short stature, coincide with SV hotspots. Therefore, the mutational 

instability in SV hotpots likely enables chromosomal breaks that lead to pathogenic structural 

variation formations. Overall, our study contributes to a better understanding of the mutational 

and adaptive landscape of the genome. 
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III.2. Introduction 

Structural variants (SVs) are an important source of polymorphic genomic variation within 

primate species (Gokcumen, Babb, Iskow, Zhu, Shi, Mills, Ionita-Laza, Vallender, Clark, and 

Johnson 2011; Gokcumen, Tischler, et al. 2013; Sudmant, Rausch, et al. 2015; Conrad, Pinto, 

Redon, Feuk, Gokcumen, Zhang, Aerts, Andrews, Barnes, Campbell, Fitzgerald, Hu, Ihm, 

Kristiansson, Macarthur, et al. 2010). Unlike single nucleotide variants, SVs involve blocks of 

sequences that vary in copy number (copy number variants) (Conrad, Pinto, Redon, Feuk, 

Gokcumen, Zhang, Aerts, Andrews, Barnes, Campbell, Fitzgerald, Hu, Ihm, Kristiansson, 

Macarthur, et al. 2010), chromosomal locations (translocations), or directionality (inversions) 

(Feuk, Carson, and Scherer2006; Alkan, Coe, and Eichler 2011). Given their larger size, an 

individual SV potentially has a higher phenotypic impact than single nucleotide variants, 

especially when affecting functional sequences (Conrad, Pinto, Redon, Feuk, Gokcumen, 

Zhang, Aerts, Andrews, Barnes, Campbell, Fitzgerald, Hu, Ihm, Kristiansson, Macarthur, et al. 

2010; Iskow et al. 2012; Iskow, Gokcumen, and Lee 6/2012). In fact, SVs have been associated 

with many human diseases (Weischenfeldt et al. 2013), especially autoimmune, metabolic and 

cognitive disorders (Polley et al. 2015; Hollox et al. 2008; Stefansson et al. 2008; Traherne et al. 

2010). However, the haplotype architectures around SVs are generally complex due to repeat 

content, gene conversion and recurrent formation of SVs, making it difficult to accurately impute 

them in genome-wide association studies (Sudmant, Rausch, et al. 2015). As such, it is 

plausible that many disease-associated SVs are yet to be revealed. For example, recent locus-

specific studies have unearthed novel SVs with associations to schizophrenia (Sekar et al. 

2016) and blood cholesterol levels (Boettger et al. 2016) that were invisible to previous genome-

wide association studies. So, the biomedical impact of SVs is likely greater than is currently 

appreciated. 
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SVs exhibit a nonrandom distribution across the human genome. For example, it has been 

observed that SVs cluster into “hotspots” on primate genomes (Perry et al. 2006; Gokcumen, 

Babb, Iskow, Zhu, Shi, Mills, Ionita-Laza, Vallender, Clark, and Johnson 2011). These early 

studies have developed both mechanistic and evolutionary scenarios to explain the formation 

and maintenance of these hotspots. Specifically, Perry et al. (2006) highlighted non-allelic 

homologous recombination during meiosis as the major mechanistic contributor to hotspot 

formation. Gokcumen et al. (2011) identified non-neutral evolutionary forces that have 

maintained hotspots since before the human-rhesus macaque ancestor. However, the recent 

and more complete human SV datasets (Sudmant, Rausch, et al. 2015) allow us to answer 

three questions in a more definitive manner: What are the features of local genomic architecture 

facilitating the formation of hotspots? What are, if any, the adaptive forces that maintain 

hotspots? What is the biomedical impact of SV hotspots in the human genome? 

The presence of SV hotspots can be understood as an interplay between the mutational 

mechanisms that give rise to them and the evolutionary forces that eliminate or maintain them. 

Indeed, previous studies have reported the coincidence of SVs with specific genomic 

architectural features (Hastings et al. 2009). One of the genomic features commonly 

accompanying SVs is segmental duplication content (Sharp et al. 2005; Bailey and Eichler 

2006; She et al. 2008). The long and highly homologous sequences of tandem segmental 

duplications enable the misalignment between paralogous counterparts during recombination, 

which leads to unequal crossing over. This process is called non-allelic homologous 

recombination, or NAHR. Segmental duplication-mediated NAHR is a major cause of recurrent, 

de novo genomic rearrangements that are associated with rare disorders (Dittwald et al. 2013). 

Non-pathogenic SVs are also commonly observed within segmental duplication rich regions 

(Conrad, Pinto, Redon, Feuk, Gokcumen, Zhang, Aerts, Andrews, Barnes, Campbell, 

Fitzgerald, Hu, Ihm, Kristiansson, Macarthur, et al. 2010). Segmental duplications are discussed 
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as the primary genomic element that facilitates the formation of SV hotspots (Hastings et al. 

2009), especially in great apes, the genomes of which have been shaped by a “burst” of 

segmental duplications (Gokcumen, Tischler, et al. 2013; Marques-Bonet et al. 2009). 

Another component of genomic architecture associated with SVs is transposable elements. For 

example, artificially introducing a single copy of the highly repeated Ty element into the yeast 

genome increased the local rate of genomic rearrangements (Chan and Kolodner 2011). In 

primate genomes, the rearrangements mediated by retroelements were suggested as an 

important factor in primate genome evolution. Moreover, studies have discovered cases of 

human SVs generated through Alu-, HERV-, or LINE-mediated NAHR (Robberecht et al. 2013; 

I. M. Campbell et al. 2014; Startek et al. 2015). However, the relationship between transposable 

elements and SV hotspots has not been directly interrogated. 

Mechanisms other than recombination-based errors (e.g., NAHR) and transposable element 

activity are also significant contributors to structural variation formation (Hastings et al. 2009). 

These include, but are not limited to non-homologous events, such as non-replicative non-

homologous repair, replication slippage, fork stalling, and template-switching. These events are 

harder to map and often can lead to complex rearrangements involving multiple SVs (Zhao et al. 

2016). To further complicate the issue, the individual mechanisms are not necessarily 

independent of each other and the genomic architectural features that facilitate some of these 

mechanisms are not uniformly distributed across the genome. For example, Alu-richness in a 

locus was argued to facilitate structural variation formation through both recombination- and 

repair-based mechanisms (Boone et al. 2014). The exact impact of these mechanisms on the 

genome and their codependency is not precisely known. 
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While the formation of SVs depends on their local architectures, their maintenance depends on 

the evolutionary forces acting upon them. It is suggested that SVs that disrupt functional 

sequences are mostly deleterious, and therefore have been eliminated from the human 

population via negative selection (Conrad et al. 2005) or drift. Indeed, previous studies have 

shown a drastic depletion of deletion polymorphisms from exonic regions (Conrad, Pinto, 

Redon, Feuk, Gokcumen, Zhang, Aerts, Andrews, Barnes, Campbell, Fitzgerald, Hu, Ihm, 

Kristiansson, Macarthur, et al. 2010). Despite the overall depletion of SVs in functional 

sequences, there are still some SVs that are passively tolerated under relaxed negative 

selection (Nguyen et al. 2008; Eaaswarkhanth et al. 2016), and some others that are actively 

maintained by non-neutral evolutionary forces (Gokcumen, Zhu, et al. 2013; Pajic et al. 2016; 

Perry et al. 2007; Polley et al. 2015). 

In this paper, we use recently available, high-resolution datasets (Sudmant, Rausch, et al. 2015) 

to define and investigate SV hotspots in the human genome both from mechanistic and 

evolutionary perspectives, and investigate their biomedical impact. 
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III.3. Results 

III.3.1. The non-random distribution of SVs in the human genome 

We determined the SV hotspots by dividing the human genome (hg19) into 28,103 100-kb non-

overlapping intervals and directly counting the number of SVs in each interval (Supplementary 

table III.7.1). Using intervals of fixed size allowed us to directly compare genomic content (e.g., 

gene content, GC content, etc.) among intervals to conduct powerful enrichment analysis. 

Overall, we worked with 42,758 independent SVs (deletions, duplications, multiallelic copy 

number variants, inversions, and insertions) called from 2,504 human genomes across 26 

populations available through the 1,000 Genomes Project Phase 3 data release (1000 

Genomes Project Consortium et al. 2015). Some of these SVs are common, but the majority are 

relatively rare (<1% allele frequency), representing a comprehensive allele frequency spectrum. 

To our knowledge, it is the most accurate SV map for healthy humans (Sudmant, Rausch, et al. 

2015). Moreover, the same data release also provides the best annotated single nucleotide and 

polymorphic mobile element variation for thousands of human genomes. Therefore, it provides 

an unprecedented inclusiveness, accuracy, and genomic context to the study of hotspots of 

structural variation. It is important to note that this dataset aims to be very accurate (Sudmant, 

Rausch, et al. 2015), but sacrifices from sensitivity for achieving this accuracy. 

Prior studies have demonstrated that SV distribution across the genome is nonrandom (Perry et 

al. 2006; Gokcumen, Babb, Iskow, Zhu, Shi, Mills, Ionita-Laza, Vallender, Clark, and Johnson 

2011). To replicate this finding in our interval-based framework, we first built a Poisson 

probability distribution, where we assumed that the 42,758 SVs fall randomly into the 28,103 

intervals (Figure III.6.1). This allowed us to model the range of expected SV count within an 

interval. We then compared the empirical observation (mean=1.83, sd=1.84) to the expected 
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distribution (mean=1.84, sd=1.35). We found that there are 1,148 intervals (4% of all intervals) 

that harbor 6 or more SVs, which put them at the 99th percentile or higher estimated from the 

expected distribution of SV numbers in each interval (hotspots, Supplementary table III.7.2). 

This is significantly higher than expected by chance under the assumption of a random 

distribution (p<0.0001, Chi-square test). Conversely, we also found that the number of 

intervals where we found no SVs (i.e., deserts, Supplementary table III.7.2) is also higher in 

the observed data (6,827) as compared to the expected distribution (p<0.0001, Chi-square 

test). These results further support the nonrandom distribution of SVs across the human 

genome (Figure III.6.1). 

III.3.2. Non-allelic homologous recombination and non-homologous 

mechanisms coincide with SV hotspots 

Previous studies have shown that SV hotspots coincide with segmental duplications (Perry et al. 

2006). Non-allelic homologous recombination (NAHR) facilitated by segmental duplications 

leads to recurrent genomic rearrangements (Sharp et al. 2005), which in turn contribute to the 

formation of SV hotspots (Perry et al. 2006). To replicate this finding, we tested the hypothesis 

that SV hotspots are enriched for segmental duplications. To avoid biases in this correlation, we 

randomly matched non-hotspots intervals with specific hotspot intervals for their genomic 

composition (i.e., GC content, number of base pairs attributed to the coding sequence, mobile 

elements, and single nucleotide variation, Supplementary table III.7.3). Using this matched 

dataset, we were able to replicate the observation that the segmental duplication coverage of 

the hotspot intervals is significantly higher than the segmental duplication coverage of the 

matched non-hotspot intervals (Figure III.6.2A, p=9.962x10-4 , Mann-Whitney U test). This 

observation implicates that NAHR mediated by segmental duplications, which present in ~30% 
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of the SV hotspots, is a major mechanism that leads to the formation of SV hotspots. In other 

words, segmental duplications increase the SV mutation rate in these hotspot regions (Liu et al. 

2011). This observation matches very well with the previous observations and, as such, serves 

as a validation for our pipeline to detect SV hotspots. However, it is important to note here that 

there are still ~70% of the SV hotspots whose formation cannot be explained by segmental 

duplication-mediated NAHR. 

We then asked what other mechanisms coincide with SV hotspots. One obvious candidate is 

mobile elements. Mobile elements can generate local genomic instability in many ways. For 

example, the homologous sequences between the dispersed mobile elements can serve as 

substrates for NAHR and lead to large genomic rearrangements (Cordaux and Batzer 2009; 

Kazazian and Goodier 2002). To test the involvement of reference genome mobile elements in 

SV hotspot formation, we compared the SV hotspots and their matched, non-hotspot intervals 

(Supplementary table III.7.3) for their composition of fixed LINEs, SINEs, and DNA 

transposons (as reported in RepeatMasker (Smit, Hubley, and Green 2016)). To our surprise, 

we did not find any enrichment of mobile elements in the hotspots. In fact, we observed a slight 

but significant depletion of SINE elements and DNA transposons in SV hotpots as compared to 

the matched non-hotspot intervals (Figure III.6.2B, SINE: p=0.04419; Figure III.6.2C, DNA 

transposon: p=0.01719, Mann-Whitney U test). Here, it is important to highlight that none of 

the reference genome mobile elements are found to be polymorphic in the 1000 genomes 

project individuals. Thus, we argue that it is reasonable to consider these mobile elements as 

fixed. In sum, our results suggest that when the entire genome is considered, fixed mobile 

elements do not act as drivers of SV hotspot formation. 

This finding contradicts the prediction from individual cases of SVs driven by retroelement-

mediated NAHR (Belancio, Deininger, and Roy-Engel 2009) and other observations where Alu 
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richness leads to recurrent SV formation (Boone et al. 2014). We were especially surprised that 

reference genome LINE elements are not significantly enriched in human SV hotspots despite 

their large size, which can lead to NAHR (Supplementary figure III.7.1A). To further 

interrogate this finding, we used available Drosophila data (Zichner et al. 2013) to conduct a 

similar analysis. We found a significant enrichment of Drosophila mobile element content in its 

reference genome in the Drosophila hotspots (defined the same way) as compared to the non-

hotspot intervals (Supplementary figure III.7.1B, p<2.2x10-16 , Mann-Whitney U test), 

contradicting our observations in the human genome. This disparity can be explained, at least 

partially, by the observation that Drosophila LINE elements are overall much larger and less 

degraded than those observed in humans (Supplementary figure III.7.1C, p<2.2x10-16 , Mann-

Whitney U test). Regardless, our results showed that even though retrotransposons can induce 

SV formation in principle, rather short and differentiated fixed human retrotransposons are not a 

major contributor to SV hotspot formation in humans. 

Non-homologous (NH) mechanisms potentially contribute to the formation of SV hotspots. 

These include non-homologous end-joining (NHEJ) events and template-switching during 

replication (Hastings et al. 2009). This type of mechanism does not show dependency on 

recombination and is difficult to identify based on the context of local architecture alone (Lam et 

al. 2010). As such, we used a previous study that has categorized a subset of SVs across the 

genome based on their formation mechanisms (Abyzov et al. 2015). Using this dataset, we 

found that NH mechanisms, along with NAHR, contributed significantly to SV hotspots (Figure 

III.6.2D, p=0.00164, Fisher’s exact test). Collectively, our results indicate that rather than 

overactivity of a particular mechanism, both NAHR and NH-based mechanisms contribute to SV 

hotspots. Therefore, mechanistic disposition of a region for de novo SV formation (e.g., 

presence or absence of segmental duplications) does not fully explain the presence and 

distribution of SV hotspots in the human genome. 
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III.3.3. Negative selection shapes the distribution of hotspots in the genome 

Previous studies have suggested that negative selection against SVs is the predominant 

selective force that shapes the distribution of SVs in the genome (Conrad, Pinto, Redon, Feuk, 

Gokcumen, Zhang, Aerts, Andrews, Barnes, Campbell, Fitzgerald, Hu, Ihm, Kristiansson, 

Macarthur, et al. 2010). As such, we hypothesize that SV hotspots would be biased away from 

conserved regions. Indeed, when we compared our SV hotspots to regions that are matched for 

other genetic features (Supplementary table III.7.3), we found that hotspots are significantly 

depleted for both coding and genic sequences (coding sequence: Figure III.6.3A, p=1.673x10-

7; genic sequences: Supplementary figure III.7.2, p=0.002901, Mann-Whitney U test). In 

addition, we found a significant depletion of DNase I hypersensitive sites, which are enriched for 

regulatory sequences, in hotspots as compared to the rest of the genome (Supplementary 

figure III.7.4, p=0.048, Mann-Whitney U test). These observations are especially relevant 

within the context of the recent study by Fudenberg and Pollard (Fudenberg and Pollard 2018) 

suggesting that chromatin properties and their regulatory involvement contribute to evolutionary 

constraints on the distribution of SVs across the genome. 

If SV hotspots affect neutrally evolving regions, we also expect an enrichment of single 

nucleotide variants in the same regions. Indeed, we found that the SV hotspots harbor more 

single nucleotide variants as compared to the matched non-hotspot intervals (Figure III.6.3B, p 

< 2.2x10-16 , Mann-Whitney U test). With the same logic, we reasoned that even though we 

found a depletion of fixed SINE elements and DNA transposons as reported above, we still 

expect an enrichment of polymorphic mobile elements in the hotspot regions. Our results 

confirmed this expectation as we showed that the SV hotspots are enriched with the 

polymorphic insertions of Alu and L1 as compared with the non-hotspot regions 

(Supplementary figure III.7.2, Alu: p=0.01916; L1: p=0.01668, Mann-Whitney U test). 
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These observations all support the hypothesis that negative selection is the primary force 

shaping the distribution of SV hotspots in the genome. In other words, SV hotspots that overlap 

with functional sequences have been eliminated by negative selection, while the hotspots 

overlapping with evolutionarily less conserved sequences remain. To further test this scenario, 

we used B-statistics, a measure of background selection (McVicker et al. 2009), to demonstrate 

that SV hotspots overlap with sequences affected significantly less by background selection as 

compared to the rest of the genome (Figure III.6.3C, p < 2.2 x 10-16, Mann-Whitney U test). SV 

hotspots, with some exceptions that we discuss below, are distributed away from conserved, 

phenotypically relevant sequences, supporting the notion that most SV hotspots coincide with 

neutrally evolving sequences with little fitness effect. This result also suggests that the mutation 

rate for SVs across the human genome may be relatively high, i.e., high enough to generate 

hotspots unless eliminated by negative selection. 

III.3.4. Non-neutral forces maintain the few functionally relevant SV 

hotspots involving in environment interaction 

Despite the general depletion of coding sequences within SV hotspots, some of them harbor a 

relatively high proportion of genic sequences (Supplementary figure III.7.2A). Overall, there 

are 941 genes with their coding sequences overlapping with the SV hotspots (Figure III.6.4A). 

To investigate the functional inference of these genes within SV hotspots, we conducted a gene 

ontology enrichment analyses using GOrilla (Eden et al. 2009). We found that blood oxygen 

transport, sensory perception to smell, synapse assembly, and antigen-binding categories are 

overrepresented among the genes in SV hotspots (Figure III.6.4A, Supplementary table 

III.7.4, Supplementary figure III.7.3). Some of the specific genes involved in these categories 

have been reported to be under “rapid evolution” either because of relaxation of evolutionary 
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constraint and/or positive selection (Voight et al. 2006; Hasin-Brumshtein, Lancet, and Olender 

2009; Lek et al. 2016). In addition, gene families in these hotspots happen to be also discussed 

within the context of adaptive evolution (López de Castro et al. 1982; H. Erlich et al. 1986; 

Hamza et al. 2010; Krause and Pestka 2015; Hollox et al. 2008; Traherne et al. 2010). 

To explain the presence of such genic hotspots, we propose two mutually inclusive scenarios: 

First, it is plausible that these SVs are mostly duplications, which leads to gain-of-function/gene 

redundancy rather than loss-of-function. As such, their evolutionary impact may be less likely to 

be negative as compared to deletion variants. It follows, then, that these regions, despite being 

genic, may tolerate deletions and duplications better than other genic regions. Indeed, we found 

that the SV hotspots are significantly enriched for duplications and multi-allelic copy number 

variants (Figure III.6.4B, p < 2.2 x 10-16, Mann-Whitney U test). 

The second possibility is that multiple alleles of the affected sequences are beneficial and 

actively maintained through adaptive forces. To test whether positive or balancing selective 

forces affect hotspots in an observable scale, we investigated enrichment of previously reported 

adaptive sites in SV hotspot regions. First, we surmised that balancing selection may maintain 

some SVs across time, which then contributes to more than the expected number of SVs 

observed in some of the hotspots. To specifically test this, we also examined the overlap 

between SV hotspots and a list of 195 genes that show signatures of balancing selection as 

described in a previous paper (DeGiorgio, Lohmueller, and Nielsen 2014). We found that genes 

that were found to be evolving under balancing selection in this dataset are more often located 

within SV hotspots than expected by chance (Figure III.6.4C, p=1.554x10-6, Fisher exact test). 

Then, we hypothesized that population-specific adaptive forces may favor and thus maintain 

certain SVs, contributing the hotspots in the human genome. To test this, we used a recent, 
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powerful study, which interrogates each single nucleotide variation site in the genome for 

multiple statistics (i.e., Fst, XP-EHH, iHS, and ΔDAF), and use these data to test neutrality 

within a machine learning framework. By doing so, this study documents more than three 

thousands of single nucleotide variations that underwent putative sweeps in European (CEU), 

Asian (CHB and JBT), African (YRI) populations. We found that these putatively adaptive 

variants are over-represented within hotspots as compared to the rest of the genome. 

Specifically, we found that 38 (3.3%) of the hotspots harbor the adaptive variants, which shows 

a significant enrichment when considering the proportion of hotspot regions (Figure III.6.4D, 

p=0.04699, Fisher exact test). 

Overall, we demonstrate that the majority of the SV hotspots have little or no fitness effects. 

However, our results showed that a small number of SV hotspots may be evolving under 

selective forces and that these hotspots may have important evolutionary and biomedical 

relevance (Figure III.6.4A, Figure III.6.4E). Specifically, our results reveal that the functional 

sequences within SV hotspots are involved in environmental interaction, blood groups, 

immunity, perception, and skin function. These findings are consistent with our proposed 

evolutionary scenario where the relatively small number of functionally relevant SV hotspots are 

primarily maintained through balancing, diversifying or geography-specific positive selection 

(Key et al. 2014). These regions should be of great interest in understanding complex diseases, 

particularly those related to immune-related disorders (Supplementary table III.7.1). 

III.3.5. Of hotspots, malaria and blood disorders 

To exemplify our findings with regards to selection in SV hotspots, we focused on the alpha and 

beta globin clusters, both of which are SV hotspots despite being on different chromosomes 

(Figure III.6.5A). We are particularly interested in these regions because the variation herein 
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has long been associated with protection against malaria in a geography-specific balancing 

selection context (Hill et al. 1991; Modiano et al. 2001). When we investigated the variation in 

these loci, we found that there are in total fifteen distinct SVs in these two loci -eight in the alpha 

globin cluster and seven in the beta globin cluster. Almost all known alpha and beta globin 

genes are influenced by at least one SV. Notably, it is plausible that there are even more SVs in 

this repeat-rich region which are not present in the 1,000 Genomes dataset, as the project aims 

to maximize accuracy over sensitivity (Sudmant, Rausch, et al. 2015). 

When we investigated the geographic distribution of SVs in these two hotspot regions, we found 

that many of them are particularly common in malaria-riddled regions (Figure III.6.5B). These 

include esv337548 form the alpha globin cluster, which reaches an allele frequency of 16% in 

-α3.7 sub-Saharan African populations. This particular deletion, also known as , is one of the 

major genotypes leading to alpha thalassemia (Embury et al. 1980). Thalassemia, similar to 

sickle cell anemia, has been associated with protection against malaria (Clegg and Weatherall 

1999; Allen et al. 1997). In other words, esv337548 is a prime candidate to be evolving under 

balancing selection in a relatively straightforward framework. Briefly, a person carrying the 

esv337548 deletion homozygously suffers from thalassemia traits but gains protection against 

malaria. 

-αSEASimilarly, esv337547, another thalassemia-causing deletion also known as , is especially 

common in Southeast Asia (Harteveld et al. 2005). We hypothesize that these distinct SVs 

coexist in the globin loci because they have similar phenotypic consequences evolving under 

similar adaptive dynamics. Specifically, we argue that loss of a globin gene may provide 

protection against malaria while conferring susceptibility to hemoglobinopathy. To support our 

hypothesis, we map the allele frequency distribution of each of the SVs within the alpha globin 

cluster. We found that while each alpha globin SV allele has variable frequencies in different 
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populations, their cumulative frequency is high across the regions where malaria has been 

prevalent but close to zero in regions where it is not (Figure III.6.5B). This is concordant with 

our hypothesis that the SVs affecting alpha globin cluster have been maintained in a geography-

specific balancing selection context. In fact, the link between malaria, blood disorders, and SV 

hotspots can further be generalized as other regions that are associated with protection against 

malaria were found to be SV hotspots in our study, including the GYPB locus (Leffler et al. 

2017). 

III.3.6. SV hotspots coincide with breakpoints of clinically relevant de novo 

SVs 

We further investigated co-occurrence of biomedically relevant variations with hotspots. We 

compared the number of single nucleotide variants that are associated with health conditions in 

ClinVar archive (ClinVar SNPs) and genome-wide association study (GWAS SNPs) between SV 

hotspots and the matched non-hotspot intervals (Supplementary table III.7.3). Despite that 

there are similar amounts of coding sequences in the SV hotspots and the matched intervals, 

we observed a significant depletion of ClinVar SNPs (p=0.003813, Mann-Whitney U test) and 

GWAS SNPs (p=0.002612, Mann-Whitney U test) in hotspots as compared with the matched 

non-hotspot intervals. The observations that the disease-associated markers are depleted in the 

SV hotspots are consistent with the evolutionary scenario we proposed, that the negative 

selection has prevented SV hotspots at regions linked to fitness. 

Majority of GWAS SNPs contribute to complex diseases in an incremental fashion (i.e., with 

relatively low effect sizes) and they are often under weak negative selection. The depletion of 

GWAS SNPs in SV hotspots suggests that the variation in these loci, in general, do not usually 
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confer to susceptibility to complex diseases. However, it is important to make two notes here. 

First, given the difficulty to confidently establish the linkage disequilibrium relationship within an 

SV hotspot, it is plausible that some of the genome-wide association studies are underpowered 

to interrogate hotspots regions. Specifically, the higher repeat content of SV hotspots 

complicates mapping of short reads. In addition, higher levels of gene-conversion events may 

be expected, where linkage disequilibrium is lower than the genome-wide average, complicating 

imputation of individual SVs. Second, as mentioned above, some SVs in these hotspots have 

previously been associated with complex diseases (Sekar et al. 2016; Boettger et al. 2016; 

Leffler et al. 2017). As such, we argue that careful evolutionary categorizations of SV hotspots, 

as we are attempting here, is an important step towards understanding the complete functional 

impact of these regions. 

Functional enrichment analyses can help identify clinically relevant SV hotspots. For example, 

we used GREAT (McLean et al. 2010) to show that SV hotspots are enriched for genomic 

regions linked to the idiopathic bone development of distal limbs within the context of a series of 

SHOX deficiency disorders, ranging from nonspecific short stature to severe conditions such as 

Leri-Weill dyschondrosteosis and Langer mesomelic dysplasia (Supplementary table III.7.5). 

When we investigated this locus closely, we observed that the SHOX gene, deletion of which is 

causal to the described disorders, is located in between two individual hotspot regions (Figure 

III.6.6A). When we overlay the breakpoints of de novo deletions involving SHOX, we found a 

curious clustering of breakpoints within the hotspots (Figure III.6.6A). 

Previous studies found that various extremely large (generally at megabase range), de novo, 

copy number alterations (de novo CNVs) with similar but distinct breakpoints can lead to such 

disorders (Binder and Rappold 2005; Benito-Sanz et al. 2006; Chen et al. 2009). The usually 
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devastating effects of such de novo CNVs prevent them to be passed down to offsprings, and 

therefore often discussed within the context of their recurrent mutation. 

The notion that SV formation hotspots form points of plasticity in the genome that leads to the 

formation of large, de novo CNVs is an intriguing one and it also fits well with the findings of 

several previous studies that the segmental duplication-rich regions overlap more than expected 

by chance with such de novo CNVs (Sanders et al. 2011; Sharp et al. 2006; B. Xu et al. 2008; 

Lupski 2007). As such, we hypothesized that genome plasticity evident in SV hotspot regions 

may be linked to large chromosomal de novo events that lead to drastic developmental and 

cognitive disorders. Indeed, we found the hotspot intervals overlap significantly more with de 

novo CNVs from ClinVar database as compared with intervals with matched segmental 

duplication, exonic content, SNP, GC, and repeat elements (Figure III.6.6B, p=0.03929, Mann-

Whitney U test). 

This result is particularly relevant as it makes a connection between natural variation among 

healthy individuals and clinically relevant large de novo CNVs. The implication being that the 

plasticity observed in the SV hotspots predispose these regions to larger copy number 

alterations with major disease relevance. One mechanistic explanation for this observation is 

that concurrent mutational events in two distinct hotspot regions may lead to a large duplication 

or deletion event spanning the larger interval in these two hotspots. We tested this hypothesis 

and found that approximately ~12% of the breakpoints of de novo SVs (129 out of 1055 in 

ClinVar database) coincide with hotspot intervals significantly more than expected by chance 

(Figure III.6.6C, Supplementary table III.7.6, p=1.136x10-5, Mann-Whitney U test). 

This notion has been touched on in the previous studies (Varki, Geschwind, and Eichler 2008). 

We also asked whether this coincidence is primarily driven by segmental duplication content 
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that has already been shown independently for both hotspots and for de novo CNV breakpoints. 

To our surprise, we found that the de novo CNV breakpoints occur in SV hotspots more often 

than in the intervals with matched segmental duplication contents (Fig III.6.6D, p=0.008582, 

Mann-Whitney U test), suggesting the co-occurrence of hotspots and de novo CNV 

breakpoints is not completely dependent on segmental duplication content. Overall, our results 

suggest that hotspots indicate plastic regions of the genome where recurrent copy number 

changes can emerge more often than other parts of the genome. This fits well with the earlier 

observation that replication stress can lead to copy number changes in the same locations 

where both polymorphic, as well as de novo events, are observed (Arlt et al. 2009). 
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III.4. Discussion 

Genomic structural variants have increasingly been under scrutiny both within a biomedical and 

evolutionary context. Here, we reaffirmed previous studies that SVs are not uniformly distributed 

across the genome, instead they cluster within formation hotspots. Our work has attributed 

various architectural and evolutionary factors to the SV hotspots. We highlighted the importance 

of segmental duplication, relaxed negative selection, and balancing selection as the general 

factors associated with SV hotspots. However, we can not oversimplify all SV hotspots as 

results of these factors. For example, approximately two-thirds of the SV hotspots do not 

contain any segmental duplications, and thus cannot be explained by segmental duplication-

mediated NAHR. The role of other SV formation mechanisms, such as double-stranded break 

repair and template-switching (Hastings et al. 2009) remains fascinating areas of inquiry. 

Understanding the mechanistic basis of SV hotspot formation is biomedically important. In this 

study, we showed that hotspot regions are enriched for large de novo CNVs, which are often 

clinically relevant. These SV formation hotspots may mark regions where the likelihood of 

abnormal chromosomal alterations is mechanistically increased. Similar observations have been 

made, especially within the context of segmental-duplication mediated NAHR (Sharp et al. 

2006; Bailey and Eichler 2006). Our results extend this observation to other mechanisms and 

showed that density of benign, smaller SVs can predict the breakpoints of pathogenic, larger de 

novo SVs. 

The finding that NH mechanisms explain the majority of the SVs in the hotspot region raises a 

curious issue. NH mechanisms do not heavily depend on homology or other sequence motifs. 

Therefore, relaxation of negative selection, rather than the genomic architecture, may be the 

primary driver of the formation of SV hotspots. This interpretation is further supported by the 
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enrichment of single nucleotide polymorphisms and polymorphic mobile element insertions in 

SV hotspots. To follow this thread, we can conclude that non-hotspot regions of the genome 

may have a lower number of SVs because of negative selection. However, if that is indeed the 

case, the SV formation rate may actually be faster than observed but remains hidden because it 

would be quelled by negative selection in most of the genome. 

We can envision two other forces that may contribute to the increased SNP and mobile element 

polymorphisms in SV hotspots. First, it is known that some single nucleotide variations can 

occur during SV formation, increasing the SNP content in SV rich regions (Abyzov et al. 2015). 

We argue that this is a small contribution and it does not explain the increased mobile element 

polymorphisms in the region. Second, if indeed a considerable number of SV hotspots have 

been maintained under some type of balancing/diversifying selection, then the increased 

variation is expected as is observed and reported for HLA locus (Lenz et al. 2016). Indeed, 

when we compared the SV hotspots that harbor genes evolving under balancing selection with 

other SV hotspots, we see a dramatic increase in SNP and mobile element insertion 

polymorphisms (Supplementary figure III.7.5). As such, at least some co-occurrence of 

different types of variation (SV, mobile element, and SNP) can be explained by the action of 

balancing or diversifying adaptive forces. Regardless, our study provides a strong rationale for 

future studies to model the background selection in the human genome that incorporates the 

effects of SVs. 

One of the novel insights we gained from this study is that balancing and positive selection are 

observable forces that maintain a subset of SV hotspots. It has been shown that some SVs can 

be maintained for hundreds of thousands of years through balancing selection (Pajic et al. 2016; 

Gokcumen, Zhu, et al. 2013; Yen-Lung Lin et al. 2015; Hollox and Armour 2008). In addition to 

the hemoglobin clusters that we discussed above, we should also comment on the HLA locus, 
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which is an SV hotspot not only in humans but in all primate species (Gokcumen, Babb, Iskow, 

Zhu, Shi, Mills, Ionita-Laza, Vallender, Clark, and Johnson 2011). At least some variation in this 

locus has been evolving under diversifying selection (Prugnolle et al. 2005; Yawata et al. 2006; 

Parham et al. 1989; Lenz et al. 2016), where different haplotypes interact with each other to 

form various levels of fitness effects (Lenz et al. 2015). Moreover, the HLA locus in humans is 

enriched for Neanderthal haplotypes (Abi-Rached et al. 2011) and HLA variation within specific 

African populations is adaptively shaped by admixture events (Patin et al. 2017). As such, we 

argue that we can conceptualize the HLA locus as a reservoir of variation, SV and single 

nucleotide variation alike, where diversity is adaptively maintained through rapid changes in 

pathogenic pressures, and different fitness effects of diverse HLA haplotype combinations. Such 

adaptive scenarios can also apply to other SV hotspots, including those that harbor immune-

related SV hotspots, including killer-cell immunoglobulin-like receptor genes (Traherne et al. 

2010; Jiang et al. 2012; Pelak et al. 2011), immunoglobins (Watson et al. 2013), and defensin 

genes (Aldred, Hollox, and Armour 2005). 

Another related adaptive scenario within the context of SV hotspots is the convergent 

geography-specific selection. There are few such examples in humans where recurrent 

mutations with similar phenotypic adaptively been maintained in different populations (Sweeney 

et al. 2017). In fact, some of the variations in the HLA locus has been suggested to evolve in 

such a manner (Titus-Trachtenberg et al. 1994; H. A. Erlich and Gyllensten 1991). Our example 

of the globin loci, where loss of function mutation due to deletions can lead to resistance to 

malaria with the cost of causing blood disorders also fit in this general category. Another recent 

example is the GYPB locus, which is an SV hotspot. Leffler et al. showed geography-specific 

selection for a given SV in this region, as this SV provides resistance to malaria -a similar 

situation with what is observed for globin loci (Leffler et al. 2017), while it was also postulated 

recurrent SV formation may be an important feature of this locus (Algady et al. 2018). 
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Our results identify a subset of SV formation hotspots, which are enriched for genes that are 

involved in the environmental interaction, and implied in multiple human diseases. It seems that 

diverse forms of selection (Key et al. 2014) maintain the variation in these hotspots. The 

characterization of SV hotspots also gives hints about the global adaptive and mechanistic 

forces that shape the human genome. For example, we showed that some of the hotspot 

regions harbor dozens of adaptive single nucleotide variants, likely suggesting specific adaptive 

haplotypes sweeping multiple variants at the same time in these loci. The linkage between 

single nucleotide variants and structural variation in these loci and the evolutionary history of 

these putatively adaptive haplotypes remain important venues for future research. 

Our work follows previous work that investigates the genomic and biomedical impact of SVs 

using an evolutionary framework. For example, Makino et al. highlighted the importance of 

cross-species SV deserts in identifying disease-related SVs in humans (Makino, McLysaght, 

and Kawata 2013). Rice et al. (Rice and McLysaght 2017), as well as Makino and McLysaght 

(Makino and McLysaght 2010) used conservation, both at the sequence and copy number 

levels, as a proxy to show that SV pathogenicity can be predicted by dosage sensitivity. In sum, 

by constructing an updated map of SV hotspots, and outlining their broad evolutionary 

implications, our study opens new avenues for research to better understand genome evolution 

and biomedical implications of complex variations. 
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III.5. Methods 

III.5.1. Data Sources 

We obtained the data used in this project from the following sources: 

The sequencing gaps were from Genome Reference Consortium (International Human Genome 

Sequencing Consortium 2004). The segmental duplications were from Bailey et al. (Bailey et al. 

2002) The fixed mobile elements were from RepeatMasker. (Smit, Hubley, and Green 2016) 

The SNPs information was from dbSNP (Sherry et al. 2001). The coding and genic sequences 

were from NCBI RefSeq Project (Pruitt et al. 2014). The GWAS SNPs information was from 

GWAS catalogue (Hindorff et al. 2009). The ClinVar variants were from NCBI ClinVar archive 

(Landrum et al. 2016). The DNase I hypersensitive sites were from ENCODE (ENCODE Project 

Consortium 2012). The above data were available through UCSC Table Browser (Karolchik 

2004). 

We parsed the data from 1000 Genomes Project Phase 3 release (1000 Genomes Project 

Consortium et al. 2015) for the coordinates of genomic structural variants and polymorphic 

mobile elements. The formation mechanisms of a subset of SVs were available from Abyzov et 

al. (Abyzov et al. 2015) The B-statistics values were available from McVicker et al. (McVicker et 

al. 2009) The list of adaptive SNPs were available from Sugden et al. (Sugden et al. 2018) The 

list of genes under balancing selection was available from DeGiorgio et al. (DeGiorgio, 

Lohmueller, and Nielsen 2014). The methodologies used to minimize the false positive calls for 

balancing selection, such as avoiding sites overlapping SVs as well as sites that show excess 

heterozygosity (indicating mapping error), make this list particularly conservative in SV-rich 

regions. The deletions discovered from SHOX deficiency patients were available from Benito-

100 



  

                

     

 

 

              

         

             

             

       

       

        

         

            

     

               

                

      

 

 

             

       

          

              

              

Sanz et al. (Benito-Sanz et al. 2006) We estimated the breakpoints of these deletions as the 

midpoints of the mapping markers. 

III.5.2. Hotspot determination 

We divided the autosomes and X chromosome of the human genome (hg19) into 100kb 

intervals. To ensure that all intervals in our dataset have the same length of annotated 

sequences, the remainder sequences at the distal end of chromosomes which do not make up 

to a full-length interval (23) are discarded from our dataset. Similarly, the intervals overlapping 

with sequencing gaps (2,250) are discarded from our dataset. Finally, we created a dataset with 

28,103 intervals. We mapped the 42,758 SVs (deletions, duplications, multiallelic copy number 

variants, inversions, and insertions) from 1,000 Genomes Project Phase 3 data release to the 

28,103 intervals from our dataset. We assumed that the number of SVs hitting each interval 

would follow a Poisson probability distribution if SV distributed randomly across the genome, 

and built the expected Poisson distribution using the average number of SVs in each interval. 

The expected Poisson distribution was used to decide the criteria for SV hotspots. The intervals 

with an SV number equaling to or higher than the 99 percentile of the estimated Poisson 

probability distribution are determined as SV hotspots. 

III.5.3. Genomic content measurement 

We used bedtools (Quinlan and Hall 2010) to quantify the overlapping of genomic features to 

each of the intervals in our dataset. We quantified the coverage of segmental duplications, 

coding sequences, genic sequences, fixed mobile elements, SNPs, GWAS SNPs, de novo 

SNPs, de novo CNVs, and DNase I hypersensitive sites in each interval for further comparison. 

We quantified the number of genes under balancing selection, SVs with specific types, and 
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polymorphic mobile elements that have any overlap with each interval. We quantified the B-

statistics of an interval by summing up the B-statistics value of all sites of the interval and 

dividing it by the total length of an interval. 

III.5.4. Matching intervals 

For each SV hotspot, we used a customized python code (available through github, 

https://github.com/ontalin/matching-intervals) to screen out all the non-hotspot intervals that 

have the required genomic content similar to the hotspot (10% differences is tolerated) and 

randomly pick one from the subset as its matched non-hotspot interval. 

III.5.5. Ontology enrichment analysis 

We used the “two unranked lists of genes” mode of GOrilla to perform GO overrepresentation 

test of genes (Eden et al. 2009). Specifically, we built a list of hotspot genes with RefSeq genes 

that have at least one base pair of their coding sequences overlapping with SV hotspot, and a 

list of background genes with RefSeq genes that have at least one base pair overlapping with 

any interval of our dataset. The target list was compared against the background list for 

overrepresented GO terms. The GO terms with their FDR q-value smaller 0.05 are considered 

significantly overrepresented among the SV hotspot genes. 

We used GREAT (McLean et al. 2010) to perform ontology overrepresentation test of cis-

regulatory sequences. We used the bed file of SV hotspots as the target regions and the bed file 

of all intervals in our dataset as the background regions. The ontology terms with Hyper FDR Q-

Value smaller than 0.05 are considered overrepresented among the SV hotspots. 
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III.6. Figures 

Figure III.6.1. The nonrandom distribution of SVs across human genomes. 
(A) The density plot overlay the empirical and the expected probability distribution of the 

number of SV (s) within a 100Kb-long interval of the human reference genome (hg19). The 
empirical probability distribution was estimated by the actual number of SVs within each of the 
28,103 intervals. The expected probability distribution was estimated assuming a Poisson 
distribution. As compared to the expected data, the empirical data have higher proportions of 
intervals on both extremes of the distribution. (B) shows the significant enrichment of SV deserts 
(with no SV) and SV hotspots (with 6 or more SVs) in the empirical data. *** indicates where 
there is a significant difference with P-values smaller than 0.05 as calculated by Chi-square test. 

103 



  

 

         
  

             
            

              
              

              
            

            
              

 
 
 
 
 
 

 
         

          
             

           
         

        
               

        

Figure III.6.2. The architectural characteristics and SV formation mechanisms of SV 
hotspots. 
The violin plots compare the number of base pair (s) constituting segmental duplications (A), 
SINEs (B), and DNA transposons (C) between the hotspots (red) and matched non-hotspot 
intervals (blue). The horizontal line on the plots indicate the median values. The *** signs 
indicate where there is a significant difference with a P-value lower than 0.05, calculated by 
Mann-Whitney U test. Panel (D) illustrates the coincidence of NAHR, NH, and other SV 
formation mechanisms of the SVs within (red) or outside (blue) of hotspots. For each category, 
the proportions of SVs attributed to individual mechanisms are plotted. *** indicates where there 
is a significant difference with a P-value smaller than 0.05, calculated by Fisher’s exact test. 

Figure III.6.3. Signatures of relaxed purifying selection in hotspots 
Comparisons between hotspots (red) and matched non-hotspot intervals (blue) reveal a 
significant depletion of the coding sequence content (A) and a significant enrichment of SNPs 
(B) in the SV hotspots. Panel (C) shows that the hotspots (red) have significantly higher B-
statistics as compared to the non-hotspot intervals (blue). B-statistics is a measure of 
background selection where the higher the B-statistics, the lower the background selection. The 
horizontal lines indicate the median values. The *** signs indicate where there is a significant 
difference with a P-value lower than 0.05, calculated by Mann-Whitney U test. 
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Figure III.6.4. The non-neutral forces and the protein-coding roles of SV hotspots. 
(A) demonstrates the number of genes with their coding sequences overlapping with the SV 

hotspots. The biological process ontologies overrepresented among the genes fall into the five 
distinct categories, boxed at the right of the figure. (B) compares between the SV hotspots (red) 
and the non-hotspot intervals (blue) for their ratios of duplication and mCNV variant (s) over 
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deletion variant (s) within an interval. The *** signs indicate where there is a significant 
difference with a P-value lower than 0.05, calculated by Mann-Whitney U test. (C) shows the 
proportions of all intervals, the non-hotspot intervals, and the hotspot intervals that overlap with 
genes reported as under balancing selection. (D) shows the proportions of these intervals that 
harbor the adaptive SNPs. The *** signs indicate where there is a significant difference between 
two sets of intervals, with a P-value lower than 0.05, calculated by Fisher’s exact test. (E) The 
overlaps between the hotspot intervals, the intervals with genes under balancing selection, and 
the intervals harboring adaptive SNPs. 

106 



  

 

        
                 

               
             

              
                

  

Figure III.6.5. Hemoglobin gene clusters are hotspots for SVs 
(A) are the alpha and beta globin cluster on chr16 and chr11. Genes in these two clusters code 

for the two alpha (red) and the two beta (blue) globins of the hemoglobin tetramer. Boxes show 
the enlarged views of the two gene clusters. Genes are plotted in navy across these hotspot 
regions. Deletion variants are represented as blue bars and duplication variants are blue bars 
marked with “DUP”. (B) shows the allele frequency distribution of the eight SVs in the alpha 
globin gene cluster. 
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Figure III.6.6. The SV hotspots and the de novo CNVs 
(A) is a snapshot of the SV hotspots around the SHOX gene on chrX. There are two 

consecutive SV hotspots at the telomeric side of SHOX gene and three consecutive SV 
hotspots at its centromeric side (red bars). The deletions found in SHOX deficiency patients are 
represented as blue bars. There are twelve recurrent deletions spanned the hotspot regions on 
each side of the SHOX gene. Note that the breakpoints of these deletions are estimated as the 
midpoints of nearby mapping markers. The exact breakpoints may be more variable. (B) shows 
the number of base pair (s) affected by de novo CNVs from the ClinVar data in SV hotspots 
(red) and their matched intervals (blue). The dump-belled shape of the violin plots implicates 
that a majority of ClinVar de novo CNVs are probably larger than a single interval. The *** signs 
indicate where there is a significant difference with a P-value lower than 0.05, calculated by 
Mann-Whitney U test. (C) overlays the density plots of the number of de novo CNV breakpoint 
(s) coincides with each of the hotspots (red) and non-hotspot intervals (blue). The enrichment of 
de novo CNV breakpoints in SV hotspots has a P value of 1.136x10-5 , calculated by Mann-
Whitney U test. (D) overlays the density plots of the number of de novo CNV breakpoint (s) 
coincides with each of the hotspots (red) and non-hotspot intervals with matched segmental 
duplication content (blue). The enrichment of de novo CNV breakpoints in SV hotspots has a P 
value of 0.008582, calculated by Mann-Whitney U test. 
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III.7. Supplementary figures and tables 

Supplementary figure III.7.1. LINE elements are enriched in Drosophila SV hotspots but 
not in human ones. (A) The boxplots compare the number of base pairs attributed to LINE 
elements in human SV hotspots (red) and the matched human non-hotspot intervals (blue). 
There is no significant difference in LINE content between these two types of intervals. (B) The 
boxplots compare the number of base pairs attributed to LINE elements (CR1, I, Jockey, LOA, 
R1, and R2) in Drosophila SV hotspots (red) and Drosophila non-hotspot intervals (blue). There 
is a significant enrichment of LINE content in Drosophila SV hotspots as compared to non-
hotspot intervals. (C) The size distributions of the human (red) and Drosophila (navy) LINE 
elements are drastically different from each other. The Drosophila LINEs are distributed toward 
the larger side, with a median size of 505 bp, while the human LINEs are generally shorter, with 
the median size of 219bp. 
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Supplementary figure III.7.2. The SV hotspots are less restrained by purifying selection. 
(A) SV hotspots (red) have significantly lower genic content as compared to non-hotspot 
intervals (blue) with a similar genomic composition. (B) SV hotspots have significantly more 
polymorphic ALU content as compared to non-hotspot intervals. (P=0.01916, calculated by 
Mann-Whitney U test). (C) SV hotspots have significantly more polymorphic LINE1 content as 
compared to non-hotspot intervals. (P=0.01668, calculated by Mann-Whitney U test). 
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Supplementary figure III.7.3. GO overrepresentation of the hotspot genes. The biological 
process (A), the molecular function (B), and the cellular component (C) gene ontologies 
overrepresented among the genes with their coding sequences overlapping with hotspots.. The 
overrepresented terms (FDR q-value < 0.05) are highlighted in red. 

111 



  

 

           
            

       
            

      

Supplementary figure III.7.4. SV hotspots have lower levels of DNase I hypersensitive 
sites as compared to non-hotspot intervals. The boxplot compares the number of base pairs 
annotated as DNase I hypersensitive sites (DHS) in human SV hotspots (red) and the matched 
human non-hotspot intervals (blue). There is a significant depletion of DHS in SV hotspots as 
compared to the non-hotspot intervals. 
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Supplementary figure III.7.5. Intervals with gene under balancing selection are enriched 
with sequence polymorphisms. These violin plots compare between the intervals with (blue) 
and without (gray) gene (s) under balancing selection for their SNP content (A), polymorphic 
ALU number, and polymorphic LINE1 number (C). The horizontal lines indicate the median 
value of each category. This comparison suggests a significant enrichment of SNPs, 
polymorphic ALUs, and polymorphic LINE1s in the intervals with the gene (s) under balancing 
selection. 
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Supplementary table III.7.1. SV hotspots 

These tables are available from the following link. 

https://docs.google.com/spreadsheets/d/1enOjMSvAdsx0cCQaov2DNGTD1NoTh1Q3qqmY2A 

QIzpM/edit?usp=sharing 
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Supplementary figure III.7.2. Number of expected and observed SV hotspots and deserts 

Regions with 

intermediate SVs 

SV 

deserts 

SV 

hotspots 

Expected 23291 4492 316 

Empirical 20128 6827 1148 
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Supplementary figure III.7.3. Matched Intervals 

Target feature Matched features Matchable 
intervals 

Segmental 
duplications 
(bp) 

LINE 
(bp) 

SINE 
(bp) 

DNA 
transposon 
(bp) 

GC SNP Coding 
sequence 
(bp) 

Segmental 
duplication (bp) 

X X X X X X 402 

LINE (bp) X X X X X X 519 

SINE (bp) X X X X X X 530 

DNA transposon 
(bp) 

X X X X X X 573 

SNP X X X X X X 447 

Coding 
sequence (bp) 

X X X X X X 587 

ClinVar SNPs X X X 1129 

GWAS SNPs X X X 1129 

De novo ClinVar 
CNV (bp) 

X X X X X X X 299 

De novo ClinVar 
CNV breakpoints 

X 1148 
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Supplementary figure III.7.4. GO enrichments 

Term Name P-value FDR q-
value 

Biological Process 

oxygen transport 2.24E-09 3.37E-05 

gas transport 4.56E-08 3.43E-04 

synapse assembly 2.56E-06 1.28E-02 

detection of chemical stimulus involved in sensory perception 3.35E-06 1.26E-02 

sensory perception of smell 8.21E-06 2.47E-02 

cellular response to zinc ion 1.20E-05 3.02E-02 

sensory perception of chemical stimulus 1.63E-05 3.51E-02 

detection of chemical stimulus involved in sensory perception of smell 1.67E-05 3.13E-02 

detection of chemical stimulus 1.91E-05 3.19E-02 

calcium-dependent cell-cell adhesion via plasma membrane cell 2.08E-05 3.13E-02 
adhesion molecules 

detection of stimulus involved in sensory perception 2.26E-05 3.08E-02 

Molecular Function 

oxygen transporter activity 8.36E-10 3.79E-06 
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oxygen binding 5.63E-06 1.27E-02 

olfactory receptor activity 1.67E-05 2.52E-02 

cation binding 4.09E-05 4.63E-02 

peptide antigen binding 5.45E-05 4.93E-02 

Cellular Component 

hemoglobin complex 7.02E-11 1.29E-07 

Supplementary figure III.7.5. GREAT enrichments 

Term Name Hyper Hyper 
Raw P- FDR Q-Value 
Value 

Human Phenotype 

Autosomal dominant inheritance with maternal imprinting 6.54E-07 4.02E-03 

Partial albinism 7.40E-07 2.27E-03 

Iris hypopigmentation 1.05E-06 2.15E-03 

Red hair 1.58E-06 2.43E-03 

Increased rate of premature chromosome condensation 1.78E-06 2.18E-03 

Esophageal carcinoma 2.58E-05 2.64E-02 

Shortening of the tibia 3.89E-05 3.42E-02 

Dorsal subluxation of ulna 3.89E-05 3.42E-02 
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Mesomelic short stature 

Abnormality of the humeroulnar joint 

Increased carrying angle 

Broad ulna 

Rudimentary fibula 

Frontal upsweep of hair 

Rudimentary to absent fibulae 

Cutaneous photosensitivity 

Almond-shaped palpebral fissure 

3.89E-05 3.42E-02 

3.89E-05 3.42E-02 

3.89E-05 3.42E-02 

3.89E-05 3.42E-02 

3.89E-05 3.42E-02 

4.69E-05 2.06E-02 

8.78E-05 3.60E-02 

9.98E-05 3.83E-02 

1.09E-04 3.92E-02 
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Supplementary figure III.7.6. ClinVar copy number variants and the overlapping hotspots 

chrom start end ClinSign type number of 
breakpoint 
(s) 
in hotspots 

chr1 757092 3823583 Likely pathogenic gain 1 

chr1 779726 2558913 Pathogenic loss 1 

chr1 1477183 2239438 Likely pathogenic loss 1 

chr1 1687739 3566077 Uncertain significance gain 1 

chr1 153412417 153604246 Uncertain significance gain 1 

chr2 51037103 51446873 Pathogenic loss 1 

chr2 57476512 62069869 Pathogenic loss 1 

chr2 233243738 233390952 Uncertain significance loss 1 

chr4 190713590 190828225 Pathogenic loss 1 

chr5 49584188 62445597 Pathogenic loss 1 

chr6 61971891 64147240 Uncertain significance loss 1 

chr6 162933096 164049532 Pathogenic loss 1 

chr7 4572249 5418004 Pathogenic loss 1 

chr7 6176728 6438197 Pathogenic loss 1 

chr7 111333899 111926292 Uncertain significance loss 1 
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chr8 9313739 10871128 Pathogenic loss 1 

chr8 12586412 13401795 Uncertain significance gain 1 

chr8 17793167 18457910 Uncertain significance gain 1 

chr9 204103 8266492 Pathogenic loss 1 

chr9 204192 11435662 Pathogenic loss 1 

chr9 204192 16897578 Pathogenic loss 1 

chr9 204192 38741437 Pathogenic gain 1 

chr9 220252 8866675 Pathogenic loss 1 

chr9 11818290 17963880 Pathogenic loss 1 

chr9 115821127 116487796 Uncertain significance gain 1 

chrX 2225127 3110903 Uncertain significance gain 1 

chr10 945437 1729634 Uncertain significance gain 1 

chr11 850335 1491561 Uncertain significance loss 1 

chr12 282464 2667263 Pathogenic loss 1 

chr12 282464 25623263 Pathogenic gain 1 

chr12 282464 34533111 Pathogenic gain 1 

chr12 282464 4077613 Pathogenic loss 1 

chr12 12541775 15693356 Pathogenic loss 1 
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chr13 64287497 80212550 Pathogenic loss 1 

chr15 20085001 28947309 Pathogenic gain 1 

chr16 324071 705832 Uncertain significance gain 1 

chr16 9088486 9887602 Likely pathogenic gain 1 

chr16 15528509 16375091 Pathogenic loss 1 

chr16 15551301 18669725 Uncertain significance gain 1 

chr16 28820742 29044776 Pathogenic loss 1 

chr16 28854628 29037107 Uncertain significance gain 1 

chr16 28861530 29043960 Pathogenic loss 1 

chr16 28861530 29031059 Conflicting loss 1 
interpretations of 
pathogenicity 

chr16 87340134 89335487 Pathogenic loss 1 

chr17 751194 1544895 Pathogenic gain 1 

chr17 6862296 8239002 Pathogenic gain 1 

chr17 29033880 30321643 Pathogenic loss 1 

chr18 118759 6275717 Pathogenic loss 1 

chr18 131699 15121054 Pathogenic loss 1 

chr19 786549 1297499 Pathogenic loss 1 
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chr19 2926235 4051633 Pathogenic loss 1 

chr20 3039876 4168363 Pathogenic gain 1 

chr20 25284224 25371245 Uncertain significance gain 1 

chr20 48347612 49819103 Pathogenic loss 1 

chr22 17397497 18661773 Pathogenic gain 1 

chr22 17397497 18984519 Pathogenic gain 1 

chr22 17397497 18706045 Pathogenic gain 1 

chr1 4958498 12971757 Pathogenic loss 1 

chr1 76884986 89094147 Pathogenic loss 1 

chr1 196577391 196971704 Uncertain significance loss 1 

chr1 242404098 245363466 Pathogenic loss 1 

chr2 96766559 97820572 Uncertain significance loss 1 

chr2 131485401 132024166 Likely benign gain 1 

chr2 155223299 167905412 Pathogenic gain 1 

chr2 230172983 230817121 Pathogenic gain 1 

chr3 9695980 10270371 Pathogenic loss 1 

chr3 187164018 194749862 Pathogenic loss 1 

chr3 193333510 194338436 Uncertain significance gain 1 
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chr3 195482572 197310451 Pathogenic gain 1 

chr3 195701161 197324783 Pathogenic loss 1 

chr3 195725289 197356334 Pathogenic loss 1 

chr3 195740356 197317103 Uncertain significance loss 1 

chr4 2009465 3080412 Likely pathogenic loss 1 

chr5 101709099 112929727 Pathogenic loss 1 

chr7 5101630 5864814 Pathogenic loss 1 

chr7 5417944 5889565 Likely pathogenic gain 1 

chr7 5617815 5815082 Likely pathogenic loss 1 

chr7 151716548 152252996 Uncertain significance gain 1 

chr7 152029560 159089306 Pathogenic loss 1 

chr8 176451 6920273 Pathogenic loss 1 

chr8 176451 12570496 Pathogenic gain 1 

chr8 194416 146280161 Pathogenic gain 1 

chr8 114592630 146280020 Pathogenic gain 1 

chr8 125137485 126349459 Pathogenic gain 1 

chr9 14210803 15317498 Pathogenic loss 1 

chr9 137320519 141049374 Pathogenic loss 1 
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chr9 140110328 141033187 Pathogenic loss 1 

chr9 140378699 141073897 Pathogenic loss 1 

chr11 18536223 31923308 Pathogenic loss 1 

chr12 322141 34079848 Pathogenic gain 1 

chr12 6837830 7858216 Pathogenic loss 1 

chr12 25416766 34217463 Pathogenic loss 1 

chr13 30893049 84184561 Pathogenic gain 1 

chr14 21377021 22044608 Pathogenic loss 1 

chr16 96765 3264623 Pathogenic gain 1 

chr16 97493 323799 Uncertain significance gain 1 

chr16 772432 857560 Uncertain significance gain 1 

chr16 2544804 3296579 Pathogenic loss 1 

chr16 3657087 3927321 Pathogenic loss 1 

chr16 46615803 47345238 Uncertain significance loss 1 

chr16 46615803 90142285 Uncertain significance loss 1 

chr16 70548533 90148393 Pathogenic gain 1 

chr16 72107833 90142285 Uncertain significance loss 1 

chr16 86705768 87800485 Likely pathogenic loss 1 
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chr16 88193265 89572450 Pathogenic loss 1 

chr16 88706523 89596883 Pathogenic loss 1 

chr16 88729109 89520963 Pathogenic loss 1 

chr16 88885163 89479566 Pathogenic loss 1 

chr17 2484512 2670859 Pathogenic loss 1 

chr19 37810278 43242840 Pathogenic gain 1 

chr19 42514711 43645608 Pathogenic loss 1 

chr22 21022839 22712836 Pathogenic gain 1 

chr22 21505357 22959664 Uncertain significance gain 1 

chr22 21808949 22905068 Pathogenic loss 1 

chr22 21808949 22905068 Pathogenic/Likely loss 1 
pathogenic 

chr22 21977699 22993741 Uncertain significance gain 1 

chr22 21977699 22959729 Pathogenic loss 1 

chr3 8775495 8788451 not provided loss 2 

chr6 52616440 52622703 Uncertain significance loss 2 

chr8 9781781 11431141 Pathogenic loss 2 

chr9 204192 11277770 Pathogenic loss 2 

chr9 211085 11867480 Pathogenic loss 2 
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chr9 214366 141008915 Pathogenic gain 2 

chr9 220052 295546 Uncertain significance loss 2 

chr9 556624 789845 Uncertain significance loss 2 

chr12 131534035 133767986 Pathogenic gain 2 

chr15 25118922 25166966 Pathogenic loss 2 

chr18 148962 14081887 Pathogenic loss 2 

chr20 62838037 62893189 Pathogenic loss 2 
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Chapter IV. Revealing the hidden structural variants 

within the human EDC region 

IV.1. Abstract 

The epidermal differentiation complex (EDC) on human chromosome 1 encodes dozens of 

proteins involved in skin development. Recent studies have reported that multiple loci within the 

EDC are associated with skin-associated autoimmune and inflammatory disorders. These 

findings emphasize the biomedical value to investigate the genetic variation within this complex. 

However, it is difficult to detect the genetic variation within the EDC using the conventional, 

short reads-based method because the short sequencing reads cannot map unambiguously to 

the highly similar sequences within the EDC. The emergence of long-range sequencing 

technology provides an opportunity to overcome the mapping issue in the highly repetitive 

sequences in EDC. To collect variants from as many individuals without sacrificing the read 

depth, we combined the PacBio long range sequencing technology with the target capturing 

technique to reconstruct the sequences of four genes in the EDC region from ten human 

genome. We used the assembly-based approach and detected four genomic structural variants 

(SVs) which were not visible using the short read sequencing-based method. This pilot project 

demonstrates that applying the methodology to a greater sample size will eventually yield a 

comprehensive SV map in the EDC region. 
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IV.2. Introduction 

The epidermal differentiation complex (EDC) is a chromosomal cluster of skin-related genes. 

Specifically, it harbors more than 70 genes that have essential functions in terminal 

differentiation of the human epidermis (Mischke et al. 1996). The EDC region has diversified in 

different amniotes (reptiles, birds, and mammals) and contributes to various amniote-specific 

evolutionary innovations, such as feathers, claws, and hairs (Strasser et al. 2014). This 

interspecies comparison revealed the strong adaptive pressure acting on the EDC region. 

However, it remains unclear whether there is intraspecies, population-specific adaptation within 

the EDC region. Human skin interacts directly with multiple environmental factors such as UV, 

heat, and allergens (Proksch, Brandner, and Jensen 2008). As modern humans colonized the 

various parts of the world, it is possible that the environmental factors of different geographies 

create distinct selective pressures on the skin and left signatures on the EDC regions. However, 

the evolutionary trajectory of the EDC region in different human population is sparsely 

discussed (Eaaswarkhanth et al. 2016; Pajic et al. 2016). 

The EDC is also a biomedically relevant region. Dermatological studies have established the 

association of variations within the EDC regions with three common skin diseases, namely 

ichthyosis vulgaris, atopic dermatitis, and psoriasis (Hoffjan and Stemmler 2007). Studies of 

multiple loss-of-function variations of the Filaggrin gene (FLG) supported that the dysfunction of 

the FLG gene per se causes to ichthyosis vulgaris (Smith et al. 2006; Sandilands et al. 2006; 

Nomura et al. 2007). These loss-of-function variations of FLG are associated with atopic 

dermatitis in many case-control studies on Europeans and Asians (Palmer et al. 2006; 

Weidinger et al. 2006; Ruether et al. 2006; Nomura et al. 2007). The intragenic copy number 

variation within the FLG gene contributes to the risk of atopic dermatitis as well (Brown et al. 

2012). On the other hand, atopic dermatitis is associated with the loss-of-function of the 
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Filaggrin 2 gene (FLG2) in Africans Americans (Margolis et al. 2014). Besides, a deletion 

affecting two genes in the EDC, the Late Cornified Envelope 3 B and C genes (LCE3B/C), is 

associated with psoriasis (de Cid et al. 2009; L. Xu et al. 2011). It is plausible that the regions 

adjacent to FLG, FLG2, LCE3B, and LCE3C play a role in disease context through modulating 

the expression of these target genes. To our knowledge, however, there is not yet a study 

linking the variation within the vicinity of these genes with the skin disorders. 

To investigate the potential adaptation of EDC across the human population, as well as the 

broader implications of EDC in skin disorders, it is essential to document the genetic variation 

within the EDC region across phenotypically diverse individuals. However, few reports focused 

on the genetic variants in EDC across the human population, primarily because of 

methodological limitations. To date, researchers commonly used short-read sequencing-based 

methodologies to detect novel variants across a large pool of samples (1000 Genomes Project 

Consortium et al. 2015). Briefly, short sequencing reads of the target genome are generated 

and mapped to the reference genome for subsequent variant calling. However, the short reads 

cannot be reliably assigned to repeated regions, including the functionally relevant segmental 

duplications which contain genes. EDC is one such region. This relatively short region 

(approximately 1.9 Mb) is packed with more than fifty genes, most of which are similar to each 

other in their sequences. Virtually all of the genes within the EDC region are associated with 

epidermis differentiation, and they fall into three gene families: 1) the cornified envelope 

precursor family, 2) the S100 family, and 3) the S100 fused type protein SFTP) family 

(Kypriotou, Huber, and Hohl 2012). 

Among the EDC genes, members of the SFTP family are extraordinarily complex in their 

structure. These genes harbor a high number of sub-exonic repeats and hence further 

complicate the local sequence landscape. For example, the human filaggrin gene (FLG) 
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consists of 10 to 12 sub-exonic repeats, and each repeat is as long as 972 bp (Gan et al. 1990). 

The high sequence similarity between the repeats, the high copy number, and the big size of the 

repeats make it nearly impossible to map the sequencing reads to the correct sites, especially 

when the reads are short. The difficulty in mapping reads can seriously undermine the credibility 

of the subsequent variant detection. Indeed, the NGS-based 1000 Genomes Project failed to 

detect the intragenic copy number variation of the FLG gene, despite its comprehensiveness. 

The single-molecule, real-time (SMRT) sequencing technology developed by Pacific 

BioSciences, or PacBio sequencing, yields reads up to 200 kb in length (“SMRT Sequencing: 

Read Lengths - PacBio” n.d.). This long read length is extremely potent in tasks such as de 

novo assembly (Kronenberg et al. 2018) and resolving problematic genomic regions (Loomis et 

al. 2013). As compared to the NGS technology, however, PacBio sequencing has a higher cost. 

Moreover, the higher error rate and the lower throughput of PacBio sequencing further built up 

the financial barrier. The higher error rate means that a deeper sequencing is required to get a 

reliable sequencing result, and the lower throughput implicates that one would need more 

sequencing reactions for a certain level of read depth (Rhoads and Au 2015). This high 

investment in sequencing certainly evokes hesitation especially when sequencing multiple 

genomes is necessary for the project. 

In this study, we combined the PacBio sequencing with target enrichment capture methods to 

sequence only the loci of interest. By focusing on confined regions, we maximized the read 

depth and the number of individuals being sequenced without adding more sequencing run. We 

choose to capture four genes in the EDC region for PacBio sequencing. They are RPTN, 

HRNR, FLG, and FLG2 from the SFTP gene family. Given the tricky sequence structure of 

SFTP genes, we expect the long read length of PacBio would make the most significant 

difference on these genes. We specifically chose these four genes because of their adaptive 
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role or disease association. The RPTN gene is among the genes that carry the most fixed 

amino acid changes between humans and Neandertals (Green et al. 2010). The HRNR is 

apparently the target of a selective sweep in East Asia (Eaaswarkhanth et al. 2016). Both FLG 

and FLG2 frequently harbor loss-of-function variations associated with atopic dermatitis 

(Weidinger et al. 2006; Margolis et al. 2014). We focused on calling the structural variants 

(SVs), which are underrepresented in the short read-based datasets. Eventually, we discovered 

four novel SVs across ten human genomes. These results promise the outcome of applying the 

methodology to a greater sample size, which will yield a comprehensive SV map in the EDC 

region. 

132 



  

 

                

           

              

          

      

         

         

  

 

             

            

    

           

     

              

     

            

           

         

               

    

 

                  

       

IV.3. Results 

For variant calling, we choose to capture the sequences from four specific genes in EDC, which 

are RPTN, HRNR, FLG, and FLG2 (Figure IV.6.1). To ensure the success of target capturing, 

we sheared the genomic DNA into 7 kb fragments. The DNA fragments from 10 individuals 

(Table IV.7.1) were ligated to a distinct barcoded adaptor and pooled together for target 

enrichment. We designed in total of 200 oligonucleotide probes targeting the four genes, which 

cover approximately 49 kb of genomic sequences. These probes were hybridized with the DNA 

pool to captures the fragments of interest. After washing, the hybridized DNA fragments were 

prepared for PacBio sequencing. 

Upon the completion of PacBio sequencing, we demultiplexed the reads based on their 

barcodes for the following variant calling. To maximize the efficacy of SV calling, we chose an 

assembly-based strategy (Nattestad and Schatz 2016). Contrasting to the more common re-

sequencing approach where the sequencing reads were mapped to a reference, the assembly-

based approach is more reliable in calling large SVs potentially larger than a sequencing read. 

To do so, we assembled the reads from individual genomes into contigs and aligned the 

assembled contigs with their corresponding loci in the reference genome (hg38). In total, we 

called four different SVs from these ten individuals (Figure IV.6.1), including two deletions, one 

tandem contraction, and one tandem duplication (Table IV.7.2). The two deletions are on RPTN 

and FLG2, with their exact coordinates available. However, the presence of the other two SVs 

was indirectly inferred from the difference in the alignment gap size of two neighboring contigs, 

and we could only obtain their approximate locations. 

Two of the SVs that we detected have already been reported. The 36 bp deletion on RPTN has 

been called using the high read-depth (~30X) short-read sequencing data with larger than 55% 
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reciprocal overlap (Bentley et al. 2008). The 225 tandem contraction on FLG2 was reported in 

the 1000 Genomes Project Phase 1 dataset, which was constructed using short read-based low 

coverage (~5X) whole genome sequence and high coverage (~80X) exome sequence data from 

1,092 human genomes (1000 Genomes Project Consortium et al. 2012). The cross-validation of 

these two SVs in our samples by the previous dataset affirms that our SV calling methodology is 

reliable. These two deletions are common among our samples. Six out of ten individuals carry 

the 36 bp deletion on RPTN, and four out of ten individuals carry the 225 tandem contraction on 

FLG2 (Table IV.7.2). With the assembly-based SV detection method, we can only determine the 

presence of an SV, but cannot distinguish between homozygous and heterozygous state. 

However, we can still estimate the range of their allele frequency in the ten samples. We 

estimate the allele frequency of the 36 bp deletion on RPTN ranging from 0.3 to 0.6, and the 

225 tandem contraction on FLG2 ranging from 0.2 to 0.4. 

Meanwhile, we detected two novel variants: the 10 bp deletion on RPTN in NA19315 and the 

979 bp tandem expansion on FLG gene in NA12414. These variants were not reported in any 

previous datasets. We are especially surprised that the 1000 Genomes Project did not report 

these SVs because the individual carrying these SVs are also present in the 1000 Genomes 

Project sample pool. There are two possible explanations for their absence in the 1000 

Genomes Project dataset. One is that these SVs are singletons among the sampled individuals 

in the 1000 Genomes Project and conservatively excluded by the consortium. The other is that 

the short read-based methodology utilized by the 1000 Genomes Project is not capable of 

catching these SVs. 

We then used droplet digital polymerase chain reaction (ddPCR) to verify the existence of the 

225 bp tandem contraction in our samples. We digested the genomic DNA of nine of our 

samples with HindIII. By mixing the aqueous PCR reagents with oil, we generated thousands of 
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droplets that enclosed a small portion of the digested template, PCR buffer, and the customized 

primers and probes. The primer sets are expected to specifically amplify a 75 bp fragment within 

the deletion. If the DNA fragment enclosed in a compartmentalized oil droplet successfully 

hybridize with the primers, the target sequence will be amplified and incorporated with the 

fluorescence probes. We can then estimate the copy number of our target sequence by 

measuring the amount of droplets with the fluorescence signal. We validated that this 225 bp 

contraction present in all four of the individuals from which we called the SV, but not the others 

(Figure IV.6.2). Three individuals carry the SV heterozygously (HG02312, NA20884, and 

NA20363) and one carries it homozygously (NA12414). 
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IV.4. Conclusion 

We used a target-specific PacBio sequencing method to obtain deep, long sequencing reads at 

four loci on the EDC region from ten human genomes. With those, we discovered four SVs from 

ten individuals, including two SVs that do not exist in previous datasets. Our ddPCR results 

validated our finding. The success of this pilot project promises the outcome of applying the 

methodology to more human genomes and a wider region. Eventually, we will be able to 

construct a comprehensive SV map in the EDC region. 

IV.5. Material and Methods 

We obtained the DNA sample from four Africans, two East Asians, two Admix Americans, one 

South Asian, and one European (Table IV.7.1). We sheared these genomic DNA samples into 

7kb fragments using Covaris g-TUBE. We then ligated the DNA fragments from different 

individuals to distinctly barcoded adaptors before pooling them together. 

We hybridized the barcoded fragments with biotinylated probes that targeted RPTN, HRNR, 

FLG, and FLG2. We then used streptavidin-coupled magnetic beads to capture the hybridized 

DNA fragments. The captured fragments were amplified for downstream PacBio SMRT RSII 

sequencing. 

After obtaining the sequencing reads, we sorted them by individuals based on their barcodes. 

Individual-specific reads were assembled into contigs using CANU. The fasta files of these 

contigs were aligned to the corresponding sequence of the human reference (hg38) using the 

standard DNA sequence alignment function of MUMmer. We then called the SVs from the 

alignments using Assemblytics. 
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We then designed specific primers and probes to validated the presence of a 225 bp tandem 

contraction among our samples. The primer set (including two primers and a fluorescence 

probe) were designed to amplify a 75 bp fragment within this 225 bp range. For each individual 

tested, the genomic DNA was mixed with the target primer set, the reference primer set 

(designed to amplify a sequence with a normal diploid copy number of 2), and BioRad ddPCRTM 

Supermix for probes (No dUTP). 1/200X of Hind III was added to the Supermix to digest the 

long genomic DNA in to fragments. We then used the BioRad Automated Droplet Generator to 

mix the aqueous PCR mixture with BioRd Automated Droplet Generation Oil for Probes to 

generate droplets. The droplets were put through regular thermo cycles for compartmentalized 

PCR. The fluorescence signals of the droplets were measured with BioRad QX200TM droplet 

reader using QuantaSoft. 
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IV.6. Figures 

A 

B 

Figure IV.6.1. The location of SV calls 
(A) This cartoon shows the location of the four SVs called in this project. Genes are plotted in 
navy. Deletion variants are represented as yellow boxes. Two SVs are called without 
information of their exact breakpoints. The estimated range of their location are shown with the 
yellow grid boxes. (B) is the enlarged view of the 225 bp tandem contraction on FLG2. The gray 
histogram shows the read depth of the HG02312. The red box indicate a drop of read depth, 
which is within the estimate range of an SV call. 
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Figure IV.6.2. ddPCR estimation of the copy number of the FLG2 target sequence 
This bar plot shows the ddPCR estimated copy number of the FLG2 target sequence in each of 
the tested human samples. On the x-axis are the human samples, and on the y-axis are the 
copy number of FLG2 target sequence, estimated by ddPCR. 
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IV.7. Tables 

Table IV.7.1. The ethnicity of the examined individual 

ID POP 

NA19315 LWA 

NA18933 YRI 

NA20359 ASW 

NA20363 ASW 

HG00559 CHS 

NA12414 CEU 

NA18565 CHB 

NA20884 GUJARATI	INDIAN 

HG02312 PERU 

HG01247 PUR 
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Table IV.7.2. The SVs detected in the EDC region 

Chrom Range start Range end Variant 

size 

type method individuals 

chr1 152156610 152156646 36 Deletion Within alignment HG00559, 

NA18933,	

HG02312, 

NA12414,	

NA19315,	

NA20359 

chr1 152358048 152358058 10 Deletion Within alignment NA19315 

chr1 152354505 152355711 225 Tandem 

contraction 

Between alignments HG02312, 

NA20884,	

NA12414,	

NA20363 

chr1 152303180 152307714 979 Tandem 

expansion 

Between alignments NA12414 
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Conclusions and future directions 

In this thesis, we discuss the evolutionary trajectories of the human SVs that are polymorphic 

within the species and investigated their involvement in human adaptation. Based on the 

comprehensive genetic variation dataset released from the 1000 Genomes Project, we 

developed two genome-wide approaches to study the evolutionary forces acting upon SVs. 

Through one of them we delineated the distribution pattern of SVs across different hominin 

lineages, and through the other, we studied their distribution across the modern human 

genome. Overall, we provided a list of potentially adaptive loci, which are disrupted by SVs 

despite the selective constraints of their gene coding contexts. Based on the population 

genetics analyses of their flanking sequences and their colocalization with adaptive selection 

signals, we argued that a considerable proportion of these loci are evolving under adaptive 

forces, such as balancing selection and population-specific sweeps. Genes overlapping with 

these loci are involved in various biological functions including lipid metabolism, 

spermatogenesis, growth hormone signaling, oxygen transport, synapse assembly, olfaction, 

cellular response to zinc ion, cell-cell adhesion, and epidermis development. 

We also described the allele sharing of SVs between human and archaic hominin genomes. We 

identified 427 human deletion variants that are shared with Altai Neandertal and/or Denisovan 

genomes. Our results suggested that most cases of the deletion sharing between modern 

human and archaic hominins result from the ancestral genetic structure (88%). The vast 

majority of these ancient deletions evolved in the common ancestral population of modern 

human and Neandertal/Denisovan. Cross-comparing with the chimpanzee and the rhesus 

macaque genomes, we found two deletions with exceptionally deep lineages, which evolved in 

the common ancestors of modern human and rhesus macaque. Besides, two alleged deletions 

are actually derived insertions in the human reference genome. Approximately 9% of them were 
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introgressed from Neandertal when the ancestors of Eurasians migrated out of Africa. There are 

also 3% of the recurrent deletions that convergently evolved in modern human and archaic 

hominin genomes. In such cases, the deletions in different lineages overlap with each other but 

are of different breakpoints. Our work is the first study which uses SVs to discuss the allele 

sharing between modern human and archaic hominins. It provided a methodological framework 

for subsequent SV-based studies regarding hominin evolution. Indeed, our group found it to be 

a powerful approach that detects signals regarding the Neandertal introgression (Taskent, 

unpublished data) which are neglected in the SNP-based study (Browning et al. 2018). With the 

release of more archaic hominin genomes, we can construct a more comprehensive picture of 

archaic hominin introgression. 

One unexpected observation from our work is that the ubiquitous effect of negative selection on 

SVs. It has been established that most of the genome evolved neutrally (Ohta 1973). Therefore, 

we were surprised to find the significantly smaller sizes of the deletions shared with archaic 

hominins as compared to those that are only polymorphic within the human population. 

Assuming the size spectrum of the deletions is the same in the modern human, archaic 

hominins, and their common ancestors, we observed that larger deletions were eliminated from 

the population proportionally more strongly than the smaller ones. In other words, negative 

selection has eliminated the large deletions more effectively than the smaller ones. Negative 

selection is critical in shaping the distribution of SVs, as discussed in previous papers (Derti et 

al. 2006; Mills et al. 2011). These arguments are based on the observation that SVs are already 

biased away from the ultraconserved elements and coding sequences. It is possible that some 

of the large deletions eliminated were overlapping with sequences under strong negative 

selection. These deletions would directly selected against. However, we suspect that the 

background selection also plays a more prevalent role than previously appreciated in shaping 

the distribution of SVs in the genome. 
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When we characterized the human SV hotspots, we found that approximately two-thirds of the 

SV hotspots do not overlap with segmental duplications, and therefore cannot explain their high 

SV occurrence by segmental duplication-mediated NAHR. It is possible that other currently 

unknown mechanistic factors may explain the observation of SV hotspots that do not involve 

NAHR. Nevertheless, our data is most parsimonious with the notion that the SV hotspots 

represent the neutral expectation in the genome, and suggests a high mutation rate. It follows 

that the non-hotspot regions, which account for approximately 96% of the genome, are 

generally restrained by negative/background selection. We are aware that our data provide only 

circumstantial evidence and that many mechanistic factors determining SV formation are yet to 

be investigated. However, we want to address the possibility that the negative/background 

selection has prevented a subset of regions from accumulating SVs. This notion aligns well with 

two recent studies, which discussed the prevalence of background selection across the human 

genome (Pouyet et al. 2018; Woerner et al. 2018). It is still possible that only a subset of highly 

conserved non-hotspot regions that resulted in signals that are strong enough to affect the 

average of non-hotspot regions, and the rest of them are as neutral as the SV hotspots. 

Previous studies have documented multiple SV formation mechanisms and provided the 

sequence signatures of different mechanisms. However, the only genomic feature that has been 

associated with higher SV mutation rate is the segmental duplications. The segmental 

duplications facilitate NAHR and therefore resulted in SVs. In our analysis, the segmental 

duplications are also the only enriched genomic feature in SV hotspots that is related to SV 

formation mechanism. However, we found that the SV hotspots co-localize with the breakpoint 

of de novo CNV than the non-hotspot regions, even when they have a similar level of segmental 

duplications. Our results suggested that SV hotspots harbor some unknown genomic features 

associated with the SV formation mechanisms other than the segmental duplication-mediated 
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NAHR. To identify these features, we need to scrutinize further the regions where the 

breakpoints of de novo SVs and the SV hotspots colocalize. For example, we can document the 

recombination rate and the replication timing of these regions. Alternatively, we can search if 

there is any sequence motif enriched in the breakpoint of SVs. By doing so, we may find the 

sequences that are commonly seen around SVs without any preliminary knowledge of the SV 

formation mechanism. 

Our two parallel genome-wide scans converged to a 1.9 Mb long region on chromosome 1, the 

epidermal differentiation complex (EDC) on chromosome 1. The EDC region encompassed the 

LCE3BC deletion variant, which evolved before the divergence of human and Denisovan, as 

well as a 100kb SV hotspot with an unusually high number of SVs. Our scrutinization into the 

LCE3BC deletion containing haplotype block, which is a major risk factor for psoriasis, has been 

maintained under balancing selection in human populations. The adaptive pressures on this 

loci, however, are yet to be discovered. The unusual evolution history of the EDC region 

implicated by our two parallel genome-wide studies inspired us to find more novel SVs within 

this region that are not visible using traditional methods. We performed a target specific long 

read sequencing and detected two novel SVs which have not been reported. In the future, we 

can genotype the novel SVs in more people, construct their genotype block, and analyze their 

evolution. Moreover, the success of this pilot work promises the feasibility of applying this 

methodology to a different set of individuals, as well as a different locus. 

Overall, our work is agreement with the recent work underlying the importance of SVs for 

human evolution and phenotypic variation. Even though majority of SVs are neutral as 

expected, the small number of SVs that show variation within and among primate species may 

underlie important phenotypic variation. For example, our work identified several deletion 

polymorphisms that may be evolving under balancing selection in the human lineage affecting 
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immunity and metabolism related traits. We also showed that a small number of SV formation 

hotspots may serve as reservoirs of adaptive variation. Based on these, we conclude that the 

SVs have contributed not only to the adaptation of modern humans as they diverged from other 

great ape lineages, but also to the adaptation associated with the distinct environments and 

lifestyles of different human populations. 
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