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Abstract 

Recent studies showed that admixture between modern humans and ancient 

hominin species was a ubiquitous phenomenon in the past. We now know that 

modern humans admixed with Neanderthals as well as Denisovans, an extinct 

hominin species, existence of which we acknowledged through genetic studies. 

Whilst the majority of admixture events took place in Eurasia following the out-of-

Africa migrations of modern humans, there is now accumulating evidence 

indicating that the ancestors of modern humans also admixed with ancient 

hominins in Africa. An emerging question following these findings is where, when 

and how many times modern humans admixed with ancient hominin species. In 

this dissertation, I studied the genetic remnants of these admixture events, that is 

introgression from ancient hominin species into modern humans, in a population-

specific manner. I started with discussing the importance of western Asia in 

terms of human evolution. Western Asia has been a major cross-roads of human 

population movements throughout the human evolutionary history. As such the 

region deserves more focused studies. Second, I investigated the Neanderthal 

ancestry proportions specifically in western Asia. Results revealed that western 

Asians carry slightly lower Neanderthal ancestry as compared to other Eurasian 

populations. Migrations from Africa into the region in more recent times likely 

diluted Neanderthal ancestry in western Asia. These results are based on point 

estimates of genome-wide Neanderthal ancestry for different human populations. 
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I also found thousands of Neanderthal introgressed haplotypes in the genomes 

of western Asians as well as Europeans and East Asians. Many of these 

haplotypes harbored important genes, and some were found in higher 

frequencies. An example is a Neanderthal-introgressed haplotype carrying 

multiple toll-like receptor genes (TLR1, 6 and 10) which was found in moderate to 

high frequencies in the Turkish as well as East Asian populations but not in the 

European population. This is likely a result of population specific selective forces. 

The method, which I employed to find Neanderthal-introgressed haplotypes in 

the genomes Eurasians, also helped me to verify introgression from an 

unsampled ancient hominin species in a salivary mucin gene, MUC7 in the 

genomes of sub-Saharan Africans. I used this same method, S*-statistics, as well 

as large deletion polymorphisms to find the source of the excess Neanderthal 

ancestry in present-day East Asians in comparison to Europeans. When 

mapped Neanderthal-introgressed DNA found in East Asian as well as Western 

European genomes to the two high quality Neanderthal genomes belonging to 

different populations of Neanderthals, that is, early and late Neanderthals, I found 

that both modern human populations carry Neanderthal ancestry introgressed 

from late as well as early Neanderthal populations. Overall, the collection of work 

documented in this dissertation not only contributes to the recent attempts to 

rewrite the human population history but also demonstrates potentially important 

phenotypic effects of ancient hominin introgression into modern humans. 

I 
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Introduction 

Admixture between different species of humans has recently been shown to be 

widespread in the ancient past (Green et al, 2010; Reich et al. 2010; Slon et al. 

2018). Modern humans admixed with Neanderthals and Denisovans, the two 

extinct species of hominins. As a result, genetic material was transferred from 

Neanderthals into the ancestors of all present-day humans from outside of Africa 

and from Denisovans into the ancestors of present-day Oceanians (Green et al. 

2010; Reich et al. 2010; Meyer et al. 2012; Prufer et al. 2014). Neanderthals and 

Denisovans also admixed with each other resulting with gene-flow from 

Neanderthals into Denisovans (Prufer et al. 2014; Slon et al. 2018). Admixture 

between different species of humans has important consequences in the 

evolutionary history of modern humans. First, admixture alters population 

histories of human populations. Second, it has functional consequences for the 

evolution of modern humans. That is, gene-flow from ancient hominin species 

into modern humans affects the adaptation of modern humans to different 

environments: sometimes providing genetic material favored by natural selection, 

other times bringing deleterious variants into modern human genomes 

(Sankararaman et al. 2014; Vernot and Akey 2014). In line with these findings, 

the questions that I aimed to answer throughout my studies are, on the one hand, 

when, where and how many times modern humans admixed with ancient 

hominins; on the other hand, what the functional consequences of these 

admixture events are in the evolution of modern humans. 
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Admixture is defined as gene flow between two divergent lineages at a 

secondary contact after they split from each other in a distant past. If the time 

period between the split of the two lineages and the secondary contact is 

sufficiently large, the two lineages may accumulate genetic variants which are 

incompatible when they are brought together in the hybrid genomes (Orr 1995). 

On the other, admixture may also provide raw genetic material for the hybrid 

populations to occupy previously unoccupied niches (Mallet 2007). 

The reproductive isolation between sister species is often incomplete in nature; 

they meet at the hybrid zones and admix, and share some genetic material. 

Introgression, the transfer of genetic material from one species into another, 

thus, frequently occurs in nature. Whereas introgression is a more commonplace 

phenomenon in plants whose reproductive systems show more variation and are 

more plastic, it is by no means restricted to plants. For example, we now know 

that various animal species admix with their sister species and as a result, carry 

ancestries introgressed from them (e.g., bonobos and chimpanzees, de Manuel 

et al. 2016; Darwin’s finches, Lamichhaney et al. 2015; species of Papio 

baboons, Rogers et al. 2019; polar bears and brown bears, Miller et al. 2012; 

swordtail fish of the genus Xiphophorus, Schumer et al. 2018). Also, in an 

excellent study, Martin et al. (2019) recently documented admixture between 

species of Heliconius butterflies. 
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Earlier studies of admixture for which limited genetic data were available focused 

on the selection-dispersal balance (Barton & Hewitt 1985). In this framework, 

environment delimiting the selection acting on the parental species as well as the 

hybrids and the dispersal rates between the populations of parental species is of 

particular importance. In addition, the hybrid zones where the parental species 

meet and interbreed was the focus of attention. The strength of selection against 

hybrids was jointly inferred with the dispersal rates by using the allele frequency 

differences along the hybrid zones (Barton & Hewitt 1985). The genetic data 

used at these early days was very limited. It was either gathered through 

electrophoresis of a limited number of enzymes (<100) or genotyping at 

microsatellite loci or for the mitochondrial genome. 

In a similar framework, Currat & Excoffier (2004) inferred the potential admixture 

frequencies between modern humans and Neanderthals by simulating human 

migration into Eurasia and potential encounter of modern human and 

Neanderthal populations. Simulation parameters included population densities 

and carrying capacities, dispersal rates of humans in Eurasia, competition 

intensity and admixture frequency between modern humans and Neanderthals. 

Researchers used available archeological evidence in choosing an appropriate 

range of values for these parameters in their simulations. Only mitochondrial 

DNA (mtDNA) data was available for Neanderthals at the time and it showed that 

there was no Neanderthal genetic contribution into mtDNA of humans (Krings et 

al. 1997; Green et al. 2008). Currat & Excoffier (2004) predicted that the two 
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species did not admix at the expanding front of modern humans in Eurasia. In a 

later study, they showed that Neanderthal-human hybrids must have been largely 

infertile whenever the two species admixed (Currat & Excoffier 2011). 

The modern era of admixture studies investigating the relationship between 

modern humans and ancient hominins started with the sequencing of the first 

Neanderthal genome in 2010 (Green et al. 2010). Neanderthal DNA was 

extracted from fossils excavated in the Vindija Cave, Croatia. This study also 

marked the beginning of the ancient DNA (aDNA) revolution, through which the 

inference of past population histories became directly available. In this ground-

breaking 2010 study, the authors developed a statistic, D-statistics, to infer 

admixture between modern humans and Neanderthals (Green et al. 2010). D-

statistics is a measure of allele sharing between two test populations (e.g., 

Europeans and Africans) and a third population (e.g., Neanderthals) with which 

the two test populations share a common ancestor at an earlier date than when 

they find a common ancestor with each other. Ascertained against an outgroup 

genome (e.g., chimpanzee), where the outgroup genome carries the ancestral 

allele and the representative genome of the third population carries the derived 

allele, D-statistics measures the amount of allele sharing between the test 

populations and the third population. Under the hypothesis of no gene flow, the 

two test populations are expected to share equal proportions of alleles with the 

third population (Green et al. 2010; Patterson et al. 2012). Any excess in allele 
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sharing indicates gene flow between the third population and one of the test 

populations for which the excess allele sharing is detected. 

By using D-statistics, Green et al. (2010) estimated 1-3% introgression from 

Neanderthals into the ancestors of all present-day humans from outside of Africa. 

As humans from Europe and East Asia carried equal proportions of Neanderthal 

ancestry in this study, the admixture between the two species of humans was 

predicted to have occurred shortly after modern humans migrated out of Africa 

before Eurasian human populations split (Green et al. 2010). In chapter 2 of this 

thesis, I present our own results of D-statistics estimating Neanderthal ancestry 

in western Asian human populations in comparison with European, Central and 

East Asian populations. 

Detection of admixture between modern humans and Neanderthals not only 

drastically changed our understanding of the evolutionary history of humans but it 

also bore implications on how humans became humans as we know them. 

Researchers found introgressed Neanderthal DNA at various positions in the 

human genome, some of which is of functional importance and reached higher 

frequencies in some human populations (Vernot and Akey 2014, Sankararaman 

et al. 2014). This suggests that ancient hominin DNA helped modern humans to 

adapt new environments that they encountered in Eurasia. Researchers also 

detected human accelerated regions; that is, positions where modern human 

genomes are fixed or nearly fixed for the derived allele and the Neanderthal 
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genome carries the ancestral allele. For example, nearly all modern human 

genomes carry derived alleles at certain positions within genes affecting energy 

metabolism, cognition, and skeletal morphology. The Neanderthal genome 

carries the ancestral allele at these positions, suggesting that the derived alleles 

at these positions originated in the modern human lineage and were 

subsequently selected for (Green et al. 2010). 

In 2010, the first Denisovan genome was sequenced (Reich et al. 2010). For the 

first time, we became aware of the presence of a species through genetic data, 

without much fossil evidence. The remains of Denisovans consist of a finger 

bone (finger phalanx) and three molar teeth recovered from the Denisova Cave 

in the Altai Mountains, Siberia. The extraction of nuclear DNA from finger 

phalanx provided sufficiently large data to identify the Denisovan as a separate 

hominin species (Reich et al. 2010; Meyer et al. 2012). The Denisovan genome 

is on average closer to Neanderthal genome than to the modern human genome. 

That is, Denisovans and Neanderthals find a common ancestor (~300,000 years 

ago) later than the two species find a common ancestor with modern humans 

(~700,000 years ago, Meyer et al. 2012; Prüfer et al. 2014). 

The Denisovan genome revealed that modern humans also interbred with 

Denisovans. All present-day humans from Oceania inherit 3-6% ancestry from 

Denisovans as a result of an ancient admixture event (Meyer et al. 2012). Albeit 
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in much smaller proportions, present-day East Asians also carry some 

Denisovan ancestry (~0.2%, Wall et al. 2013; Prüfer et al. 2014). 

In 2014, a second Neanderthal genome was sequenced (Prüfer et al. 2014). 

Neanderthal DNA was extracted from a toe phalanx also found in the Denisova 

Cave in the Altai Mountains, Siberia. This second Neanderthal genome, thus, 

was called Altai Neanderthal. Contrary to the first Neanderthal genome, which 

was a draft genome with very low coverage (1.3X), the Altai Neanderthal genome 

was complete and had much higher coverage (~50X). Consequently, we learned 

more from the Altai Neanderthal genome. With the high coverage data, the Altai 

Neanderthal genome was genotyped for both of the two chromosomes at each 

position. This led to new findings. For example, we learned that Altai Neanderthal 

was highly inbred: Altai Neanderthal was homozygous for many extended 

regions of her genome (>10 cM). That is, for the positions in these regions, her 

mother and father carried the same alleles. Thus, they were related. Indeed, 

analyses indicated that her parents were as closely related as half-siblings 

(Prufer et al. 2014) 

The Altai Neanderthal genome also showed us that gene flow between different 

species of humans was not an isolated event. Specifically, we now know that 

Neanderthals and Denisovans also interbred, which led to gene flow from 

Neanderthals to Denisovans. This was found through investigating the 

heterozygosity patterns along the Denisovan genome. For regions where the 
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Denisovan genome and the Altai Neanderthal genome were closest, the 

Denisovan genome carried significantly higher heterozygosity than the genome-

wide average. Moreover, for these regions, one of the Denisovan chromosomes 

was close to the Altai Neanderthal genome. A similar pattern was not observed 

for the Altai Neanderthal genome, indicating that the gene flow, which amounts to 

0.5% of the genome, was from Neanderthals to Denisovans. 

Furthermore, Prufer et al. found evidence supporting earlier findings indicating 

introgression into Denisovans from yet another extinct hominin species (Reich et 

al 2010; potentially Homo erectus, Prüfer et al. 2014). Prufer et al. also found that 

present-day East Asians carry higher proportions of Neanderthal ancestry than 

present-day Europeans (Prüfer et al. 2014), supporting earlier findings (Wall et 

al. 2013). 

2014 also witnessed the opening up of the gates of aDNA studies. Multiple 

ancient modern human genomes from mostly Europe were published that year 

and the following two years (Skoglund et al. 2014; Lazaridis et al. 2014; Allentoft 

et al. 2015; Lazaridis et al. 2016). The history of modern human populations was 

being rewritten by these studies, which used newly developed methods to detect 

admixture between different human populations. Collectively called F-statistics, 

these methods measure the amount of genetic variation in test populations due 

to shared genetic drift (Reich et al. 2009; Patterson et al. 2012; Peter 2016). 

Whether ascertained to an outgroup population, as in the case of outgroup f3-
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statistics, or without such ascertainment, as in the case of f3- and f4-statistics, 

these methods test the hypothesis of a tree-like phylogeny, significant deviations 

from which indicate gene flow between test populations (Peter 2016). 

In 2014, a very old modern human genome was sequenced. The genome 

belonged to Ust I’shim individual that lived ~45,000 years ago in Western Siberia 

(Fu et al. 2014). The genome of Ust I’shim individual is equally closely related to 

present-day Europeans and East Asians, indicating that the present-day 

population structure of Eurasia had not yet been formed at the time (Fu et al. 

2014). Although Ust I’shim genome carries similar proportions of Neanderthal 

ancestry with present-day Eurasians, the size of Neanderthal DNA fragments in 

its genome is larger on average (Fu et al. 2014). The size of the segments where 

modern human genomes carry the ancient hominin ancestry indicates the age of 

the introgression. Recombination in diploid organisms shuffles the parts of sister 

chromosomes during meiosis, and hence effectively breaks apart haplotypes at a 

constant rate each generation. Thus, the size of the archaic haplotypes detected 

in the modern human genomes gives away the time in generations when they 

entered the human genome. The size distribution of Neanderthal DNA in the Ust 

I’shim genome indicates that the gene flow from Neanderthals into humans 

occurred 60,000-50,000 years ago (Fu et al. 2015). Furthermore, the 

Neanderthal haplotypes detected in the Ust I’shim genome effectively belong to 

two different groups: While one group with smaller haplotypes suggests an older 

introgression event, the haplotypes in the other group have a higher average 
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size, suggesting a more recent introgression event (Moorjani et al. 2016). This 

indicates that the Ust I’shim genome carries Neanderthal ancestry inherited from 

two distinct bouts of introgression, one earlier and one later (Moorjani et al. 

2016). 

Another modern human individual, Oase 1, who lived 37,000-42,000 years ago in 

Romania, carries much higher proportions of Neanderthal DNA in its genome (6-

9%, Fu et al. 2015). Furthermore, the size of the Neanderthal fragments in 

Oase1 genome indicates that his ancestors interbred with Neanderthals at least 

two times, the second of which occurred 4-6 generations before when he lived 

(Fu et al. 2015). Despite the fact that the population that Oase 1 individual 

belonged to did not leave significant ancestry to present-day human populations 

(Fu et al. 2015), this finding more convincingly shows that admixture between 

modern humans and Neanderthals occurred more than once. 

F-statistics and D-statistics are very effective in estimating genome-wide 

admixture rates. However, they tend to have higher type I error rates (rejecting 

the true null-hypothesis of no gene flow; false positive) locally. This is due to the 

random nature of coalescence of different parts of the genome at common 

ancestors, resulting with large variation in coalescent times especially when the 

effective population size is small, and the fact that mutation rate varies 

throughout the human genome. For example, lower mutation rates in parts of the 
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genome give rise to lower effective population sizes which leads to inflated D-

statistics in those parts of the genome (Martin et al. 2015). 

Although modified versions D-statistics have been developed (Martin et al. 2015; 

Pease and Hahn 2015), a better suite of methods uses divergence as well as 

linkage disequilibrium in inferring local admixture. These methods, which were 

initially developed to detect local Neanderthal ancestry in the human genome, 

such as S*-statistics (Vernot & Akey 2014) and the one that uses conditional 

random field (CRF; Sankararaman et al. 2014), scan test genomes (e.g., 

Eurasian genomes) with windows of the expected size of the remaining 

introgressed fragments (eg., Neanderthal fragments, ~50 kb), and measures the 

divergence of the test genome to a collection of outgroup genomes (e.g., sub-

Saharan African genomes). Linkage over extended regions, often throughout the 

entire window, between derived alleles found in the test genome as well as high 

divergence to the outgroup genomes are expected for Neanderthal-introgressed 

DNA in a given window. In addition to these parameters, CRF also uses how 

often the test genome matches the Neanderthal genome in inferring local 

introgression (Sankararaman et al. 2014). In chapter 2, I employ S*-statistics to 

find Neanderthal-introgressed fragments in 16 present-day Turkish genomes. 

The detection of Neanderthal ancestry in present-day Turkish population enables 

us to compare the frequencies of Neanderthal haplotypes in Turkish versus 

European and East Asian populations and gain more insights into the selective 

pressures acting on Neanderthal ancestry in Turkey. 
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This new suite of methods helped scientists to find regions of the human genome 

particularly enriched for or depleted of Neanderthal ancestry. For example, we 

now know that the human X-chromosome is especially depleted of Neanderthal 

ancestry (Sankararaman et al. 2014). Many of male hybrid sterility genes locate 

on the human X-chromosome, indicating that Neanderthal ancestry likely caused 

reduced reproductive success of hybrid males (Sankararaman et al. 2014). This 

supports the assumption that humans and Neanderthals were the two lineages 

that were sufficiently diverged to hinder large scale successful reproduction when 

they met again. Subsequent studies, however, revisited this question and found 

that depletion of Neanderthal ancestry throughout human genome did not need 

to invoke hybrid incompatibility (Harris and Nielsen 2016; Juric et al. 2016). 

Neanderthal ancestry in the human genome was eliminated from largely because 

Neanderthals had a lower effective population size, and hence accumulated 

more deleterious mutations (Harris and Nielsen 2016; Juric et al. 2016). Once 

entered larger modern human populations, these deleterious Neanderthal alleles 

were eliminated together with the neutral variation occurring on the same 

haplotypic context through the act of negative selection, which is more effective 

in larger modern human populations (Harris & Nielsen 2016). In chapter 2, I 

document the depletion of Neanderthal ancestry in the coding regions of 16 

present-day human genomes from Turkey. 

Despite genome-wide depletion of Neanderthal ancestry, various parts of the 

human genome are enriched for Neanderthal and/or Denisovan ancestry. 
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Detected as the increased frequency of ancient hominin ancestry in certain 

functional parts of the genome in human populations, this indicates that genetic 

contribution from the sister species of humans seems to have helped our 

ancestors to adapt to their new environments in Eurasia. A case-in-point example 

is the Denisovan introgression in EPAS1 in Tibetans. Elevated hemoglobin 

concentrations in high altitude is the primary cause of the mountain sickness 

(Beall et al. 2010). Tibetan highlanders do not show this phenotype as their 

hemoglobin concentrations barely increase even in altitudes >4,000 m (13,200 ft) 

(Beall et al. 2010). Derived alleles at some SNP positions in EPAS1 are 

associated with low hemoglobin concentrations under hypoxic conditions (Beall 

et al. 2010), a phenotype shown to be adaptive at high altitude (Huerta-Sanchez 

et al. 2014). Present-day Tibetans carry derived alleles known to be under 

positive selection at certain positions in EPAS1 as does the Denisovan genome, 

indicating adaptive introgression from Denisovans into Tibetans. Moreover, the 

Denisovan ancestry in EPAS1 has unusually high frequency in Tibet, potentially 

due to its protective effects against hypoxia in the high-altitude environment 

which Tibetans inhabit (Huerta-Sánchez et al. 2014). 

Multiple studies, furthermore, documented cases of adaptive introgression for 

immune system genes. Specifically, adaptive introgression from Denisovans and 

Neanderthals into West Asians was detected for human leukocyte antigen (HLA) 

class I genes, which take part in acquired immunity (Abi-Rached et al. 2011); 

from Neanderthals into Eurasians for 2'-5'-oligoadenylate synthetase (OAS) 
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cluster genes, a gene cluster regulating the transcription of innate immunity 

genes (Mendez et al. 2013; Sams et al. 2016); from Neanderthals and 

Denisovans into Eurasians for toll-like receptor genes (TLR6, TLR1 and TLR10), 

another class of innate immunity genes (Dannemann et al. 2016). In addition to 

immune system genes, multiple lines of evidence were revealed for adaptive 

introgression for skin pigmentation and hair follicle genes, such as zinc finger 

protein basonuclin 2 (BNC2; Sankararaman et al. 2014; Vernot and Akey 2014), 

hyaluronidase 2 (HYAL2; Ding, Hu, Xu, J. Wang, et al. 2014), melanocyte-

stimulating hormone receptor (MC1R; Ding, Hu, Xu, C.-C. Wang, et al. 2014) and 

POU domain class 2 (POU2F3; Vernot & Akey 2014) genes. In all these cases, 

Neanderthals was the source of introgression. Other examples of adaptive 

Neanderthal introgression include lipid metabolism genes (Khrameeva et al. 

2014), such as solute carrier member genes (SLC16A11 and SLC16A13; Prüfer 

et al. 2014). 

We contribute to this literature in chapter 2. Specifically, we show that adaptive 

introgression is the likely mechanism that increased the frequency of TLR1, 

TLR6 and TLR10 genes in Turkish population similar to other Eurasian 

populations. In the same chapter, I present a very long Neanderthal-introgressed 

haplotype encompassing multiple C-C motif chemokine receptor (CCR) genes, 

which have important roles in immunity against HIV infection. This haplotype also 

carries SNPs associated with immunity against Celiac disease. In chapter 3 of 

this thesis, I also document evidence for introgression from an unsampled 
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hominin lineage into present-day sub-Saharan Africans in mucin-7 (MUC7) gene. 

To that end, I use S*-statistics to find local ancient hominin ancestry in the region 

where MUC7 is located. MUC7 shows copy number variation in exon 3, which 

encodes multiple proline, threonine and serine (PTS) repeats, the domains of 

pathogen binding in saliva. Hence, introgression into MUC7 likely takes part in 

immunity against pathogens. However, we do not present evidence for selection 

favoring this particular haplotype. 

As discussed above, evidence for multiple pulses of Neanderthal introgression 

was revealed from ancient human genomes. It was also mentioned that present-

day East Asians carry higher Neanderthal ancestry than present-day Europeans 

(20% higher, Wall et al. 2013; Prufer et al 2014). A pressing question is then 

whether the excess Neanderthal ancestry in East Asians is due to additional 

introgression that the ancestors of East Asians received from Neanderthals. 

Addressing this question in two independent studies, Kim & Lohmueller (2015) 

and Vernot & Akey (2015) performed extensive simulations to test whether other 

evolutionary processes than a second pulse of introgression, such as selection, 

could cause this result. East Asians have smaller historical effective populations 

than Europeans and thus selection against deleterious Neanderthal alleles is 

expected to be less effective in East Asia. However, in both of these studies, less 

effective negative selection against Neanderthal ancestry in East Asia failed to 

create the observed, excess Neanderthal ancestry in that population (Kim & 

Lohmueller 2015; Vernot & Akey 2015). 
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Another evolutionary mechanism that could create excess Neanderthal ancestry 

in East Asia is the dilution of Neanderthal ancestry in Europe through gene flow 

from a population not carrying Neanderthal ancestry. Lazaridis et al. (2016) 

showed that present-day Europeans indeed carry such ancestry: a hypothetical 

population that remained isolated in western Asia, which the authors called Basal 

Eurasian population, contributed ancestry to present-day Europeans in two 

pulses, first through the expansion of farmer populations from Anatolia to Europe 

in the Neolithic (~8000 years before present) and later through the expansion of 

Yamnaya herders during the Bronze Age (~4000-3500 years before present). 

Lazaridis et al. (2016) showed that the Neanderthal ancestry in the ancient 

genomes of European is inversely correlated with the Basal Eurasian ancestry in 

the same genomes. A recent study, however, revealed that the Neanderthal 

ancestry estimates in Lazaridis et al. (2016) was biased and that there was no 

decrease in Neanderthal ancestry in Europe in the last 10,000 years (Petr et al. 

2019). This indicates that dilution in Europe is not the likely mechanism that have 

created excess Neanderthal ancestry in East Asia. In chapter 1, I discuss the 

importance of western Asia in population histories of modern humans, 

particularly in contexts of the out-of-Africa migrations, Neanderthal introgression 

and spread of agriculture from the region to Europe. 

In chapter 4, I investigate the potential sources of excess Neanderthal ancestry 

in East Asia. To that end, I use large deletion polymorphisms detected for 2504 

modern human genomes included in the 1000 Genome Project (Phase III, 1000 
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Genomes Project Consortium 2015). Large deletions are unlikely to occur 

recurrently. Thus, the sharing of a deletion is likely identical by descent and can 

be traced back either to a common ancestral population and/or gene flow from 

one population to another. I use the second high quality Neanderthal genome 

that was sequenced with ~30X coverage in 2017 (Prüfer et al. 2017) as well as 

the Altai Neanderthal genome, the first high quality Neanderthal genome. This 

second Neanderthal genome belongs to an individual whose fossil was also 

excavated in the Vindija Cave, Croatia. Hence, Vindija Neanderthal was sampled 

from western Europe, while Altai Neanderthal was sampled from Asia. As the two 

Neanderthal genomes locate the opposite ends of Eurasia, it is likely that the 

populations that they belonged to admixed with different populations of modern 

humans. Particularly, Altai Neanderthal might be a part of a population that 

contributed excess Neanderthal ancestry to present-day East Asians. I address 

this question in chapter 4 by using large deletion polymorphisms as well as the 

introgressed haplotypes that I detect for Europeans and East Asians separately 

by using S*-statistics. 

I hope that the collection of work presented here will be an important contribution 

to the efforts in the field to understand when, where and how many times modern 

humans admixed with ancient hominins, and the functional consequences of 

these admixture events in the evolution of modern humans. 
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Chapter I. The multiple histories of western Asia: 

Perspectives from ancient and modern genomes 

I.i Abstract 

Anthropological genetics has revolutionized the way we study variation in human 

populations, their relationships with each other and past populations. Since the 

very early days of the discipline, western Asia has been a major focus (Menozzi 

et al. 1978). After all, it is the geographical focal point where Africa, Asia, and 

Europe meet. It is the hotbed of cultural innovation, most notably the emergence 

of agriculture (Gordon Childe 1936; Mellaart 1967; Barker 2009). As such, it has 

been central to most major Eurasian civilizations (Kuhrt 1995; Gregory 2010), 

and, more recently, a dynamic mix of tribal and ethnic units, religious sects, and 

national identities. Some questions emerge as central within the broader 

framework of western Asian genetic variation: Who are the ancestors of western 

Asian populations? How did contemporary and ancient western Asians contribute 

to the peopling of the rest of Eurasia? Which routes in western Asia did the first 

migrants out of Africa take? Who were the first farmers? Where, when, and to 

what extent did Neanderthals contribute to the gene pools of Eurasian 

ancestors? In this paper, we review the latest genetics research tackling these 

questions, with special emphasis on the recently available ancient genomics 
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datasets, as well as the emerging notion that interbreeding among ancient 

human populations is more 

important than previously thought. 

I.ii Western Asia 

Western Asia has been the geographical center of history of Eurasian peoples, 

first as an ancestral homeland, and later as a center and crossroads of 

civilizations (Figure 1). The area is informally defined but often understood as 

comprising the contemporary national boundaries of Turkey, the Arabian 

peninsula, Iran, Armenia, Azerbaijan and south Caucasus (Knapp 1988) . The 

region was first populated by early human species as early as 1.5 million years 

ago, starting with the migrations of hominins into the region and later populated 

by Neanderthals and anatomically modern humans (McCown and Keith 1939; 

Bar-Yosef and Belfer-Cohen 2001; Kappelman et al. 2008; Hershkovitz et al. 

2015). Fossil records are notoriously patchy and, due to occasional 

inconsistencies in dating and interpretation, specific conclusions derived from 

them are often hotly debated among anthropologists. Regardless, it is clear that 

modern human ancestors, whether they are direct ancestors or not, have lived in 

western Asia since at least 500,000 years before present, if not earlier. In fact, it 

is plausible that multiple hominin species inhabited the region simultaneously and 

exchanged genetic material. Introgression from such related species to modern 

human gene pool is now actively being discussed to explain some of the 

19 

https://paperpile.com/c/OtiAu8/0v30
https://paperpile.com/c/OtiAu8/EzJp+Xtrg+pNtg+iNbe
https://paperpile.com/c/OtiAu8/EzJp+Xtrg+pNtg+iNbe
https://paperpile.com/c/OtiAu8/EzJp+Xtrg+pNtg+iNbe


 

 

      

         

          

          

   

 

            

            

        

          

           

          

       

          

           

         

        

        

         

        

        

         

        

unusually divergent haplotypes among human genomes (Pääbo 2015). For 

example, the current genetic data suggests that all Eurasians carry 1-2% of 

Neanderthal alleles in their genomes, due to an introgression event that 

happened in western Asia approximately 60,000 years ago (Green et al. 2010; 

Prüfer et al. 2014). 

Since the first inhabitation of western Asia, the region has played multiple pivotal 

roles in human history. Arguably the most important of those is the emergence of 

settled human societies. Thanks to amazing discoveries in archaeological sites, 

such as Catalhoyuk, Gobeklitepe, Atlit Yam, Ali Kosh, Jericho, among others, 

there is now a fascinating debate about how humans made a transition into 

sedentary life (Bellwood et al. 2007). Previous work focused on economic and 

demographic trends when explaining transition into sedentary life (Bocquet-Appel 

and Bar-Yosef 2008). However, the work in Gobeklitepe potentially adds a 

symbolic perspective where religious identities may have led a group of people to 

settle, predating agriculture (Gosden 2004). Regardless of the reasons, after 

being hunter-gatherers for more than 100,000 years, humans who settled in 

western Asia started engaging in agriculture, dramatically increasing their 

population and rapidly increasing the complexity of the societies that they live in 

(Bocquet-Appel and Bar-Yosef 2008). This cultural transition has since shaped 

human history, where both peoples and their cultures spread across the world, 

significantly shaping contemporary genetic variation of Eurasia (Skoglund et al. 

2012; Lazaridis et al. 2014; Allentoft et al. 2015). 
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The first sedentary settlements emerged in western Asia roughly 12,000 years 

before, followed later by full scale farming approximately 9,000 years before 

(Barker 2009). Since then, the region’s history has been defined by wars, 

migrations, trade, religious and ethnic connections and segregations, and, maybe 

most importantly, kinship connections among extended families (Lewis 1995; 

Mansfield 2013). Very few genetic studies have explored the complex population 

interactions, which somehow transformed the inhabitants of the few farming 

villages of western Asia into the large and diverse populations of the Bronze and 

Iron Age cosmopolites (Cinnioğlu et al. 2004; Gokcumen et al. 2011; Rodriguez-

Flores et al. 2016; Scott et al. 2016). The genetic impact of the invading peoples 

also remains unknown, from the Indo-European speaking Hittites to Alexander’s 

armies. The genetic impact of the social and political complexities of the Roman 

and Byzantine periods, and later the Islamic Ottoman empire, which together 

lasted over two thousand years, remain unknown. Overall, multiple histories of 

western Asia pose a fascinating set of questions, which the recently available 

genetic tools are beginning to address. 

I.iii Contemporary human genomics, what changed? 

Human genomics has never been applied with this much empirical power to 

investigate the human past. Genetic information has been used to inform us 

about human movements for decades, especially by looking at genetic variation 

in mitochondrial genomes and certain non-recombining regions of the Y-
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chromosome (Comas et al. 1996; Di Benedetto et al. 2001; Cinnioğlu et al. 

2004). Data from whole genomes now enables an in-depth look at multiple 

ancestors of each genome and allow researchers to ask precise questions. In 

parallel, with the availability of thousands of samples from hundreds of modern 

and ancient populations, we have a broader look at the human genetic variation 

across geography and time (Veeramah and Hammer 2014). It is worthwhile to 

emphasize two recent breakthroughs, which allow us to conduct our analyses 

with unprecedented power and accuracy. 

First of these breakthroughs is our recent ability to afford sequencing of 

thousands of entire genomes, and with unprecedented speed (Schuster 2008). 

This allowed us to parse the genome into haplotype blocks, each telling different 

stories of our ancestors (Veeramah and Hammer 2014). Due to random 

inheritance of maternal and paternal chromosomes from our parents; combined 

with the effect of recombination, our genome is a mosaic of pieces, each coming 

from a different ancestor. With next generation sequencing and sophisticated 

computational approaches, we are able to study the history of each of these 

genomic mosaic pieces. Allowing us to take a glimpse into thousands of 

ancestral lineages, rather than tracing a single ancestral line (Harris and Nielsen 

2013). Such a comprehensive view of the genome allowed us to look at the 

contribution from our ancestors at different time scales (Schiffels and Durbin 

2014). For example, we can determine which of the pieces in western Asian 

genomes were inherited from Neanderthal ancestors some 50,000 years ago 
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(Vernot and Akey 2014), while measuring the East Asian component in western 

Asian genomes, likely a relic from migrations of Turkic speaking groups into the 

region only one to two thousand years ago (Alkan et al. 2014). 

The second breakthrough comes in the form of sequencing entire ancient 

genomes, which let us take a direct glimpse into the genetic variation of ancestral 

populations (Green et al. 2010). It was thought that a decade ago, it was not 

possible to build entire variation maps from whole genomes from extremely 

fragmented DNA of ancient human remains. The surprising compatibility of next 

generation platforms to short fragments of ancient remains, combined with 

ingenious bioinformatics techniques (that leverages the consistent and 

predictable chemical damage that ancient DNA undergoes), allows for the 

accurate resequencing of entire genomes that are as old as 700,000 years 

(Orlando et al. 2013). With these trailblazing achievements in methodologies in 

the last decade, we now have genome-wide sequencing data from hundreds of 

ancient human genomes from different periods and geographies (Reich et al. 

2010; Prüfer et al. 2014; Allentoft et al. 2015; Gallego Llorente et al. 2015; Kılınç 

et al. 2016; Siska et al. 2017). 

The far-reaching impact of this new information has especially challenged two 

previously-held beliefs about human history. First, the discovery that modern 

humans interbred with Neanderthals, as well as Denisovans (a distinct hominin 

lineage), contradicted the previously held single-origin model (Green et al. 2010; 
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Reich et al. 2010). Second, it is clear that contemporary human genetic variation 

is a product of complex interactions among past populations, most of which no 

longer exist (Prüfer et al. 2014; Sankararaman et al. 2014; Lin et al. 2015; 

Racimo et al. 2015; Hsieh et al. 2016; Kuhlwilm et al. 2016; Vernot et al. 2016). 

For example, contemporary Europeans are not necessarily descendant of the 

Europeans from 10,000 years ago, but rather a product of complex admixtures 

among multiple ancient populations (Lazaridis et al. 2013). In sum, ancient 

population genomics heralds a new era, where we can directly test hypotheses 

with regard to genetic variation of past populations and their relationships to 

contemporary humans. 

I.iv The global context of genetic variation in western Asian populations 

There are only a few studies that documented genetic variation among western 

Asian populations at a whole-genome level (Behar et al. 2010; Alkan et al. 2014; 

Lazaridis et al. 2016), particularly when compared to wide-reaching datasets 

detailing European genomic variation. Nevertheless, even in data from these 

limited number of studies, certain patterns emerge. As a whole, the 

contemporary western Asian genomic variation looks most similar to genomic 

variation of South European populations, e.g., Southern Italians (Alkan et al. 

2014). This seems to be true for Arabian, Turkish and Jewish genetic variation, 

and to a lesser extent Iranian genetic variation (Scott et al. 2016). So, from a 
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bird’s-eye view, the contemporary genetic variation in western Asia appears to be 

shaped by geography. 

However, it is important to note some caveats here when interpreting this data. 

First, there is evidence for different ethnic, religious, and kinship groups (e.g., 

extended tribes) contributing to the genetic structure in this region, likely to a 

greater extent as compared to European populations (Gokcumen et al. 2011; 

Scott et al. 2016). As such, it would not be surprising to see enclaves of genetic 

variation that have very distinct genetic characteristics in the region. In fact, such 

genetic structuring was recently reported for the Bedouin population in Qatar 

(Rodriguez-Flores et al. 2016). Second, the genetic variation in Central Asian 

populations that neighbor western Asia has been poorly characterized. We have 

little or no genome-wide data from Azerbaijan, Turkmenistan, and Afghanistan, 

except for Kalash from Afghanistan, which is comparably better studied and 

critical to understand south Asian population history (Rosenberg et al. 2002; 

Jakobsson et al. 2008; Hellenthal et al. 2016). As such, it is likely that western 

Asian populations are also closely related to populations in the east, but Central 

Asian populations are yet to be comprehensively sampled for genome-wide 

analyses. 

Third, the origins of contemporary genetic variation are not clear and this creates 

some level of confusion. For example, the most likely explanation for the genetic 

similarity between contemporary western Asia and eastern European populations 
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is from the very recent effect of isolation-by-distance, i.e., populations that are 

geographically close share genetic variation with each other (Wright 1943). As 

demonstrated beautifully by the landmark paper by Novembre et al. for European 

populations, this effect creates clines of genetic variation where the allele 

frequencies gradually increase or decrease across geographies (Novembre et al. 

2008). However, recent studies have shown that genetic continuity in a given 

geography over time is not a universal trend (Günther and Jakobsson 2016). For 

example, there are reports that while Neolithic Chinese population seem to 

genetically resemble contemporary Han Chinese (Siska et al. 2017), the Neolithic 

populations of western Asia were observably different genetically from 

contemporary populations living in the same geography (Kılınç et al. 2016). As 

such, contemporary genetic variation data do not necessarily tell about the 

genetic variation of the past populations living in these geographies, or vice 

versa. 

I.v New insights into the contemporary genetic structure within western 

Asian populations 

The first genome-wide glimpses into genetic variation of western Asian 

populations revealed a surprising genetic structuring both within and among 

national boundaries. This contrasts with what is found in western Europe and 

East Asia to some degree, where the genetic variation is mostly continuous, 

superseding national boundaries (Novembre et al. 2008). As mentioned before, 
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western Asian populations seem to have the highest genetic similarities to their 

geographic neighbors. Nevertheless, when looking at the genetic variation with a 

finer lens, a more complicated picture emerges. One of the major quantitative 

tools for visualizing the variation among genomes is principal component 

analysis, which, very simply put, identifies correlated genetic variants among 

genomes and converts them to singular principal components. This statistical 

procedure essentially summarizes the multidimensional data (i.e., hundreds of 

thousands of single nucleotide variants in this case) into a smaller number of 

dimensions, with the first principal component carrying the highest amount of 

variance stemming from correlated variants in the data. In genetic 

anthropological analyses, generally the first two (sometimes also the third and 

fourth) principal components are shown (Reich et al. 2008). These principal 

components show the separation of individual genomes from each other based 

on a small portion of the genetic variation analyzed, which maximizes the 

separation. 

The principal component analyses within the western Asian populations, for 

which comparable genetic data are available, showed no clear genetic 

boundaries can be drawn across populations (Hodoğlugil and Mahley 2012; Scott 

et al. 2016). Even though this has not been specifically tested, two apparent 

trends have emerged from multiple recent studies (Alkan et al. 2014; Rodriguez-

Flores et al. 2016; Scott et al. 2016). One, contemporary populations in Iran and 

Turkey are more related to each other than they are to populations living in the 
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Arabian Peninsula. Second, these two populations also seem to have higher 

levels of genetic affinities to southern European populations as compared to 

populations speaking Semitic languages. 

These are interesting observations and several cultural and historical factors can 

be considered to explain them. One possible such explanation is that the 

contemporary population of Iran is Indo-European speaking and, as such, has a 

linguistic affinity to European populations that date back 8-9 thousand years 

before present (Gray and Atkinson 2003). Furthermore, geographical barriers 

such as Taurus-Zagros Mountains might have hindered population movements 

between Arabian Peninsula in the south and Anatolia and present-day Iran in the 

north. Thus, the genetic data suggest that relatively recent interactions between 

different groups in the region, including Kurdish and Turkic speakers, 

transgressed national, and possibly linguistic borders. For answering such 

questions from a more targeted approach, anthropologically and historically 

contextualized sampling is essential. For example, the genetic variation within 

Kurdish and Turkic speakers that populate the border areas between modern-

day Turkey and Iran remains unexplored. It should be noted here that all of these 

historical and linguistic inferences have not been tested by data and it is possible 

that other explanations for the genetic structure among western Asian 

populations will be put forward as our understanding of the cultural and genetic 

diversity of the region increases. 
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One of the major trends that emerge within western Asia is the level of local 

genetic structure independent of national boundaries. We have previously 

discussed how western Asian villages have created extended patrilineal kinship 

groups that lead to a clear separation of Y-chromosome variation between 

neighboring villages, while maintaining a high level of homogeneity within the 

villages (Gokcumen et al. 2011). This leads to an overall trend where the genetic 

variation is high in the region as a whole and within ethnic groups, while 

inbreeding is higher than what is observed in western European and East Asian 

populations (Scott et al. 2016). The genetic variation of the Jewish population, 

which has been extensively studied, exemplify this trend. Briefly, most Jewish 

genomes cluster with other western Asian genomes, especially with those of the 

Druze. However, within the Jewish population, significant structure exists that 

corresponds to the geographic origin of the sampling (e.g., Ashkenazi, Sephardic 

or Ethiopian origins) (Behar et al. 2010). For example, a recent study has 

connected some genetic elements found in contemporary Ashkenazi genomes to 

genetic variation observed in eastern Turkey (Das et al. 2016). The interpretation 

of this finding is up for debate, relative confinement of religious, ethnic, linguistic 

and political groups remains a major factor shaping the overall structuring of 

genetic variation in the region. 
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I.vi Ancestors of contemporary western Asians 

Recent data from ancient western Asian genomes has revitalized the field and 

provided a first direct empirical glimpse of the complex genetic past in the region, 

predicted from historical and archaeological evidence. Early attempts to extract 

ancient DNA from the region were limited to fragments of mtDNA sequences with 

interesting, yet inconclusive, information gained (Matney et al. 2012). In the last 

two years, several studies provided genome-wide data from hundreds of human 

remains coming from multiple regions. These include: contemporary Europe, but 

also from Turkey, Iran, Jordan, Israel, as well as Caucasus and Central Asia, 

spanning Paleolithic, early and late Neolithic into the Bronze Age (Keller et al. 

2012; Skoglund et al. 2012; Skoglund et al. 2014; Allentoft et al. 2015; Jones et 

al. 2015; Mathieson et al. 2015; Hofmanová et al. 2016; Kılınç et al. 2016; 

Lazaridis et al. 2016; Omrak et al. 2016). 

One unexpected finding from this data is that the early farmers in Iran, Anatolia 

(the area that is covered by modern Turkey) and in the Levant (Israel/Jordan 

area) are genetically different from each other, as well as from the contemporary 

populations living in those areas (Kılınç et al. 2016). This contrasts with previous 

thinking where researchers often considered the expansion of a single ancestral 

Neolithic population in western Asia. Instead, we are faced with an unexpected 

diversity in Neolithic western Asia, which was populated by distinct agricultural 

populations that later admixed into each other to contribute to the genetic pool of 

contemporary western Asians. 
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These early agricultural populations affected the genetic variation in the rest of 

Eurasia. Based on this data, it is now widely accepted that farming has arrived to 

Europe by the migration of western Asian farmers and their genomic contribution 

constitute one of the three major genetic components of contemporary 

Europeans, the other two being from western hunter-gatherers, and Bronze Age 

steppe herders from Caucasus (Skoglund et al. 2012; Lazaridis et al. 2013). In 

fact, contemporary South Europeans cluster better with this ancient population 

than do contemporary Turkish populations (Kılınç et al. 2016). In addition, there 

is evidence, albeit less conclusive, that Iranian early farmers contributed to the 

genetic variation of contemporary Central Asians and South Asians, while early 

farmers in Levant contributed to the genetic variation of contemporary East 

Africans (Lazaridis et al. 2016). We now know that contemporary western Asian 

genomes have been greatly influenced by these early inhabitants, as well as by 

the contribution of later population movements, including migrations of Turkic 

speakers into the region (Yunusbayev et al. 2015). It is now an exciting time to 

investigate the origins of contemporary genetic variation in the region. 

I.vii Future 

Western Asia has been the focus of anthropologists, archaeologists, historians, 

and geneticists for a long time (Childe 1934; Renfrew 1990). Several major 

hypotheses ranging from the origins of all Eurasians to underlying reasons of the 
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transition to agriculture have been put forward within the geographic context of 

western Asia. As such, the incredible increase in the amount of modern and 

ancient genomes has not necessarily changed the questions that we have been 

asking. Instead, they allowed us to tackle these old questions with an 

unprecedented empirical rigor. For example, multiple studies in the last two 

years, more or less solidified Neolithic Anatolian population as the ancestral 

population that give rise to the European Neolithic population, which in turn 

contributed greatly to the contemporary genetic variation. Similar to the resolution 

of this issue of European Neolithic origins, we argue that the next phase in 

western Asian genomics will tackle three exciting new avenues of research. 

First is the question of the nature, extent and origins of Neanderthal admixture 

into the Eurasian ancestors. Recent studies now convincingly argue that all 

western and eastern Eurasians share genetic variation with Neanderthals, likely 

because of a common introgression event that happened in western Asia after 

modern human ancestors crossed the Sahara desert but before they migrated 

out of western Asia (Green et al. 2010; Prüfer et al. 2014; Vernot and Akey 

2014). The current model posits, based on the currently available data mostly 

from modern human genomes, that a single introgression from Neanderthals 

introduced Neanderthal haplotypes to a singular ancestral western Asian 

population. However, there is accumulating evidence that the interactions 

between Neanderthals in western Asia is more complicated. First, a ~40,000 year 

old human genome from Romania (Peştera cu Oase, Figure 1), which borders 
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western Asia, shows substantial Neanderthal ancestry, suggesting a direct 

Neanderthal ancestor for this human only 4-6 generations back (Fu et al. 2015). 

However, it seems that this genome did not contribute to contemporary genetic 

variation of Eurasia, raising the possibility that multiple western Asian populations 

have differential levels of Neanderthal admixture, but only a few contributed to 

the genetic variation of contemporary populations. Indeed, a recent study 

showed that Bedouin populations from Qatar are not only distinct from other 

western Asian populations, but they also carry lower amounts of Neanderthal 

DNA than their neighbors do (Rodriguez-Flores et al. 2016) (Figure 1). This is 

consistent with the notion that at least some of the ancestry of indigenous Arabs 

can be traced back to distinct western Asian populations that have diverged from 

other Eurasian lineages shortly after the out-of-Africa migration. The time is ripe 

for a systematic study to reconstruct the genetic variation of paleolithic 

populations in western Asia and specifically determine the timing and extent of 

Neanderthal introgression into these populations. 

The second question concerns the routes through which the first migrants took 

when they travelled out of Africa. There is some level of consensus that western 

Asia has been the stepping stone for Paleolithic African migrants on their way to 

populate Eurasia. When exactly did the first modern humans arrive in western 

Asia? Were there multiple migrations out-of-Africa or did a single ancestral 

population cross the Sahara (Drake et al. 2011)? Which route did they take? Did 

they establish multiple isolated populations during their time there? Which of 
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these peoples populated Europe, Asia, South Asia, Australia? There have been 

recent studies that further complicate the picture. Two studies have argued that a 

single ancestral population from Africa has populated all of Eurasia and Australia 

(Malaspinas et al. 2016; Mallick et al. 2016), whereas another study showed 

evidence for a distinct out-of-Africa ancestry that is not present in any other 

Eurasian genome only in modern day Austrasians (Pagani et al. 2016). If the 

latter study is accurate, it is plausible that isolated western Asian populations 

may carry signatures of such distinct ancestry. In fact, the genetic variation of the 

Qatari population (Rodriguez-Flores et al. 2016), as well as that of ancient 

western Eurasian populations (Lazaridis et al. 2016), show the presence of a 

basal Eurasian lineage that is distinct from the ancestral lineages that later 

populated the rest of Eurasia. Another unknown with regards to early migrants 

out of Africa is the exact route through which they took to reach western Asia and 

later to the rest of Eurasia. While paleo-archaeological evidence suggests a 

“Southern” route through the Arabian Peninsula (Armitage et al. 2011), 

alternatively at least one genetic inference argued for a “Northern” route through 

Egypt (Pagani et al. 2015). There is a lively discussion in the field with regards to 

exact route(s) (Boivin et al. 2013; Nasab et al. 2013; Bosch et al. 2015; Douka et 

al. 2015; Winder et al. 2015), as well as the genetic variation within the 

population(s) that left outside of Africa (Hershkovitz et al. 2015; Malaspinas et al. 

2016; Mallick et al. 2016; Pagani et al. 2016). Ancient genomes from the region 

may allow for the direct testing of these different models. Overall, we argue that 

with the increasing number of genomes available, the currently blurry picture of 
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population dynamics in Paleolithic western Asia will become clearer in the near 

future. 

The Neolithic transition, which has changed multiple aspects of human life from 

diet to social dynamics, first happened in western Asia less than 12,000 years 

before present -a flicker in the evolutionary timeline. Nevertheless, this transition 

may be the single most important event that adaptively shaped human genetic 

variation. Some of the best-known examples of selection in the human genome 

are of variants that are linked to the agricultural lifestyle. For example, lactase 

persistence has evolved recurrently and has been selected for in multiple 

agricultural populations (Tishkoff et al. 2007; Romero et al. 2011). Similarly, the 

copy number of salivary amylase is strongly associated with increased starch 

consumption, which is a hallmark of agricultural societies (Perry et al. 2007). Now 

with more genomes across geographies and time (Mathieson et al. 2015), as well 

as a better understanding of the signatures of adaptive evolution in human 

genomes (Key et al. 2016). Now with more genomes across geographies and 

time (Mathieson et al. 2015), as well as a better understanding of the signatures 

of adaptive evolution in human genomes the time is ripe to systematically 

investigate the impact of the agricultural transition on genetic variation in western 

Asia (Key et al. 2016). 

One major challenge to all these exciting prospects is sampling. We believe that 

three major biases exist in current samples. First, the majority of samples have 
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been collected in a medical setting to search for rare diseases (Scott et al. 2016). 

As such, it is plausible that there is a bias in selecting families with a history of 

inbreeding, which also translates into sampling from certain geographies where 

such in-family marriages are more common than others. Second, because of 

national politics, there are major differences in the number of samples collected 

and the amount of genetic data available from them. For example, there are 18 

full Turkish genomes and hundreds of genomes from Israel available for 

analyses, whereas there are no genomes from Iraq, Syria, or Azerbaijan, to our 

knowledge. It is possible that more ancient genomes were sequenced from some 

western Asian geographies than the contemporary genomes. The third bias is 

the lack of proper background information with regard to samples. This is partly 

due to the complicated politics of the region. For example, ethnic, religious and 

ancestral backgrounds could be lost because donors may be stigmatized 

precisely because of their background. Further, collecting such information may 

be illegal, as is the case for Turkey. These factors may also bias the degree of 

inbreeding observed in western Asia. We believe, however, that the ongoing 

studies from multiple groups will bridge the gaps in geography, time, and 

historical connections to establish a clearer and fine-scale picture of the genetic 

history of the region. 
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I.viii Conclusion 

In this paper, we highlight some of the current research on the population 

genomics of western Asia. This region stands at the cross-roads of Africa, Asia, 

and Europe. As such, it has been a hotspot of human interaction and activity. 

Moreover, it is the place where arguably the most important cultural shift in 

human evolution, the one to a sedentary lifestyle, emerged. Despite its 

importance, sampling from the region has always been problematic due to 

contemporary social and political complications. Nevertheless, the emerging 

picture from multiple genome-wide inferences into the region’s history has 

revealed a fascinating complexity. We believe that the next years will witness a 

boom of new insights into the history of the region, and a better understanding of 

human genomic variation as a whole. 

I.ix Figures 
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Figure 1. A general view of western Asia. The green area represents the area, 

which we considered as western Asia in this graph. We also highlighted the 

locations of samples and archaeological sites we mention that we named in the 

manuscript. Please note that these are by no means exhaustive. At the bottom of 

the graph, we also provide a basic time-scale with regards to major demographic 

events affecting the populations of the region. 
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Chapter II. Variation and functional impact of 

Neanderthal ancestry in western Asia 

II.i Abstract 

Neanderthals contributed genetic material to modern humans via multiple 

admixture events. Initial admixture events presumably occurred in western Asia 

shortly after humans migrated out-of-Africa. Despite being a focal point of 

admixture, earlier studies indicate lower Neanderthal introgression rates in some 

western Asian populations as compared to other Eurasian populations. To better 

understand the genome-wide and phenotypic impact of Neanderthal 

introgression in the region, we sequenced whole genomes of 10 present-day 

Europeans, Africans, and the western Asian Druze at high depth, and analyzed 

available whole genome data from various other populations, including 16 

genomes from present-day Turkey. Our results confirmed previous observations 

that contemporary western Asian populations, on average, have lower levels of 

Neanderthal-introgressed DNA relative to other Eurasian populations. Modern 

western Asians also show comparatively high variability in Neanderthal ancestry, 

which may be attributed to the complex demographic history of the region. We 

further replicated the previously described depletion of putatively functional 

sequences among Neanderthal-introgressed haplotypes. Still, we find dozens of 

common Neanderthal-introgressed haplotypes in the Turkish sample associated 
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with human phenotypes, including anthropometric and metabolic traits, as well as 

the immune response. One of these haplotypes is unusually long and harbors 

variants that affect the expression of members of the CCR gene family and are 

associated with celiac disease. Overall, our results paint a complex first picture of 

the genomic impact of Neanderthal introgression in the western Asian 

populations. 

II.ii Introduction 

Recent studies have shown that archaic hominins contributed genetic material to 

modern humans (Green et al. 2010; Reich et al. 2010). The origin and impact of 

these introgressions vary geographically and happened through multiple 

instances. For example, Neanderthals contributed genetic material to all 

Eurasian peoples, possibly through a single introgression event in the Middle 

East during the out-of-Africa migrations about 50 to 60 thousand years ago 

(Green et al. 2010). Follow-up analyses have shown evidence for a second, 

smaller introgression event affecting only Asian groups (Wall et al. 2013). More 

recent studies have also identified additional geography-specific introgression 

events from other archaic hominins to ancestors of contemporary human 

populations (Meyer et al. 2012; Hsieh et al. 2016; Vernot et al. 2016). As such, all 

modern humans from outside-of-Africa are estimated to carry 1-3% Neanderthal 

DNA in their genomes (Green et al. 2010; Meyer et al. 2012; Prüfer et al. 2014). 

Moreover, haplotype level scrutinization of these admixture events revealed a 
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significant depletion of coding sequences among haplotypes admixed from 

Neanderthals, suggesting strong negative selection acting on these sequences 

(Sankararaman et al. 2014; Vernot and Akey 2014; Harris and Nielsen 2016; 

Juric et al. 2016). In contrast, a small but measurable number of introgressed 

haplotypes have been adaptively maintained in the human population (Huerta-

Sánchez et al. 2014; Dannemann et al. 2016; Gittelman et al. 2016; Quach et al. 

2016; Racimo et al. 2017). In addition, recent studies have now shown that 

Neanderthal-introgressed haplotypes might affect the expression levels of 

multiple genes (Dannemann et al. 2017; McCoy et al. 2017). 

Based on the current data, it has been suggested that the first and most 

significant introgression from Neanderthals occurred in western Asia (Green et 

al. 2010; Prüfer et al. 2014). Specifically, contemporary East and West Eurasian 

genomes share more derived alleles with Neanderthal than sub-Saharan African 

genomes do (Vernot and Akey 2014). This observation is consistent with an 

introgression event in western Asia, after the population ancestral to 

contemporary West and East Eurasians migrated out of Africa, but had not yet 

split into two isolated populations. However, little is known about the distribution 

and functional significance of Neanderthal introgression in contemporary western 

Asian populations, except for a handful of studies (reviewed in Taskent and 

Gokcumen 2017) . Notably, a recent study found lower proportions of 

Neanderthal ancestry in ancient genomes from the Middle East (Lazaridis et al. 

2016). This study further identified high levels of basal Eurasian ancestry 
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(Lazaridis et al. 2014) in these ancient western Asian genomes, which was 

negatively correlated with Neanderthal ancestry, suggesting that the hypothetical 

basal Eurasian lineage carried lower levels of Neanderthal ancestry than other 

ancestral Eurasian lineages (Lazaridis et al. 2016). The degree of basal Eurasian 

ancestry could also explain variation in Neanderthal ancestry among modern-day 

West Eurasian genomes. For instance, a high level of basal Eurasian or sub-

Saharan African ancestry could underlie the observation that there is a relatively 

low proportion of Neanderthal ancestry in a present-day Qatari Bedouin 

population as compared to European and some other Middle Eastern populations 

(Rodriguez-Flores et al. 2016). 

In this study, we investigate whether the unique population history of the region 

affected the distribution of Neanderthal introgression among western Asian 

populations, concentrating on the Druze, a small, and ethnically-homogenous 

closed population of the Levant, and the more diverse population of modern-day 

Turkey. Western Asia is especially interesting as the region has been central to 

major demographic events since the early Neolithic (Yunusbayev et al. 2015; 

Kılınç et al. 2016). Moreover, the distribution of genetic variation in western Asia 

may be different than what has repeatedly been observed for European 

populations, i.e., a strong correlation with geography consistent with an isolation-

by-distance model (Novembre et al. 2008). Specifically, recent inbreeding, 

migration, and local isolation may create deviations in the clinal distribution of 

genetic variation in this region (Gokcumen et al. 2011; Scott et al. 2016), which 
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may give rise to considerable heterogeneity in the levels of Neanderthal 

introgression among populations. 

II.iii Results 

II.iii.1 Variation in Neanderthal ancestry within and among western Asian 

populations 

To determine the Neanderthal introgression patterns in western Asian 

populations, we first set out to determine relative Neanderthal ancestry levels in 

two distinct populations: the Druze and the population of present-day Turkey, as 

compared to other Eurasian populations. To do this, we first analyzed the Human 

Origins (HO) dataset (Lazaridis et al. 2014) and calculated D-statistics of the 

form D(HO Druze or Turkish, HO Eurasian or African; Neanderthal, Chimpanzee) 

for various population combinations. 

Our results showed that these two present-day western Asian populations 

consistently carry lower proportions of Neanderthal introgression relative to 

Europeans, Central Asians, and East Asians (fig. 1A). This observation is 

concordant with the trends documented globally in present-day populations 

(Mallick et al. 2016) as well as using ancient genomes (Lazaridis et al. 2016). 

We found the same trend comparing individual Neanderthal ancestry estimates 

of the form D(Test, Yoruba; Neanderthal, Chimp) among West Asian and other 
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Eurasian groups. The difference in estimated admixture proportions between 

western Asians and other Eurasians is systematic and significantly lower for 

western Asians (p<0.01, Wilcoxon Rank Sum Test, fig. 1B). 

Even though lower Neanderthal ancestry is a consistent trend for western Asian 

populations, it also shows noticeable variation. To determine whether this 

variation originates from within- or between-population differences, or both, we 

calculated D-statistics for each individual within a given population D(Individual 

(Test), Yoruba; Neanderthal, Chimp) (supplementary fig. S1). Indeed, we 

observed that both within- and between population variation of D-statistics were 

higher among western Asian populations as compared to other continental 

groups. For example, the Druze have lower levels of Neanderthal ancestry as 

compared to European, Central Asian and East Asian populations. However, this 

population also showed a higher level of within-population variation in 

Neanderthal ancestry. We further noticed two distinct groups of western Asian 

populations with respect to Neanderthal ancestry, populations associated with 

the Arabian Peninsula showed conspicuously low Neanderthal ancestry as 

compared to other Eurasian populations, while those from northern and eastern 

regions of western Asia showed only slightly lower levels of Neanderthal ancestry 

as compared to other Eurasians (supplementary fig. S1). This is concordant 

with the recent observation that the Qatari populations of Bedouin ancestry, but 

not all Middle Easterners, showed lower levels of Neanderthal ancestry as 

compared to European, Central Asian and East Asian populations (Rodriguez-
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Flores et al. 2016). Overall, our results showed that D-statistics between pairs of 

western Asian populations are more variable than D-statistics between pairs of 

European or Asian populations (supplementary Table 1). We further quantified 

these observations and calculated an approximately 42% increase in the 

standard deviation of D-statistic values among western Asian populations, 

compared to the same values calculated among European populations, a 

significant difference as assessed by random permutations (p<0.001, 

supplementary fig. S2). 

To validate our findings with higher power, we used two whole genome 

sequencing datasets (Alkan et al. 2014; 1000 Genomes Project Consortium 

2012). First, we calculated similar D-statistics with published Turkish genomes of 

high coverage, which we joined with the 1000 Genomes Phase I dataset. This 

indicated lower Neanderthal ancestry in the Turkish population relative to other 

Eurasian populations (fig. 1C), as we had observed earlier in Turkish genomes in 

Human Origins dataset. Second, we sequenced 3 Druze, 4 European and 3 

Pygmy genomes all with high coverage (>30X) using (~150bp) paired-end reads. 

The library preparation, sequencing platform, mapping and calling algorithms for 

these genomes are identical to avoid any technical biases (see supplementary 

methods). Unexpectedly, the sequenced Druze individuals were found to have 

similar levels of Neanderthal ancestry as European individuals (fig. 1D), in 

contrast to lower levels found using the 39 independent Druze individuals of the 

Human Origins dataset. 
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To rule out sample mix up and further investigate the source of this variation in 

Druze, we merged the datasets using common variants genotyped in our dataset 

and the Human Origins dataset. ADMIXTURE analysis on this merged dataset 

confirmed that the three Druze individuals sequenced had similar ancestry 

components as the Druze in the Human Origins dataset (fig. 1E). Using the 

same merged dataset, we also conducted individual Neanderthal ancestry 

estimate comparisons (supplementary fig. S3A). This analysis showed that the 

D-statistics from three Druze individuals that we sequenced in this study actually 

falls in the distribution of the variation of D-statistics observed in Druze from the 

Human Origins dataset (supplementary fig. S3B). Based on these, we conclude 

that sampling bias is the main source of the observed disparity between 

datasets, which marks the high level of variation in Neanderthal ancestry within 

and among western Asian populations. 

It is plausible that immigration, isolation and inbreeding (Scott et al. 2016) could 

have created genetic structure and heterogeneity within and across western 

Asian populations. Heterogeneity especially with regards to varying levels of sub-

Saharan or basal Eurasian ancestry may explain the elevated variation in 

Neanderthal allele sharing among western Asian genomes. This scenario would 

be consistent with the results of a previous study that found different levels of 

Neanderthal ancestry among three Qatari populations (Rodriguez-Flores et al. 
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2016), possibly due to differences in their levels of sub-Saharan and basal 

Eurasian ancestries (Scott et al. 2016). 

To investigate this notion, we studied ancestral components in the Human 

Origins dataset genomes using ADMIXTURE (Alexander et al. 2009). This 

revealed conspicuous heterogeneity among western Asian populations (fig. 1E), 

with varying levels of African and Asian contributions within and among western 

Asian populations (e.g., higher East Asian ancestry in Turkish genomes, and 

higher African ancestry in Palestinian genomes, compared to the Druze). We 

then tested the hypothesis that Neanderthal ancestry estimated for western 

Asian individuals would be negatively correlated with their estimated sub-

Saharan ancestry component. Testing this within each population, we found no 

significant negative correlation except for Yemenis (p<0.05, Spearman non-

parametric correlation test, supplementary Table 2). However, when we pooled 

data for each continental group and compared the sub-Saharan component 

across all genomes within that group with the estimated Neanderthal ancestry in 

the same genomes, we found a highly significant negative correlation for western 

Asia (rho=-0.234, p<0.0002; supplementary Table 2). We were able to see the 

same significant trend when we compared the average sub-Saharan component 

in each western Asian population with the average Neanderthal ancestry in the 

same population across populations (rho=-0.739, p<0.003, supplementary fig. 

S4, supplementary Table 2). As such, our results support the notion that 

varying levels of sub-Saharan ancestry among western Asian genomes 
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contributed to the observed differences in Neanderthal ancestry among these 

populations. 

II.iii.2 Neanderthal-introgressed haplotypes in the Turkish population 

Next, we aimed to delineate the genomic impact of Neanderthal-introgressed 

haplotypes in western Asian populations. As a case example, we focused on the 

16 present-day Turkish individuals for whom we have access to high quality 

genomes (due to sample size restrictions we could not include the Druze 

individuals in this analysis). We followed the S*-based pipeline recently fine-

tuned for identifying introgressed haplotypes (Vernot and Akey 2014). Briefly, we 

determined putatively introgressed haplotypes in 16 Turkish genomes (i.e., 32 

sets of phased chromosomes), as well as in 16 western European and in 16 East 

Asian genomes for comparative purposes (fig. 2A, supplementary 

information). Briefly, using a combination of empirical analyses and simulation-

based modeling, this pipeline identifies stretches of DNA carrying unusually high 

numbers of proximate, derived single nucleotide variants present in Eurasian 

genomes, but not found in sub-Saharan African genomes (see supplementary 

methods for details). 

Using our pipeline, we identified 6,599 derived haplotypes in 16 Turkish genomes 

with an average size of ~72kb (supplementary Table 3). Because the S* 

statistic does not consider information from Neanderthal genomes, we further 
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refined our dataset by probabilistically categorizing the derived haplotypes into 

those that harbor higher than expected numbers of derived Neanderthal alleles 

(introgressed), and those do not (ancestral) (see supplementary materials for 

details). Not surprisingly, we found that 3378 (~51%) of these divergent 

haplotypes are not enriched in Neanderthal alleles and are thus likely remnants 

of the ancestral genetic structure in Africa, rather than an introgression from 

Neanderthals (Yang et al. 2012). 

The remaining 3221 (~49%) derived haplotypes were likely introgressed from 

Neanderthals (FDR<0.05), of which 1790 (~56%) are found in more than one 

copy (supplementary Table 3). The 3321 putatively Neanderthal-introgressed 

haplotypes observed in 16 Turkish genomes cover close to 280Mb (~9%) of 

sequence, corresponding on average to 18Mb of Neanderthal-introgressed DNA 

in each genome. Among these, 1431 (~42%) are singletons, i.e., observed in 1 

out of 32 copies, while the rest of the haplotypes are observed at least twice. As 

expected, Neanderthal-introgressed haplotypes are larger but less frequent than 

ancestral haplotypes (fig. 2B, supplementary fig. S5). 

Of the common Neanderthal-introgressed haplotypes, 584 (33%) were not found 

in previous studies (Vernot and Akey 2014) and could be region- or population-

specific. This observation is consistent with the observation that the frequencies 

of Neanderthal-introgressed haplotypes can be highly variable both within and 

among Eurasian populations (Sankararaman et al. 2014; Vernot et al. 2016). In 
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our further analyses, we focused on understanding the genomic and evolutionary 

impact of the Neanderthal introgression in the Turkish population using the 

ancestral derived haplotypes as an internal control. 

II.iii.3 Neanderthal introgression shapes variation related to innate 

immunity and immune-mediated disorders in Turkish populations 

To determine the functional relevance of Neanderthal-introgressed haplotypes in 

this Turkish sample, we first analyzed the annotated functional sequences that 

overlap with Neanderthal-introgressed haplotypes. Neanderthal haplotypes found 

in the Turkish population are depleted for exonic sequences, where we observe 

that only 1.1% of the Neanderthal-introgressed haplotypes are covered by exons, 

as compared to the expected 1.5% for the similar-sized regions (p<10-15, Chi-

square test). This result is consistent with the previously reported notion that 

there is widespread negative selection against functional Neanderthal alleles 

(Harris and Nielsen 2016; Juric et al. 2016). 

Earlier work has also shown that a small number of introgressed Neanderthal 

haplotypes with phenotypic and biomedical effects have reached high 

frequencies in non-African populations. For example, a previously reported 

(Dannemann et al. 2016) Neanderthal-introgressed haplotype that is common in 

Eurasia and overlaps multiple Toll-like receptor genes (supplementary fig. S6) 

is found in 31% of the sampled Turkish chromosomes. Looking at the tag 
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variants for these haplotypes, we found that this haplotype is found only 15% of 

the western European populations, but reach to 50% in the East Asian 

populations. It is possible that this Neanderthal-introgressed haplotype increased 

in frequency in the Turkish population due to recent Asian migrations into 

Anatolia (Di Benedetto et al. 2001; Berkman et al. 2008). 

To further investigate putatively functional introgressed Neanderthal haplotypes 

in the Turkish population, we searched for introgressed haplotypes that harbor 

single nucleotide variants associated with human traits in genome-wide 

association studies (GWAS) (MacArthur et al. 2017). Specifically, we searched in 

the GWAS database for derived single nucleotide variants within the introgressed 

haplotype regions that are also derived in the Altai Neanderthal genome. We 

found 55 such GWAS variants (supplementary Table 4), 42 of which were 

observed among at least 2 Turkish chromosomes (≥6.25% allele frequency). 

Concordant with previous observations (Khrameeva et al. 2014; Deschamps et 

al. 2016), 18 of the 41 common GWAS variants on Neanderthal-derived 

haplotypes in the Turkish population were immune- and metabolism-related. One 

of these haplotypes is also the largest (>500kb) among all Neanderthal 

haplotypes we found in our analysis (fig. 3A). It is found in n=3 (9%) of the 

Turkish chromosomes and has remained fully intact in one individual, which 

appears unlikely assuming at least 55,000 years, or 2,200 generations since 

admixture and given the recombination rate of this region (p<10-15; Methods). 
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The haplotype harbors rs13098911, a variant associated with celiac disease 

(Dubois et al. 2010). This haplotype overlaps with the C-C motif chemokine 

receptor (CCR) gene family with a known role in HIV infection (Choe et al. 1996). 

Intriguingly, other variants within the same region, which are not linked to the 

Neanderthal haplotype, were associated with Behcet’s disease (Kirino et al. 

2013), an autoimmune disorder highly common in western Asia. Collectively, its 

functional relevance and unusual size raise the possibility that this haplotype may 

have been maintained in western Asian populations through adaptive forces, 

making it an ideal candidate for future studies. 

We found another similarly large (>250kb) Neanderthal-derived haplotype, which 

harbors rs12788102, a variant strongly associated with severity of malaria (Band 

et al. 2013) (fig 3B). This haplotype overlaps with multiple olfactory receptor 5 

(OR5) subfamily genes and is found at 20% frequency among the 32 sets of 

Turkish chromosomes investigated. To our knowledge, this is the first time this 

haplotype has been highlighted to be introgressed from Neanderthals into 

humans. Overall, Neanderthal-introgressed haplotypes may have observable 

effects on immunity-related variation within the Turkish population. 

II.iii.4 Neanderthal-introgressed haplotypes affect multiple metabolism 

genes in the Turkish population 
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Previous studies have shown that the genes related to metabolism may have 

been particularly affected by Neanderthal-introgressed haplotypes (Khrameeva 

et al. 2014). Here we identified two independent Neanderthal-variants 

(rs13201877, rs10540) common in this Turkish sample (at ~9% and ~6% 

frequency, respectively) and associated with Body Mass Index (BMI). Among 

these, the haplotype block that carries rs10540 is slightly larger than 80kb and 

harbors three genes: PTDSS2, RNH1, and HRAS (fig 4). The haplotype is 

defined by hundreds of alleles and, consequently, the causal variant(s) that lead 

to the change in BMI remain unknown. The haplotype is intact (i.e., not 

recombined) in more than 5,000 human haplotypes phased in the 1000 

Genomes dataset (1000 Genomes Project Consortium 2012). In this dataset, the 

haplotype’s allele frequency is between 7-11% in European populations. It is 

absent in sub-Saharan African populations and found only rarely in some East 

Asian populations. 

We then investigated the cis-regulatory influence of this haplotype using the 

GTEx dataset (The GTEx Consortium 2015). This investigation revealed a 

general inhibitory effect (supplementary Table 4): PTDSS2, RNH1, and HRAS, 

three highly expressed genes in multiple adult tissues that overlap with this 

haplotype, are all significantly downregulated in the tissues we could assess (fig. 

4). RNH1 is an RNAse inhibitor and has been shown to regulate angiogenin (Lee 

et al. 1988). HRAS is a well-studied proto-oncogene (Krontiris et al. 1985; Bos 

1989). It is developmentally important with variants associated with the Costello 
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syndrome (Aoki et al. 2005), a drastic developmental disorder and myopathy with 

excess of muscle spindles (van der Burgt et al. 2007). Finally, PTDSS2 is the 

main enzyme in the biosynthesis of phosphatidylserine, which accounts for up to 

10% of cell membrane phospholipids (Tomohiro et al. 2009). In summary, this 

Neanderthal-introgressed haplotype has broad effects on the expression of 

multiple genes and a well-established association to BMI. The adaptive 

significance of these biological effects (or lack thereof) remains to be 

investigated. 

II.iv Conclusion 

The nature and biological impact of gene flow from Neanderthals to modern 

human ancestors have lately attracted major interest in anthropological 

genomics. In this study, we measured the levels of Neanderthal introgression in 

western Asian populations, and mapped, for the first time, the haplotype-level 

impact of Neanderthal introgression in Turkish genomes. Our study provides a 

first look at the functional impact of Neanderthal introgression in a western Asian 

population, paving the way for future population comparisons. 

We replicated previous studies (Rodriguez-Flores et al. 2016; Lazaridis et al. 

2016) showing that contemporary western Asian populations have similar or 

lower levels of Neanderthal introgression than other Eurasian populations. The 

presence of sub-Saharan African ancestry and possible ancestry from a basal 
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Eurasian lineage with lower (or no) signatures of Neanderthal introgression are 

the most parsimonious explanations for this observation. We also find 

considerable variation in the levels of Neanderthal introgression among western 

Asian populations (even between one sample-set to another from the Druze 

population), which we also attribute to variable sub-Saharan African ancestry. As 

such, it is important here to note that western Asia has a complex population 

history and the currently available genome data may not be fully representative 

of the region’s population diversity. 

In this study, we also describe the first haplotype-level Neanderthal introgression 

map for a western Asian population. Despite a general depletion of functional 

sequences among Neanderthal-introgressed haplotypes, we still identified 

dozens of haplotypes common within our Turkish sample and previously 

associated with phenotypic variations, including multiple immunity- and 

metabolism-related variants. These included a haplotype larger than 500kb that 

harbors multiple CCR genes, which appears too long to have remained intact 

given the recombination rate in this region. This haplotype has been associated 

with celiac disease (Dubois et al. 2010). Moreover, variants within this haplotype 

have been discussed within the context of HIV and plague resistance (Galvani 

and Novembre 2005), as well as Behcet’s disease, an immune-mediated 

disorder especially common in the Turkish population (Kirino et al. 2013). Some 

of these variants could have been maintained adaptively, although this notion 

needs to be further scrutinized using larger datasets than those used here. 
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Irrespective of their adaptive nature, our results indicate that Neanderthal-derived 

alleles have contributed to functional variation in western Asia. 

In addition to functionally annotated and common variants, we found hundreds of 

putatively functional (e.g., overlapping coding sequence) Neanderthal-

introgressed haplotypes in the Turkish population that could be region- or 

population-specific. Since few genome-wide association studies have been 

conducted in Turkey and the Middle East, we are yet to discern the exact 

phenotypic impact of these population-specific haplotypes. This premise is 

exciting for future studies, as population-specific genome-wide association 

studies in various populations have been identifying Neanderthal variants of 

functional significance, including variants linked to metabolic disorders (SIGMA 

Type 2 Diabetes Consortium et al. 2014). We, therefore, argue that the next step 

toward understanding the phenotypic impact of Neanderthal introgression is to 

focus on the impact of population-specific variants inherited from Neanderthals. 

II.v Methods 

For this study, we used data from 1000 Genomes Project Phase 1 (1000 

Genomes Project Consortium 2012), Turkish Genome Research Project (Alkan 

et al. 2014) and human origins dataset (Lazaridis et al. 2014). In addition, we 

sequenced the genomes of 10 samples: Two individuals from Finnish population 

(with European ancestry), two individuals from CEPH population (Utah residents 

56 

https://paperpile.com/c/PO9QPz/jvAn
https://paperpile.com/c/PO9QPz/jvAn
https://paperpile.com/c/PO9QPz/tyzx
https://paperpile.com/c/PO9QPz/tyzx
https://paperpile.com/c/PO9QPz/vHWm
https://paperpile.com/c/PO9QPz/vHWm
https://paperpile.com/c/dVx5Zn/iO0w


 

 

        

          

          

       

         

      

 

        

      

       

          

          

            

         

     

 

        

       

         

  

      

    

with Northern and Western European ancestry), three individuals from Druze 

population (from Lebanon and Syria, with western Asian ancestry), and three 

individuals from Mbuti Pygmy population (with Central African ancestry), all of 

which were purchased from Coriell Institute For Medical Research 

(https://www.coriell.org/). The samples and the populations used in this study are 

summarized in Supplementary Table 1. 

The library preparation was conducted by New York Genome Center core using 

standard procedures (TruSeqDNA Nano). Each sample was sequenced to 

approximately 30X with 150bp paired-end sequences using an Illumina HiSeq X 

platform. Duplicate reads were removed by Picard and BWA was used to map 

the sequences to Hg19 (Ghr37). The variation calls were done by GATK 

(McKenna et al. 2010). All mapping and variant calling was done by standard 

procedures in New York Genome Center. The vcf and BAM files are currently 

being uploaded to NCBI. 

The expression quantitative loci information for rs10540 was downloaded from 

GTEX (The GTEx Consortium 2015). All of the bioinformatics analyses were 

performed using publicly available software and custom scripts, which can be 

found here (https://github.com/taskent/W.Asia-Neanderthal-

Introgression/blob/master/Sstar.py). The details of our methodology are 

described in Supplementary Methods. 
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II.vi Figures 

Figure 1. Neanderthal ancestry proportions and population structure in 

Eurasian human populations. The results were color coded according to the 

geographic regions of origin for all the panels: Africa: Dark Brown; North Africa: 

Light Brown; East Asia: Light Green; Central Asia: Dark Green; Europe: Dark 

Blue; western Asia: Red. (A) Distribution of D-statistics for the Human Origins 

(HO) dataset calculated in the form D(Test, Druze; Neanderthal, Chimpanzee), 

and D(Test, Turkish; Neanderthal, Chimpanzee). Results show the Neanderthal 

ancestry proportions in the Druze and Turkish populations relative to various Test 

populations included in the Human Origins (HO) dataset (Lazaridis et al. 2014). 

Approximately 30,000 single nucleotide polymorphisms that are derived in the 

Neanderthal genome were used in each comparison (supplementary Table 1). 

Results for other comparisons can be found in supplementary Table 1. (B) 

Comparison of the differences in D-statistics between continental groups. The 

58 

https://paperpile.com/c/PO9QPz/iBTu


 

 

          

         

       

         

       

        

     

           

       

          

        

         

         

      

          

          

     

      

        

         

 

data in each boxplot are D-statistics calculated for each sample in that 

continental group available from the HO dataset. The D-statistics were calculated 

in the form D(Test, Yoruba; Neanderthal, Chimpanzee). (C) D-statistics 

calculated for the Turkish samples sequenced in Turkish Genome Project as 

compared to Eurasian populations sequenced in 1,000 Genomes Project. 

Distribution of D-statistics calculated in the form D(Test, TGP; Neanderthal, 

Chimpanzee). Approximately 100,000 polymorphic transversions that are derived 

in the Neanderthal genome were used in each of these comparisons 

(supplementary Table 1). Error bars show 2 standard deviations around the 

mean (Z=2). (D) The D-statistic comparisons between the samples sequenced in 

this study. The sequenced samples are from individuals of Druze (n=3), Pigmy 

(n=3), Fin (n=2), and Central European (n=2) ancestry populations (n = 10). D-

statistics were calculated in the form D(Test1, Test2; Neanderthal, Chimpanzee). 

Approximately 140,000 polymorphic transversions that are derived in 

Neanderthal genome were used in each of these comparisons. (supplementary 

Table 1). Error bars show 2 standard deviations around the mean (Z=2). (E) 

ADMIXTURE analysis results calculated using the Human Origins dataset 

(Lazaridis et al. 2014). Each row shows ancestry components estimated using 

different (k=3, 4, 5, 6) number of clusters. Ancestry proportions were calculated 

for 746 individuals included in the 43 populations in the Human Origins dataset. 
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Figure 2. S* statistics workflow and haplotypes. (A) S* analysis workflow. The 

boxes show each major computational step to determine Neanderthal-

introgressed haplotypes. The number of haplotypes that we found in our pipeline 

at each step was indicated within the respective boxes. (B) Distribution of 

Neanderthal-introgressed haplotypes detected by S* over the Turkish genomes 

(n=16) sequenced for the Turkish Genome Project (TGP) (Alkan et al. 2014). The 

x-axis shows the chromosomal locations of the haplotypes. Y-axis indicates the 

allele frequency observed in the Turkish sample (n = 16 individuals). Haplotypes 

labeled by red show haplotypes carrying GWAS variants where the Neanderthal 

carries the derived allele. Arrows show the haplotypes carrying C-C motif 

chemokine receptor (CCR) family, toll-like receptor (TLR-1, TLR-6, TLR-10), and 

olfactory receptor-5 (OR5) family genes. 
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Figure 3. Neanderthal-introgressed haplotypes with putative/potential 

functional effects. The graphs show genome-browser snapshots of genomic 

regions where we detected Neanderthal-introgressed haplotypes harboring 

GWAS variants. The upper ruler indicates a scale for the region. The 

“Neanderthal Alleles” track denotes the variants used in our S* pipeline and the 

colors indicate whether the variants are derived (red) in the Neanderthal genome 

or not (black). The “UCSC Genes” track shows the location of exons (thick blue 

sticks) and introns (thin blue sticks). (A) Neanderthal-introgressed haplotype 

carrying GWAS variants associated with celiac disease. The haplotype carries 

multiple C-C motif chemokine receptor (CCR) genes. The track on the bottom 

shows the GWAS variants in the region. The arrows show the GWAS variants, 

which are linked with celiac disease and linked with the Neanderthal haplotype. 

(B) Neanderthal-introgressed haplotype carrying multiple olfactory receptor 5 

(OR5) genes. The haplotype also carries a GWAS variant (rs12788102) 

associated with the severity of malaria infections (Band et al. 2013). The arrow 

shows the GWAS variant associated with the severity of malaria infections. 
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Figure 4. A Neanderthal-introgressed haplotype with putative metabolism-

related effects. (A) A Neanderthal-introgressed haplotype carrying an obesity-

associated GWAS variant. The graphs show genome-browser snapshots of 

genomic regions where we detected Neanderthal-introgressed haplotypes 

harboring a GWAS variant. The upper ruler indicates a scale for the region. The 

“Neanderthal Alleles” track denotes the variants used in our S* pipeline and the 

colors indicate whether the variants are derived (red) in Neanderthal genome or 

not (black). The “UCSC Genes” track shows the location of exons (thick blue 

sticks) and introns (thin blue sticks). The GWAS variant is shown in green. (B) 

Genotype tissue expression profile of the GWAS variant rs10540. The range for 

this heatmap is from red (positive impact on expression) to blue (negative effect 

on expression. Note that the impact of this haplotype is negative on all three 

genes. (C) The frequency distribution of the Neanderthal-introgressed haplotype 

among world populations. The blue section of the pie shows the allele frequency 

of the introgressed haplotype and the yellow shows all other haplotypes. 
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II.vii Supplementary Methods 

II.vii.1 Data Set Merging 

Given that the 1000 Genomes Project calls variants at the population scale and 

the variant calling in Turkish Genome Project (TGP) is performed for each 

sample independently, there are differences in variation call sets. Specifically, we 

noticed a slight but meaningful enrichment for ancestral/African alleles in the 

1000 Genomes Project as compared to TGP data. To alleviate this problem, we 

omitted dataset specific polymorphisms from our analyses. Specifically, we 

merged variation data for 16 samples from the Turkish Genome Project (TGP; 

n=16) with 16 individuals for each Eurasian population available in 1000 

Genomes Project Phase 1 dataset. We retained the sites that are polymorphic for 

16 sample genomes for each population, and merged these polymorphic sites 

with the Turkish population. Each new dataset comprised 293689-353113 

polymorphic positions. 

We merged data for 10 genomes sequenced in this study and Human Origins 

dataset using PLINK (Purcell et al. 2007). The merged data set comprised 

383,750 polymorphic positions. 

II.vii.2 Estimating Neanderthal Ancestry Proportions 
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We used Patterson’s D-statistics (Durand et al. 2011; Patterson et al. 2012) to 

compare Neanderthal ancestry proportions in western Asian populations with 

similar measures in European, Central Asian and East Asian human populations 

included in the Human Origins and 1000 Genomes Project Phase I data, as well 

as in the newly sequenced whole genomes of 10 individuals. We used qpDstat 

program in the AdmixTools 3.0 package (Patterson et al. 2012) to calculate the 

D-statistic. This statistic was specifically developed to estimate Neanderthal 

ancestry in Eurasia (Green et al. 2010). Here, we used the chimpanzee 

reference genome (panTro4) as the outgroup to determine the derived allele 

status of each analyzed nucleotide position. We then calculated D-statistics 

within this construct to measure the relative Neanderthal introgression between 

multiple Eurasian populations. 

D-statistic measures the relative allele sharing between the Neanderthal and two 

test populations. We calculated D-statistic at positions where the chimpanzee 

carries the ancestral allele while the Neanderthal carries the derived allele in the 

form (W = the first test population, X = the second test population, Y = 

Neanderthal, Z = Chimp). Under the null hypothesis of equal levels of allele 

sharing between Neanderthals and the two test populations, a zero D-statistic is 

expected. A negative D-statistic indicates gene flow from Neanderthals to the first 

human population (W), whereas a positive D-statistic indicates gene flow from 

Neanderthals to the second test population (X). 
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To assess Neanderthal ancestry levels in each individual genome, we used D-

statistic in the form (W = Test Genome, X = Yoruba, Y = Neanderthal, Z = 

Chimp). 

The permutations for the within-region D-statistics standard deviations were 

calculated by shuffling and subsetting from the within-region sample set. For 

each calculation, 10,000 permutations were conducted. 

II.vii.3 ADMIXTURE Analysis 

We used a model-based approach implemented in ADMIXTURE software 

(Alexander et al. 2009) to estimate the extent of mixed ancestry in human origins 

populations. ADMIXTURE estimates the ancestry proportions of test genomes 

given a predetermined number of ancestral populations without specific 

population designations. We used k=3, 4, 5, 6 as the number of ancestral 

populations. ADMIXTURE requires unlinked single nucleotide variants (SNVs) to 

accurately assess ancestry proportions. As such, we removed SNVs in high 

linkage disequilibrium with each other in our dataset using PLINK (Purcell et al. 

2007). To do this, we followed a previous work (Wang et al. 2013) where we 

identified variants that are in linkage disequilibrium with each other (r2 > 0.2) 

within overlapping sliding windows across the genome. Each of these windows 

carry 50 subsequent SNVs and slide by 5 SNVs. The pruned data set that we 

used to construct ADMIXTURE plots is comprised of 386,225 SNVs. 
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II.vii.4 Finding Neanderthal-Introgressed Haplotypes in Present-day Human 

Genomes 

We used S* statistic, following the approach described by Vernot and Akey 

(2014) to recover Neanderthal-introgressed haplotypes in Turkish genomes. 

When compared to non-introgressed sequences, Neanderthal-introgressed 

sequences in the non-African genomes tend to be longer and have a greater time 

to the most recent common ancestor; that is, the common ancestor of all present-

day humans and Neanderthals. To detect Neanderthal-introgressed sequences, 

therefore, S* statistic compares non-African genomes with African genomes and 

looks for highly diverged haplotypes whose variants are in high linkage 

disequilibrium and do not occur in African genomes. Our source code can be 

found here (https://github.com/taskent/W.Asia-Neanderthal-

Introgression/blob/master/Sstar.py). 

We calculated S* for 50kb sliding windows with a 20kb step for each of 16 

Turkish genomes included in the Turkish Genome Project and 16 Northern and 

Western European and East Asian genomes included in the 1000 Genomes 

Project Phase I dataset. To estimate a null S*-score distribution, we simulated 

20,000 50kb regions for 13 African, and 20 Europeans or East Asians for African-

European and African-East Asian population pairs with the following 

demographic parameters as described in Gravel et al. (2011) and applied to 

detecting haplotypes in Vernot and Akey (Vernot and Akey 2014). Specifically, 

we used the following parameters: 
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(1) Divergence of African and non-African populations at 51kya, 

(2) Divergence of European and East Asian populations at 23kya, 

(3) Gradual growth of non-African populations from 23kya to 5kya, to a Ne of 

8,879 of East Asians, a Ne of 9,475 of Europeans, and a Ne of 14,474 of Africans, 

(4) Rapid growth of all populations starting at 5kya, to a modern-day Ne of 

424,000 of Africans, 512,000 of Europeans, and 1,370,990 of East Asians, 

(5) Migration rates were fixed as follows: 1.498975 x 10-4 between Africans and 

the ancestors of Europeans and East Asians, 2.498291 x 10-5 between Africans 

and Europeans, 7.794668e-06 between Africans and East Asians, and 3.107874 

x 10-5 between Europeans and East Asians. 

On top of these demographic parameters, we sampled a range of values for the 

recombination rate ln(recombination rate from -10.25 to 2.75 cM/Mb (step=0.25) 

and the number of variants from 30 to 350 variants (step=5) and performed 

20,000 simulations for each recombination rate and number of variants 

combination. It is important to note that these are exactly the same parameters 

used in Vernot and Akey 2014. An example ms command line is given below: 
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ms 106 20000 -s 135 -r 2.40157253107e-05 50000 -I 3 26 40 40 0.0 -n 1 

58.002735978 -n 2 70.041039672 -n 3 187.55 -eg 0 1 482.46 -eg 0 2 570.18 -eg 

0 3 720.23 -em 0 1 2 0.7310 -em 0 2 1 0.7310 -em 0 1 3 0.228072 -em 0 3 1 

0.228072 -em 0 2 3 0.909364 -em 0 3 2 0.909364 -eg 0.006997264 1 0 -eg 

0.006997264 2 0.2089166 -eg 0.006997264 3 0.3006376 -en 0.006997264 1 

1.98002736 -en 0.031463748 2 0.7774282 -en 0.031463748 3 0.5820793 -ej 

0.031463748 3 2 -en 0.031463748 2 0.7774282 -em 0.031463748 1 2 4.386 -em 

0.031463748 2 1 4.386 -ej 0.0697674412173913 2 1 -en 0.0697674412173913 1 

1.98002736 

We then calculated S* for each non-Africans for 20,000 loci. Among the S* 

values calculated for each non-Africans, we recorded the maximum one, and 

using these 20,000 S* values, we were able to obtain a null S*-score distribution 

for each recombination rate and number of variants combination. We used 0.01 

quantile as the significance cut-off following Vernot and Akey (2014). 

To select significant haplotypes detected by S* in the test genomes, we 

compared the S* value of that haplotype with the null distribution corresponding 

to the recombination rate and the number of variants that the region that that 

haplotype is located has. We used the fine-scale recombination rate data 

obtained from http://hapmap.ncbi.nlm.nih.gov/downloads/recombination/2011-

01_phaseII_B37 to calculate average recombination rate for each 50kb region 

that we calculate S* on. Haplotypes with S* values larger than 0.01 quantile of 
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the null S*-score distribution were retained as putatively introgressed 

haplotypes. 

We then merged these haplotypes by taking the longest sequence for the 

overlapping haplotypes detected in different individual genomes. Following a 

probabilistic approach, we recorded the haplotypes where the Neanderthal 

genome has more than expected derived alleles as the Neanderthal-introgressed 

haplotypes. Particularly, taking human-Neanderthal genome-wide divergence as 

0.3% (Green et al. 2010), we calculated the expected number of derived alleles 

(as compared to human reference genome) at a given number SNVs detected in 

each haplotype. Haplotypes where the Neanderthal has more than expected 

number of derived alleles were then categorized as the Neanderthal-introgressed 

haplotypes (p<0.05, Bonferroni corrected). The remaining haplotypes were 

categorized as ancestral haplotypes, as they most likely represent old haplotypes 

segregating in non-African human populations since humans migrated out of 

Africa (fig. 2A). 

To estimate the haplotype frequency in Turkish, European and East Asian 

populations, we calculated the derived allele frequency of SNVs detected in the 

haplotypes in each test population. Then, we assigned the frequency observed 

for the majority of SNVs in that haplotype as the haplotype frequency. We 

considered haplotypes shared by multiple populations if they two haplotypes 

detected in different populations intersect. To detected overlapping haplotypes 
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we used the command line tool intersectBed 

(http://bedtools.readthedocs.io/en/latest/content/tools/intersect.html). 

Following Huerta-Sanchez et al 2014, we calculated the probability of the 

haplotype carrying GWAS variants associated with celiac disease having been 

retained intact since the presumed date of human-Neanderthal admixture, which 

conservatively assumed to be 55,000 years ago. Following formula gives the 

probability that a genomic segment of 567,035 bp length remains intact for 

55,000 years: 1 - GammaCDF(567035, shape = 2, rate = (10.0 * 10^-8 * 

(55*10^3/25))). The average recombination rate in the 567 kb region is 10.0 * 

10^-8 recombination events per generation, and 55*10^3/25 gives the number of 

generations that has passed since the presumed admixture event, assuming a 

generation time of 25 years. 

II.vii.5 Functional annotation and detecting GWAS variants 

To estimate exon coverage of each haplotype, we downloaded ref-seq exon 

sequences from UCSC genome browser (https://genome.ucsc.edu/), and 

calculated sequence coverage by using the command line tool coverageBed 

(http://bedtools.readthedocs.io/en/latest/content/tools/coverage.html). Similarly, 

we used the GWAS track available from UCSC genome browser to download all 

GWAS variants. We then found all GWAS variants that fall into Neanderthal-
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introgressed haplotypes. We then manually confirmed that individual variants are 

indeed derived in Altai Neanderthal Genome. 

II.viii Supplementary Figures 

Figure S1. Within and between population variation of D-statistics in 

Human Origins samples. D-statistics were calculated in the form (Yoruba, Test; 

Neanderthal, Chimpanzee) for each individual genome from various Eurasian 

and North African populations included in the Human Origins data set. Number of 

positions used in each calculation can be found in supplementary Table 1. 

Here, these individual D-statistics values were plotted for each population. The 
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populations were color-coded based on their continental grouping: N. Africa: 

Blue, W. Asia: Pink, C. Asia: Red, Europe: Green, E. Asian: Olive. 

Figure S2. The variation among D-statistics values within geographic 

regions. We calculated the D-statistics for samples from several Eurasian 

populations as compared to each other within the geographic region. It is the 

same results also represented in fig. 1A and supplementary Table 1. Then we 

measured the standard deviation of these D-statistics measures within 

geographic regions, which are shown as barplots above. The black numbers 

indicate the exact values observed. The red numbers indicate the p-values 

obtained by permutation. Populations that are used for this graph can be found in 

Supplementary Table 1. We found that there is more variation among western 

Asian populations for D-statistics as compared to other geographic regions in 

Eurasia. 
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Figure S3. Distribution of D-statistics calculated for the populations 

included in the combined data set of 10 individual genomes that we 

sequenced and the Human Origins data set. A. D-statistic was calculated in 

the form D(Test1, Test2; Neanderthal, Chimpanzee). Test2 refers to Druze, 

CEPH, Finnish populations, and Test1 refers to the populations various 

populations included either in the newly sequenced data set or Human Origins 

data set. Number of positions used in each calculation can be found in 

supplementary Table 1. Error bars show 2 standard deviations around the mean 

(Z=2) Populations are color coded based on their continental grouping: W. Asia: 

Red, Europe: Blue, sub-Saharan Africa: Brown. B. D-statistics observed in Druze 

samples included in the Human Origins dataset and sequenced in this study. The 
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histogram depicts the frequency of D-statistics values observed in Druze 

individuals calculated in the form D(Individual Druze, Yoruba; Neanderthal, 

Chimpanzee). The gray bars represent the results from Human Origins samples 

and red bars represent the results from samples sequenced in this study. 

Figure S4. The correlation between sub-Saharan and Neanderthal ancestry 

in the study populations. The X-axis indicates the sub-Saharan African 

Ancestry and the Y-axis indicates the D-statistics calculated for the populations in 

the form D(Test, Yoruba; Neanderthal, Chimpanzee). The colors indicate 

different continental groups that the population belong (specific groupings can be 

found in Supplementary Table 1). 
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Figure S5. Size and allele frequency distribution of the derived haplotypes 

we found in Turkish, European and Asian populations. Each boxplot shows 

the size distribution (in loge scale) of ancestral (red) and Neanderthal-

introgressed (blue) in a frequency bin indicated on the x-axis. Note that the 

ancestral haplotypes are consistently smaller than Neanderthal haplotypes. 
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Figure S6. Neanderthal-introgressed haplotype overlapping with Toll-like 

receptor genes. This figure shows a genome-browser snapshot of the genomic 

region where we detected Neanderthal-introgressed haplotypes harboring Toll-

like receptor variation. The upper ruler indicates a scale for the region. The 

“Neanderthal Alleles” track denotes the variants used in our S* pipeline and the 

colors indicate whether the variants are derived (red) in Neanderthal genome or 

not (black). The “UCSC Genes” track shows the location of exons (thick blue 

sticks) and introns (thin blue sticks). The green track shows the GWAS variants 

detected in this region 
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Chapter III. Archaic Hominin Introgression in Africa 

Contributes to Functional Salivary MUC7 Genetic 

Variation 

*This chapter covers only a specific part of the original study that was published 

in MBE. In this chapter, I have exclusively focused on my specific part in the 

original study, which is methodological rather than covering the entire scope of 

the research. Hence, this chapter should be read with this note in mind. The 

authors of the original study are as follows: 

Duo Xu1, Pavlos Pavlidis2, Recep Ozgur Taskent1, Nikolaos Alachiotis3, Colin 

Flanagan1, Michael DeGiorgio4, Ran Blekhman5, Stefan Ruhl*6 and Omer 

Gokcumen*1 

1 Department of Biological Sciences, University at Buffalo, The State University 

of New York, Buffalo, NY 

2 Institute of Molecular Biology and Biotechnology (IMBB), Foundation for 

Research and Technology – Hellas, Heraklion, Crete, Greece 

3 Institute of Computer Science (ICS), Foundation for Research and Technology 

– Hellas, Heraklion, Crete, Greece 
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4 Department of Biology and the Institute for CyberScience, Pennsylvania State 

University, University Park, PA 

5 Department of Genetics, Cell Biology, and Development, University of 

Minnesota, Twin Cities, MN 

6 Department of Oral Biology, School of Dental Medicine, University at Buffalo, 

The State University of New York, Buffalo, NY 

III.i Abstract 

Archaic hominin introgression into modern humans has been documented for 

present-day humans from outside of Africa. The published Neanderthal and 

Denisovan genomes made it possible to document gene-flow from archaic 

hominins into humans from outside of Africa. However, no African hominin 

genome has been published to date, making it particularly difficult to study 

archaic hominin introgression in sub-Saharan Africa. Yet, studies using inferential 

methods detected highly divergent haplotypes in the sub-Saharan African human 

genomes, indicating gene-flow from archaic hominins in these loci. Present-day 

Yoruba genomes from sub-Saharan Africa harbor such a highly divergent 

haplotype (Haplogroup E) in the MUC7 locus. Coalescent analyses indicate a 

very old time to the most recent common ancestor between haplogroup E and 

other MUC7 haplogroups (~4.5 million years ago). Furthermore, haplotypes 

belonging to haplogroup E has very short branch lengths in humans, indicating 

ancient hominin introgression. I tested the hypothesis of introgression from an 
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unsampled ancient hominin lineage in the MUC7 locus. To that end, I used a 

customized version of S*-statistics, a method specifically developed to detect 

archaic hominin introgression in the human genomes. S* strongly suggests 

introgression from an unsampled hominin lineages into Yoruba genomes from 

sub-Saharan Africa in the MUC7 locus. 

III.ii Introduction 

Detecting introgression from archaic hominins into modern humans in sub-

Saharan Africa is difficult. Africa has been the hot-bed of human evolution 

throughout history. Many different hominin species lived in Africa sometimes in 

overlapping periods of time. However, the continent does not provide the 

conditions for the preservation of DNA for time-frames longer than a few 

thousand years. The oldest ancient genome from Africa, which belongs to a 

human individual with modern skeletal morphology, was dated to ~8,100 years 

before present (Skoglund et al. 2017). By that time, the hominin species, fossils 

of which were found in Africa, have already gone extinct. The youngest known 

human fossil with archaic features was found at the Iwo Eleru rock shelter in 

southwestern Nigeria (West Africa) and dated to ~13,000 years before present 

(Schlebusch & Jakobsson 2018). 

African populations harbor the highest genetic diversity among all human 

populations (Ramachandran et al. 2005). In addition, many African populations 
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such as Yoruba from West Africa, Mbuti from Central Africa, San hunter-

gatherers from South Africa carry highly divergent haplotypes (Hammer et al. 

2011; Hsieh et al. 2016). In the absence of ancient hominin genomes from Africa, 

researchers previously used inferential methods to test the hypothesis of archaic 

hominin introgression into the African human genomes. In 2006, even before the 

first ancient hominin genome was published, Plagnol and Wall devised a method, 

which they called S*-statistics, to find highly divergent haplotypes, potentially 

introgressed from ancient hominins, in African as well as Eurasian genomes 

(Plagnol & Wall 2006). They found evidence for gene-flow from archaic hominins 

into the ancestors of present-day human populations from sub-Saharan Africa. 

S* statistic is a measure of number of SNVs defining a derived haplotype that is 

found only in a test population when compared to an outgroup population. It is 

affected by recombination and mutation rates. However, once these parameters 

are controlled, it can predict introgressed haplotypes within a population. 

Previous studies modified this framework to identify haplotypes with unusually 

high number of derived variants that are unique to Eurasia to identify 

Neanderthal and Denisovan haplotypes (Vernot & Akey 2014; Vernot et al. 2016; 

Taskent et al. 2017). The underlying principle of S* is that the relatively recent 

introgression from divergent lineages (such as Neanderthals and Denisovans) 

leave long tracts of sequences that are unique to the test populations that 

received introgression (such as Eurasian populations). S* does not require input 

from archaic genomes (ie., source of introgression) in detecting introgressed 
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DNA in the present-day human genomes (ie., target of introgression). As such, it 

is suitable to test archaic introgression in Africa for which there is no ancient 

hominin genome available. In fact, recent studies have used this approach to 

reveal archaic introgression in Africa in a genome-wide manner (Plagnol & Wall 

2006; Lachance et al. 2012; Hsieh et al. 2016). 

I used S*-statistics to test the hypothesis of archaic introgression into Yoruba 

population from West Africa in a particular locus. This locus harbors the entire 

MUC7 gene, which encodes a salivary protein, mucin-7. MUC7 contains sub-

exonic repeats (Biesbrock et al. 1997). Specifically, the exon 3 of MUC7 is 

enriched for triplets encoding multiple repeats of proline, threonine, and serine 

amino acids (PTS repeats, Naganagowda and Gururaja 1999). Modern humans 

carry either 5 or 6 haploid copies of sub-exonic PTS repeats (Biesbrock et al. 

1997). 

S*-statistics strongly suggests gene-flow from an ancient hominin lineage into 

Yoruba genomes from sub-Saharan Africa in the MUC7 locus. 

III.iii Results 

To resolve the haplotypic context of sub-exonic repeats of MUC7, we used 2504 

modern human genomes included in 1000 Genomes Project data set (Phase III, 

1000 Genomes Project Consortium 2015). A phylogenetic tree built with the 
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single nucleotide variants (SNVs) found in the non-repeat bearing portion of 

MUC7 revealed eight divergent clusters (haplogroups) (fig. 1). Two of these eight 

haplogroups harbor 5-copy PTS repeats while the remaining haplogroups harbor 

6-copy PTS repeats. Sequencing of the haplotypes revealed that the two 5-copy 

bearing haplogroups carry different SNVs in their PTS repeats. Furthermore, 

these two haplogroups lack different repeats when compared to the human 

reference genome (hg19). This indicates that the deletion of one repeat occurred 

two independent times. 

In addition, one of the 5-copy bearing haplogroups, haplogroup E, which is found 

only in sub-Saharan Africa, shows high divergence to all remaining haplogroups. 

To quantify the extent of divergence over MUC7, we focused on Yoruba 

population from Africa and counted the number of SNVs in perfect linkage 

disequilibrium (LD) (r2 = 1.0) with each other over the entire MUC7 region as well 

as 1,000 random regions matching the size of MUC7. When we corrected for the 

total number of SNVs over all these regions, we found that the region harboring 

MUC7 carried more than expected number of SNVs when compared to an 

empirical distribution obtained from the remaining loci (fig. 2). This provides 

additional evidence for the highly divergent nature of MUC7 haplotypes. 

Furthermore, a coalescent analysis revealed that Haplogroup E finds a most 

recent common ancestor with other human MUC7 haplotypes ~4.5 million years 

ago (95% confidence intervals: 3.2-6.3 million years ago), preceding the 
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divergence of modern humans and the lineage evolving to Neanderthals and 

Denisovans. 

A third line evidence indicates the emergence of Haplogroup E in the human 

genomes through an introgression event: All haplotypes belonging to Haplogroup 

E have short branches. That is, all haplotypes from Haplogroup E find a common 

ancestor within human populations at a relatively later period in the human 

evolutionary history. Coalescent simulations further supported a scenario 

including introgression from an unsampled hominin lineage into the ancestors of 

sub-Saharan Africans in the MUC7 region. Specifically, summary statistics, such 

as Watterson’s θ, which measures the number of segregating sites within a locus 

corrected for the total tree length, and Wall’s B, which measures the total number 

of subsequent SNVs in perfect LD with each other, for a 10 kb region 

encompassing MUC7 fit better to distributions of the same summary statistics 

obtained from simulations including introgression than those not including 

introgression. Lastly, forward-time Wright-Fisher simulations ruled out other 

evolutionary processes, which can create long branches within a locus, such as 

balancing selection, leaving the introgression from an unsampled, ghost hominin 

lineage into the ancestors of sub-Saharan Africans to better explain the genetic 

variation observed for MUC7. 

I employed the algorithms published in Taskent et al. (2017) to test introgression 

in sub-Saharan African genomes in a 50 kb region encompassing the entire 
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MUC7 gene. Briefly, I identified derived haplotypes in 20 randomly chosen 

Yoruba (YRI) genomes as compared to an outgroup of 13 randomly chosen 

European Genomes from Great Britain (GBR) included in the 1000 Genomes 

Project, Phase I data set (1000 Genomes Project Consortium et al. 2012). This 

sampling scheme is similar to what was used by Vernot & Akey (2014) where S* 

was used to detect Neanderthal-introgressed haplotypes in Europe and East 

Asia and Taskent et al. (2017) where we applied S* to 16 genomes from present-

day Turkey. In this study, however, I used the European genomes as the 

outgroup and the sub-Saharan African genomes as the test genomes as I sought 

evidence for archaic introgression in sub-Saharan Africa. That is, the test and 

outgroup genomes were reversed in this study as compared to Vernot & Akey 

(2014) and Taskent et al. (2017). I defined derived variants as those differ in 

human lineage as compared to the chimpanzee reference genome. Essentially, I 

identified derived haplotypes in these YRI genomes that do not exist in European 

genomes for 50 kb windows across chromosome 4 where MUC7 is located. 50 

kb was chosen as the window size as this is the expected size of introgressed 

fragments that entered into human genomes after the modern human lineage 

emerged as a new species. For each haplotype identified, I assigned an S*-

score, which is a function of the number of derived variants found in high linkage 

disequilibrium over the entire 50 kb region in test genomes (i.e., high LD) and not 

found in the outgroup genomes (i.e., high divergence with the outgroup 

population). I repeated this process five times each with different randomly 

selected African and European samples. That is, a different set of 20 randomly 
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chosen YRI and 13 randomly chosen GBR genomes were used for each of the 

five iterations of S*. To test whether the 50 kb window that encompasses MUC7 

is unusual, I compared the S*-scores from this region (mean of five runs) with the 

S*-score distribution obtained from other 50 kb long segments from chromosome 

4. The S*-score for the 50 kb window harboring MUC7 is much higher than the 

value marking the 0.99 percentile of the S*-score distribution for the entire 

chromosome 4 (fig. 3). 

In addition to this empirical comparison, I constructed a simulation-based 

distribution with the demographic parameters described in Taskent et al. (2017). 

In this model, I assumed a high number of segregating sites matching what is 

observed for the region encompassing MUC7 (495, as noted in 1000 Genomes 

Project, Phase I). I also assumed a very low recombination rate, which is also 

matching what is observed for MUC7 locus (0.17 cM/Mb). We used HapMap 

database (International HapMap Consortium 2003) to calculate average 

recombination rate for the 50 kb window encompassing MUC7. Note that low 

recombination and high number of segregating sites gives the highest S*-scores 

possible without considering introgression. As such, my simulations are 

conservative. MUC7 remains a clear outlier as compared to the distribution 

obtained from simulations (fig. 3). 
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III.iv Conclusion 

Mucin-7 is one of the most abundant salivary proteins of modern humans. MUC7, 

which encodes mucin-7, shows sub-exonic copy number variation. A MUC7 

haplogroup (haplogroup E) containing 5-copy PTS repeats in exon 3 shows 

exceptionally high divergence to the rest of MUC7 haplogroups. We presented 

multiple lines of evidence in this study indicating that haplogroup E was 

introgressed into sub-Saharan African genomes from an unsampled hominin 

lineage that split from the lineage leading to modern humans before modern 

human lineage diverged from the ancestors of Neanderthals and Denisovans. S*-

statistics, a method particularly developed to detect ancient hominin introgression 

into modern human genomes strongly indicates introgression in MUC7 region for 

Yoruba genomes from sub-Saharan Africa. Our findings demonstrate that archaic 

introgression can be detected even without the genome representing the source 

population. Likely, a much larger portion of human genetic diversity has been 

transferred from archaic hominin populations and conventional methods not 

taking archaic introgression into account may fail to cover the full scale of the 

mechanisms creating human genetic diversity. Inferential methods such as S*-

statistics that we applied in this study provide a suitable tool to test the 

hypothesis of archaic introgression even without the availability of genome from 

the potential source populations. 
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III.v Figures 

Figure 1. A Phylogenetic Tree of MUC7 Reveals Eight Major Haplogroups. 

Eight major MUC7 haplogroups are shown with circles. The size of each circle 

correlates with the frequency of the corresponding haplogroup in human 

populations. The pie-charts within the circles show the frequency of the 

corresponding haplogroup in continental human populations included in the 

1,000 Genomes Project, Phase III data set. Haplogroups carrying five copy PTS-

repeats are highlighted with orange boxes. 
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Figure 2. MUC7 Locus Harbors More Than Expected Number of single 

nucleotide polymorphisms (SNPs) in Perfect LD with Each Other. The 

distribution of the total number of SNPs in perfect LD with each other in human 

populations is shown for 1,000 random regions matching the size of MUC7 locus. 

The total number of SNPs in perfect LD with each other in each region is normalized 

by the total number of SNPs found in the corresponding region. The same statistic 

for the MUC7 locus is shown with the red line. The p-value shows the probability 

that the MUC7 genetic variation is within this distribution. 
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Figure 3. Window encompassing MUC7 has an unusually high S*-score. S*-

score probability density distribution for 20,000 50 kb regions obtained from 

coalescent simulations not including introgression and sampled with 

recombination rate and total number of segregating site parameters matching to 

50 kb region encompassing MUC7 gene is shown with the black line. The 0.99 

percentile value of the distribution is shown with the magenta vertical dashed 

line. Average S*-score for 5 runs for in total 100 Yoruba genomes over the 50 kb 

window encompassing MUC7 is shown with the green vertical line. The 0.99 

percentile value of S*-score distribution for 20 randomly chosen Yoruba genomes 
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for 50 kb windows across the entire chromosome 4 is shown with the orange 

vertical dashed and dotted line. 
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Chapter IV. Evidence for multiple pulses of Neanderthal 

introgression into Eurasian populations 

IV.i Abstract 

Neanderthals contributed to the human gene pool. Whereas the major 

introgression event took place in western Asia shortly after the out-of-Africa 

migrations of modern humans before Eurasian human populations split, there is 

now accumulating evidence that humans and Neanderthals admixed more than 

once. Present-day East Asians carry 20% more Neanderthal ancestry compared 

to present-day Europeans. This excess cannot be attributed to weaker selection 

against Neanderthal DNA in East Asia nor to the dilution of Neanderthal ancestry 

in Europe. In this study, we tested the alternative hypothesis of multiple bouts of 

Neanderthal introgression into modern human populations by using allele sharing 

data between East Asians and Europeans on the one hand and ancient genomes 

belonging to two distinct Neanderthal lineages, on the other. We leveraged large 

deletion polymorphism as well as Neanderthal-introgressed haplotype data. We 

found that large deletion variants that are shared between late Neanderthals and 

modern humans and located on Neanderthal-introgressed haplotypes have 

higher frequencies in Europe than in East Asia. One such deletion variant is 

found on a haplotype carrying single nucleotide variants that upregulate 
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FAM177A1, a gene with roles in vascular inflammation, in two different heart 

tissues and are associated with decreased monocyte count and percentage in 

UK population. While the Neanderthal-introgressed haplotypes are on average 

closer to Vindija Neanderthal genome than to the Altai Neanderthal genome, 

there are more than expected number of introgressed haplotypes that are 

substantially closer to Altai Neanderthal genome than to Vindija Neanderthal 

genome in both East Asia and Europe. This result suggests that both human 

populations carry introgressed Neanderthal DNA inherited from two different 

Neanderthal lineages. Our results present a more complex admixture history 

between modern humans and Neanderthals than previously assumed and thus, 

contributes to the attempts to better understand the evolutionary history of 

modern humans. 

IV.ii Introduction 

Humans and Neanderthals interbred following the emergence of humans in 

Eurasia 60,000-50,000 years ago (Green et al. 2010; Prüfer et al. 2014; Moorjani 

et al. 2016). As a result, all present-day humans from outside of Africa inherit 1-

2% Neanderthal DNA in their genomes (Green et al. 2010; Prüfer et al. 2014). 

Similar levels of Neanderthal ancestry among Eurasian populations was initially 

interpreted as evidence for a single pulse of introgression that occurred in the 

Middle East shortly after the emergence of modern humans in Eurasia (Green et 

al. 2010). Contrary to these initial findings, however, it was subsequently shown 
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that East Asians carry ~20% more Neanderthal ancestry relative to Europeans 

(Wall et al. 2013; Vernot & Akey 2014; Sankararaman et al. 2014). 

Three scenarios were discussed in the literature to explain this excess 

Neanderthal ancestry in East Asia. First, it is possible that negative selection has 

acted in different strengths in East Asian and European populations due to the 

differences in the effective population sizes of these two human populations. 

Second, a hypothetical Basal Eurasian population, which has little to no 

Neanderthal ancestry, may have contributed to present-day Europeans, diluting 

the overall prevalence of Neanderthal ancestry in this population. Third, an 

additional pulse of population-specific Neanderthal introgression may have 

increased the prevalence of Neanderthal ancestry in East Asia. 

Having observed a substantial depletion of Neanderthal ancestry in the functional 

parts of the human genome, Sankararaman et al. (2014) suggested that the 

excess Neanderthal ancestry in East Asia might be due to the smaller effective 

population of East Asians and hence less effective purifying selection that has 

acted against deleterious Neanderthal DNA in this human population. Two 

independent studies tested this hypothesis and showed that the smaller effective 

population of East Asians cannot explain the excess Neanderthal ancestry in 

East Asia (Kim & Lohmueller 2015; Vernot & Akey 2015). Moreover, forward-time 

simulations indicated that the widespread purifying selection against Neanderthal 

ancestry in human populations was strongest during the very early few 

94 

https://paperpile.com/c/1dku0q/evgdi+h2Jjv+FMNzK
https://paperpile.com/c/1dku0q/FMNzK
https://paperpile.com/c/1dku0q/N1uyO+RcdiE


 

 

           

       

          

           

       

        

          

         

          

 

 

       

           

         

         

          

           

          

           

          

        

        

          

generations following the introgression, a time frame largely preceding the split of 

East Asians and other Eurasians (Harris & Nielsen 2016). Although deleterious 

Neanderthal DNA continued to be purged from human populations, the strength 

of the selection was diminished after this early phase, effectively not changing 

the genome-wide Neanderthal ancestry levels from 400 generations following the 

introgression to the present-day (Harris & Nielsen 2016; Petr et al. 2019). 

Assuming a generation time of 29 years, 400 generations amounts to 11,600 

calendar years. Hence, in a conservative estimation, purifying selection has 

effectively not changed Neanderthal ancestry levels in Eurasia for the last 35,000 

years. 

A second hypothesis addressing the differential retention of Neanderthal 

ancestry in East Asia and Europe suggests that the Neanderthal ancestry in 

Europe was diluted by an ancestry component not carrying Neanderthal 

introgression. It was previously shown that the proportion of Neanderthal 

ancestry carried by ancient European and western Asian human genomes 

decreases linearly with the proportion of Basal Eurasian ancestry found in the 

same genomes (Lazaridis et al. 2016). The Basal Eurasian ancestry is derived 

from a hypothetical population that remained isolated in the Middle East after 

humans migrated out of Africa and did not admix with Neanderthals as much as 

other Eurasian populations did. Basal Eurasian ancestry, therefore, carried little 

or no Neanderthal introgression. This ancestral component later entered the 

European gene pool via first the expanding agricultural populations during the 
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Neolithic and later the Yamnaya expansion during the Bronze Age (Lazaridis et 

al. 2016). It is plausible, therefore, that the Basal Eurasian ancestry that present-

day Europeans carry might have diluted the Neanderthal ancestry in Europe in 

the last 10,000 years. 

However, Petr et al. (2019) recently showed that there was no significant 

decrease in the Neanderthal ancestry in Europe during the last 10,000 years. In 

their important work, Petr et al. (2019) documented that the inferred decrease in 

the Neanderthal ancestry in European genomes was due to the design of the f4-

ratio test used in Lazaridis et al. (2016). Specifically, the f4-ratio tests used in 

Lazaridis et al. (2016) estimated the proportion of Neanderthal ancestry as the 

remaining ancestry component after accounting for the sub-Saharan African 

ancestry found in the test European genomes. Moreover, Lazaridis et al. (2016) 

used West African populations as the outgroup in their f4-ratio tests. Petr et al. 

(2019) revealed that the recent gene flow from Eurasia back to Africa and gene 

flow between West and East African populations likely biased the analysis 

presented in Lazaridis et al. (2016). Instead, Petr et al. (2019) developed an 

alternative model with a newly designed f4-ratio test to avoid this bias and using 

the two high-quality Neanderthal genomes (Altai Neanderthal genome, Prüfer et 

al. 2014; Vindija Neanderthal genome, Prüfer et al. 2017), they showed that there 

is no significant decrease in the Neanderthal ancestry in Europe in the last 

10,000 years. These findings indicate that the differential retention of 
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Neanderthal ancestry in different parts of Eurasia is unlikely to explain the excess 

Neanderthal ancestry in East Asia. 

The third hypothesis involving multiple pulses of Neanderthal introgression into 

modern humans is now gaining more traction. Investigating the joint distribution 

of the frequencies of introgressed haplotypes in East Asia and Europe, Villanea 

& Schraiber (2019) showed that Neanderthals contributed genetic material to 

modern humans in three independent bouts: Once to the common ancestor of 

East Asians and Europeans, and in two independent bouts to East Asian and 

European populations following the split of these two human populations. 

Similarly, Mondal et al. (2019) found evidence for a second pulse of Neanderthal 

introgression into East Asians from an inferred Neanderthal-Denisovan hybrid 

population. The authors found that the excess Neanderthal ancestry levels in 

East Asians vary depending on the ancestral alleles used in the f4-ratio tests: 

while the f4-ratio tests performed with 1000 Genomes Project reference alleles 

used as the outgroup inferred ~0.5% more genome-wide Neanderthal-

introgression for East Asians relative to Europeans, this excess disappeared 

when the Denisovan alleles were used as the outgroup (Mondal et al. 2019). 

Mondal et al. (2019) concluded that these results indicate a more complex joint 

history of modern humans and ancient hominins. The authors used machine 

learning together with approximate Bayesian computation to distinguish between 

different demographic scenarios explaining this discrepancy. Their results are 
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consistent with a scenario where East Asians received a second pulse of 

introgression from an inferred Denisovan-Neanderthal hybrid population, which 

likely separated from the parental populations of Neanderthals and Denisovans 

at an early point following the split of these two hominin populations. 

A frequently ignored portion of present-day human genetic diversity in the studies 

of human population genetics is structural variants; that is, large deletion and 

duplications, insertions, inversions and translocations. Yet, structural variants 

account for a much larger proportion of genetic variation -in number of base-

pairs- between any two human genomes (Conrad et al. 2010). It also likely that 

studying structural variants also contribute to our understanding of the admixture 

history between humans and Neanderthals 

In our previous work, we investigated allele sharing involving deletion 

polymorphisms between present-day humans and ancient human populations 

and further scrutinized the haplotypic context of these deletions (Lin et al. 2015). 

We found 38 deletion variants introgressed from Neanderthals into human 

genomes (Lin et al. 2015). Here, we built on these insights and investigated 

deletion polymorphisms to identify specific haplotypic variation found in present-

day human populations that were potentially descended from different bouts of 

introgression from ancient hominins. In addition, we detected thousands of 

haplotypes introgressed from Neanderthals into Eurasian human genomes. 

Analyses on these haplotypes indicate introgression from different Neanderthal 
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lineages into Europe as well as East Asia. Both haplotype data and deletion 

allele sharing indicate introgression from different Neanderthals lineages into 

present-day Europeans and East Asians. 

IV.iii Results 

IV.iii.1 Comparative analysis of introgressed haplotypes suggest additional 

introgression events in Eurasians 

It has been suggested that the main gene flow from Neanderthals into the 

ancestors of present-day Eurasian populations originated from the Vindija branch 

of the Neanderthal phylogeny (Prüfer et al. 2017). It was further suggested that 

this branch represents a late Neanderthal population represented by the Vindija 

Neanderthal, which replaced earlier Neanderthal populations, including the 

population that is represented by the Altai Neanderthal (Hajdinjak et al. 2018). If 

true, we expect that haplotypes introgressed from Neanderthals into the present-

day human populations to be closer to the Vindija Neanderthal genome as 

compared to the Altai Neanderthal genome. To test this hypothesis, we first 

identified Neanderthal introgressed haplotypes using S*-statistics. This statistic is 

particularly suitable for our purposes, as it can predict introgressed haplotypes 

without input from the source of introgression (Vernot & Akey 2014). 
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We computed S*-statistics for 200 individual genomes each of western European 

(Finnish, British and Utah residents with Central and Western European 

ancestry) and East Asian ancestry (Japanese, Han Chinese from Beijing and 

Southern Han Chinese), included in the 1000 Genomes Project, Phase I data set 

(1000 Genomes Project Consortium et al. 2012). Similar to (Vernot & Akey 

2014), a null distribution for S*-scores was created with coalescent simulations 

not including introgression. Haplotypes with S*-scores falling above the 0.99 

percentile of the null distribution were considered as S*-significant putatively 

introgressed haplotypes. 

S* uses diploid genotype data to detect introgression at a particular region of the 

genome. That is, data that S* uses has twos for positions homozygous for the 

derived allele, ones for the heterozygous positions, and zeros for positions 

homozygous for the ancestral allele. S* treats positions with genotype scores of 

one and two equally. That is, for these positions, S* acknowledges that the test 

genome carries the derived allele. Therefore, it does not estimate on which 

phased chromosome of the test genome the introgressed haplotype is located. 

To distinguish the introgressed haplotype from the non-introgressed human 

haplotype found on the other phased chromosome of the same individual 

genome, we counted the proportion of single nucleotide variants (SNVs) that S* 

used to detect the introgressed haplotype (S*-significant SNVs) using phased 

data available from the 1000 Genomes Project, Phase I release (1000 Genomes 

Project Consortium et al. 2012). We found that indeed the vast majority of the S*-
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significant SNVs reside on a single haplotype (fig. 1). Based on this observation, 

we considered the haplotype carrying the derived allele for more than half of all 

S*-significant SNVs as a putatively introgressed phased haplotype. We then 

merged the overlapping haplotypes. Based on these criteria, we detected in total 

9,435 and 11,027 phased, putatively introgressed haplotypes for East Asian and 

Western European genomes, respectively. 

These introgressed haplotypes gave us a suitable framework to compute 

average pairwise nucleotide differences (π) between the introgressed haplotypes 

detected in the human genomes and the high-quality Neanderthal genomes (Altai 

and Vindija Neanderthals) (fig. 2). We found that introgressed haplotypes on 

average are closer to Vindija Neanderthal genome than to Altai Neanderthal 

genome (Wilcoxon rank sum test, W = 1.7328 * 108, p-value = 0.007329). This is 

in agreement with the earlier findings showing that the admixing Neanderthal 

population was more closely related to Late Neanderthals than to Altai 

Neanderthal (Prufer et al. 2017). However, we also found that a considerable 

number of haplotypes match to one Neanderthal more than the other, creating an 

upside-down arrow-shaped pattern in fig. 2. 

The observed haplotypes that are substantially distant to Vindija Neanderthal 

genome but either identical or nearly identical to the Altai Neanderthal genome 

may indicate two scenarios that are not mutually exclusive. First, it is plausible 

that these haplotypes are a result of population structure among Neanderthals 
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that predate Vindija and Altai Neanderthal divergence. Second, it is plausible that 

these haplotypes can be traced back to an independent introgression event from 

a Neanderthal population closer to Altai Neanderthal than it is to Vindija 

Neanderthal. 

To distinguish between these scenarios, we first asked if a mainstream model of 

single pulse of introgression into the ancestral Eurasian population from a branch 

closer to Vindija Neanderthal can explain our observations. Under this model, 

haplotypes that match more closely to Altai Neanderthal descend from a 

population that was ancestral to Vindija and Altai Neanderthals, rather than 

descending from a more recent introgression event from the Altai Neanderthal 

lineage. It then follows under this model that the number of haplotypes matching 

to Altai Neanderthal genome more closely than to Vindjia Neanderthal genome 

should be a function of the total branch length of the common ancestor of the 

admixing Neanderthal population and Late Neanderthals (c in fig. 3A). This 

expectation depends on the assumption that the effective population size in both 

Neanderthal lineages is similar, the mutation rate did not change for different 

branches of Neanderthals, and more importantly that the lengths b and a are 

negligible as compared to the branch length of c (see methods for a more 

thorough discussion). The first and third assumptions are robust: the two 

Neanderthal lineages have similar effective population sizes (Prufer et al. 2014; 

Prufer et al. 2017) and that the branch length c is much greater than branch 

lengths a and b (fig. 3A). As to the second assumption, the mutation rate is not 

102 



 

 

        

           

         

             

         

        

           

       

            

         

         

         

      

       

        

         

         

             

         

      

          

          

        

expected to vary for closely related species. Specifically, under these 

assumptions, the branch length c is expected to be inversely proportional to the 

number of haplotypes more closely matching the Altai Neanderthal genome than 

the Vindija Neanderthal genome. As it is a function of branch length and hence, 

the waiting times for the coalescence of different haplotypes at a common 

ancestor, the expected number of excess distances to Vindija Neanderthal 

genome should follow an exponential distribution. When we fitted an exponential 

distribution on the excess distances of introgressed haplotypes to Vindija 

Neanderthal genome with a mean of the empirical distribution, we observed that 

more than expected number of haplotypes are falling into >99% confidence 

interval: 127 and 136 haplotypes falling into >0.99 tail of the cumulative density 

distribution of exponential distributions sampled with the means of the empirical 

distributions as opposed to theoretical expectations of 34 and 35 haplotypes for 

East Asians and Western Europeans, respectively. Quantile-quantile plots neatly 

show this deviation from the expectation for the higher quantiles representing the 

haplotypes substantially closer to the Altai Neanderthal genome than to the 

Vindija Neanderthal genome (i.e., haplotypes for which the value of π(I-V) – π(I-

A) is the greatest) for both East Asia and Europe (fig. 3B and C). None of the 

haplotypes in this category closely match the Denisovan genome, ruling out the 

possibility of confounding haplotypes originating from the Neanderthal 

introgression with those finding the most recent common ancestor in the 

Denisovan lineage. The disparity between the expected and observed haplotype 

distances to the Altai and Vindija Neanderthal genomes cannot be directly 
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explained by a single introgression event, and instead invoke other potential 

scenarios including an additional introgression event from a branch related to 

Altai Neanderthal. 

Interestingly, we found more than the expected number of haplotypes closer to 

Altai Neanderthal genome in both East Asian and European genomes. While 

these results are in line with the findings of earlier studies inferring a second 

pulse of Neanderthal introgression into East Asians (Kim and Lohmueller 2015; 

Vernot and Akey 2015; Vernot et al. 2016), the source of this excess Neanderthal 

ancestry does not seem to originate from the Altai Neanderthal lineage per se as 

the proportion of haplotypes showing more than expected affinity to Altai 

Neanderthal genome did not differ between East Asians and Europeans (East 

Asia: number of haplotypes in >0.99 confidence interval = 127, total number of 

haplotypes = 3412; Europe: number of haplotypes in >0.99 confidence interval = 

136, total number of haplotypes = 3521; chi-square statistic = 0.0936, p-value = 

0.76). While we cannot conclusively estimate the number of times Neanderthal 

contributed genetic material to humans, our results support the findings of 

Villanea and Schraiber (2019), who found evidence for independent pulses of 

Neanderthal introgression into East Asian and European populations following 

the initial Neanderthal introgression into the ancestors of these two human 

populations. 
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IV.iii.2 Comparative analysis of deletion polymorphisms indicates 

population specific sharing of putatively introgressed deletion 

variants in Eurasia 

Once we established that there may be multiple sources of introgression that 

explain archaic haplotypes in modern human genomes, we further our search to 

include large deletion polymorphisms that can be shared by either late or early 

Neanderthal populations. We are particularly interested in these variants 

because they are distinctive and as such less likely to be false positives. For 

example, the deletion calls for these regions cannot be attributed to the technical 

errors due to the nature of ancient DNA (i.e., short sequencing reads are more 

difficult to be successfully mapped to the reference genome) or the problems 

associated with calling structural variants in regions enriched for segmental 

duplications. If these technical confounding effects were present, we would 

expect them to be present for all Neanderthal genomes. We reasoned that 

deletion polymorphisms that are introgressed from specific Neanderthal lineages 

will have the following characteristics. First, they are the derived allele as 

compared to the chimpanzee allele. Second, they are shared with either the early 

or late Neanderthal lineages, but not with Denisovans. Third, they are not 

recurrent in the human and Neanderthal lineages - i.e., they have the same 

breakpoints. 

Based on this reasoning, we first genotyped 33,350 polymorphic large deletions 

(>50 bp) reported for humans in 1,000 Genomes Project, Phase III data set 
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(1000 Genomes Project Consortium 2015) in the genomes of Altai Neanderthal 

and late Neanderthals (Vindija, Goyet, and Les cottes Neanderthals) as well as 

the Denisovan (fig. 4A and 4B). We found that a total of 32,271 (~96.8%) large 

deletions are human-specific and the remaining 1,079 (~3.2%) are shared with at 

least one ancient hominin (fig. 4C). This value is consistent with our previous 

estimates of allele sharing (Lin et al. 2015). 

Among those shared ones, we found 113 and 73 deletions that are shared in a 

lineage-specific manner with the late and Altai Neanderthal branches, 

respectively (fig. 4C). We considered three scenarios to explain this lineage-

specific sharing. First, it is possible that incomplete lineage sorting dating back to 

the common ancestor of Humans and Neanderthals, followed by the loss of the 

deletion in one Neanderthal branch due to drift can explain this situation. These 

shared deletions may indeed have introgressed from Neanderthals into human 

populations. Second, they could either represent ancient population structure 

within the Neanderthal populations and explain our observation without invoking 

multiple introgressions. Third, it is plausible that these shared deletions are the 

putative candidates that represent independent introgression events from these 

specific branches of the Neanderthal phylogeny into modern humans. 

To enrich our dataset for the introgressed deletions, we first eliminated all 

deletion polymorphisms that have more than 5% allele frequency in Yoruba. 

Given that Neanderthal introgression affected the ancestors of present-day 
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Eurasian populations, we argue that this step eliminated some of the deletion 

alleles that are shared because of the incomplete lineage sorting. Second, we 

used the putatively introgressed haplotypes that we identified in the earlier 

section of this study and asked how many of the deletions reside in introgressed 

haplotypes found in the same individuals. We detected 90 out of a total 390 

deletions shared with either Neanderthal lineage and modern humans 

overlapping the region where we detected putatively introgressed haplotypes in 

the human genomes carrying the deletion variant, corresponding to 23% of all 

shared deletions (fig. 5A). In a comparative analysis, we found that only ~0.9% 

(273 out of 29,247) of the human deletions not shared with Neanderthals are 

within the putatively introgressed haplotypes (fig. 5A). Compared to each other, 

these analyses indicate deletions that we identified to be shared with 

Neanderthals clearly reside in putatively introgressed haplotypes more often than 

expected by chance (chi-square statistic = 1559.9, p < 0.0001). 

To make sure to eliminate false positives in our dataset, we analyzed only those 

deletion variants that are found within the putatively introgressed S* haplotypes. 

Finally, we found 4 and 16 deletion variants, which are strong candidates for 

being exclusively introgressed from Altai Neanderthal and late Neanderthals, 

respectively. When we examined the allele frequency distribution of these 

deletion variants, we found that deletion variants specifically shared with late 

Neanderthals have significantly higher frequencies in Europe than in East Asia 

(Wilcoxon rank sum test, W = 183.5, p-value = 0.03771, fig. 5B). This is 
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especially intriguing given that Neanderthal-introgressed variants on average are 

found in higher frequencies in East Asia than in Europe (Vernot & Akey 2015). 

One explanation for this would be an additional introgression event from a 

Neanderthal population closer to Vindija Neanderthal into the ancestors of 

present-day Europeans during their range expansion out of Africa. This scenario 

was considered in detail and rejected by an excellent simulation-based 

framework by Currat & Excoffier (2004). However, that study has considered only 

a single admixing Neanderthal population and did not discriminate between 

genetic differences among Neanderthal populations. Here, by focusing on only 

putatively lineage-specific events, our results raise the possibility that a lineage-

specific introgression event into ancestral European population that coincide with 

its range expansion. Along with the other recent observations pointing to 

additional introgression events (Villanea & Schraiber 2019; Mondal et al. 2019), 

our study raises interesting questions that may be conclusively answered when 

additional Neanderthal samples are available for analysis. 

IV.iii.2.a Haplotypic architecture of haplotypes harboring deletions 

shared with specific Neanderthal lineages 

To better understand the haplotypic architecture of the deletions shared with only 

late or Altai Neanderthal lineages, we calculated the linkage disequilibrium 

between those deletion variants and the single nucleotide variants. We were able 

to identify single nucleotide variants that are in near perfect LD for the majority of 

108 

https://paperpile.com/c/1dku0q/RcdiE
https://paperpile.com/c/1dku0q/E8zjA
https://paperpile.com/c/1dku0q/EU3wv+2AoPO


 

 

      

          

            

           

            

       

          

         

           

    

 

         

        

          

           

       

       

         

         

         

           

 

these deletions, allowing us to better resolve their phylogenetic context 

(supplementary Table 1). We were specifically interested in the phylogenetic 

context of the deletions that are shared only with the Altai Neanderthal lineage. 

As a case example, we further analyzed the haplotypic variation of one such 

deletion on chromosome 9 (fig. 6A), for which we were able to identify a “target” 

region which harbors multiple SNVs in near-perfect linkage disequilibrium with 

the deletion (fig. 6B). Using data from 5,008 present-day human haplotypes, 

Denisova, Vindija, and Altai Neanderthal genomes, as well as the chimpanzee 

reference sequence, we built a phylogenetic tree of the variation in this target 

region (fig. 6C). 

This tree confirms several of our assumptions with regards to the ancestry of the 

deletion, which we think was introgressed from a Neanderthal lineage closer to 

Altai branch than the Vindija branch. First, as expected, the chimpanzee 

sequence is an outgroup to all hominin haplotypes. Second, we found that 

Neanderthal haplotypes diverged from the presumably ancestral branch that 

includes Denisovans. This ancestral branch harbors all present-day human 

haplotypes that do not harbor the deletion polymorphism. Third, within the 

derived branch, Vindija and Altai Neanderthal haplotypes further branch into two 

clusters, where the all present-day human haplotypes that harbor the deletion 

variant reside with the Altai Neanderthal which also has the deletion. 
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To further investigate this issue, we have conducted a more thorough analysis of 

the broader haplotype that was detected by S* encompassing the deletion (fig. 

6A). Specifically, we mapped the Vindija-matched and Altai-matched derived 

single nucleotide variants across this haplotype block. This analysis revealed an 

intriguing pattern. We found that Altai Neanderthal-specific alleles homozygously 

match closely to the introgressed haplotype along the entirety of the ~366kb of 

the introgressed haplotype. In contrast, we found that Vindija Neanderthal 

matches this haplotype only partially and heterozygously. 

Even though we cannot rule out some sort of ancestral lineage sorting among 

Neanderthal lineages, our results are most in line with a model of Altai 

Neanderthal lineage-specific introgression. 

We then asked whether any of the deletions and associated haplotypes that are 

shared specifically with either Vindija or Altai Neanderthals have functional 

consequences. To do this, we conducted a pheWAS search in the UK Biobank 

database using the “tag” SNVs for these deletions. The “tag” SNVs are those that 

are found in high LD with the deletion variants in human populations. We found 

that out of 20 deletions that are shared with either Vindija and Altai Neanderthal, 

only one of them is significantly associated (with a threshold of nominal p-value 

10-9) with blood phenotypes (i.e., decreased monocyte count and percentage, 

fig. 7B). We further interrogated the haplotype harboring this deletion that is 

shared only with Vindija but not Altai Neanderthal genome. We found that this 
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haplotype is mostly found in Western Eurasia (~9% allele frequency) and in lower 

frequencies in South Asia, but not observed in eastern Eurasia. This haplotype 

covers the long noncoding RNA SRP54-AS1 (fig. 7A), which has been 

associated with cardiovascular risk in patients with autoimmune disorders. 

Further characterizations showed that this noncoding RNA regulates the 

expression patterns of FAM177A1, which was argued to play a role in vascular 

inflammation. Indeed, when we searched for expression quantitative trait loci 

databases, we were able to find that the introgressed haplotypes harboring the 

deletion were associated with significantly increased expression of FAM177A1 in 

two different heart tissues (fig. 7C). Overall, this haplotype is an example where 

a Neanderthal introgressed haplotype has important health consequences 

through mediating immune response, and in this instance, leading to increased 

risk of cardiovascular disease. 

IV.iv Conclusion 

Recent studies revealed that admixture between different species of humans was 

widespread in the ancient past. In this study, we showed that modern humans 

share different amounts of single nucleotide as well as large deletion 

polymorphisms with the two Neanderthal lineages. The Altai Neanderthal 

lineage, on the one hand, represents the ancestral lineage of Neanderthals and 

was sampled only in Asia and late Neanderthals, on the other, represents a more 

derived Neanderthal lineage that replaced the ancestral Neanderthal lineage in 

111 



 

 

         

        

           

          

       

            

       

       

   

 

         

        

         

         

         

        

        

          

           

        

           

       

Europe ~50,000 years ago. We showed that whereas the putatively introgressed 

haplotypes detected in modern humans genomes from western Europe and East 

Asia are on average closer to Vindija Neanderthal genome (a late Neanderthal 

genome) than to Altai Neanderthal genome, there are more than expected 

number of haplotypes that show excess distances to Vindija Neanderthal 

genome under a single pulse of introgression model in both East Asia and 

western Europe. This indicates that multiple pulses of introgression from different 

lineages of Neanderthals into modern humans occurred for both East Asians and 

western Europeans. 

Deletion polymorphisms, on the other hand, show population differentiation in 

allele sharing with late Neanderthals for East Asians and Europeans. Specifically, 

the putatively introgressed deletion variants that are shared with late 

Neanderthals are found in significantly higher frequencies in Europe than in East 

Asia. As the size of the putatively introgressed deletion variants does not differ 

for East Asians and Europeans, selection occurring in different strengths against 

introgressed Neanderthal sequences (in this case, the deletion variants) in the 

two human populations is unlikely to have created the observed result. Thus, a 

second pulse of introgression from a late Neanderthal lineage into the ancestors 

of Europeans after they split from the East Asians is the most likely scenario. 

Lastly, we found that a deletion variant that has been introgressed into 

Europeans from late Neanderthals affects the monocyte count in UK population 
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and increases the expression of FAM177A1, a gene taking part in vascular 

inflammation, in two heart tissues. 

Our results present a more complex admixture history between modern humans 

and Neanderthals than what was assumed before and thus, increase our 

understanding of human evolutionary history. We also provide new questions to 

be investigated by future studies, which will have more power when more 

Neanderthal sequences will become available. Finally, we showed here that 

structural variants such as large deletion polymorphisms, when supplemented 

with single nucleotide variants, provide a powerful tool to study admixture. 

IV.v Methods 

IV.v.1 S* 

To detect haplotypes introgressed from Neanderthals into modern human 

genomes, we used S* statistics following the framework applied in Taskent et al. 

(2017). S* uses 20 Eurasian test genomes and 13 Yoruba reference genomes. 

Yoruba was used as the reference as this population does not carry any 

detectable Neanderthal ancestry. S* scans each test genome in turn for 50 kb 

windows with a step size of 20 kb. Within each window, S* seeks SNVs where 

the test genome carries the derived allele and the 13 reference Yoruba genomes 

carry the ancestral chimpanzee allele. For those set of SNVs, S* follows a 
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dynamic programming algorithm to assess whether SNV pairs segregate 

together in an additional set of 19 Eurasian genomes and assigns a score (S-

score) to SNV pairs based on a scoring scheme developed in Vernot and Akey 

(2014). S* then detects the combination of SNVs with the highest score for each 

test Eurasian genome for each 50 kb window. In this study, we used S*-statistics 

for 200 genomes from each of European and East Asian populations included in 

1000 Genomes Project, Phase I data set (1000 Genomes Project Consortium et 

al. 2012). 

To derive a null S*-score distribution, we performed coalescent simulations not 

including introgression. The demographic parameters as well as the 

recombination rate and number of segregating site parameters for coalescent 

simulations were used as in Taskent et al. (2017). In particular, we sampled the 

number of segregating sites from a uniform distribution with the range 30-350 

and a step size of 5. Recombination rate, on the other hand, was sampled from a 

natural-log transformed uniform distribution ranging from -10.25 to 2.75 cM/Mb 

with a step size of 0.25 cM/Mb. 20,000 50 kb-long sequences were generated for 

13 Africans and 20 East Asians and Western Europeans each by coalescent 

simulations for each segregating site-recombination rate pair. Demographic 

parameters used in the simulations are as follows: 

(1) Divergence of African and non-African populations at 51 kya, 
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(2) Divergence of European and East Asian populations at 23 kya, 

(3) Gradual growth of non-African populations from 23 kya to 5 kya, to East Asian 

Ne of 8,879 and European Ne of 9,475. African Ne remained at 14,474 during 

this period, 

(4) Rapid growth of all populations starting at 5kya, to a modern-day Ne of 

424,000 of Africans, 512,000 of Europeans, and 1,370,990 of East Asians, 

(5) Migration rates were fixed as follows: 1.498975 x 10-4 between Africans and 

the ancestors of Europeans and East Asians, 2.498291 x 10-5 between Africans 

and Europeans, 7.794668 x 10-6 between Africans and East Asians, and 

3.107874 x 10-5 between Europeans and East Asians. 

An example ms script is as follows: 

ms 106 20000 -s 290 -r 2.6679060934e-07 50000 -I 3 26 40 40 0.0 -n 1 

58.002735978 -n 2 70.041039672 -n 3 187.55 -eg 0 1 482.46 -eg 0 2 570.18 -eg 

0 3 720.23 -em 0 1 2 0.7310 -em 0 2 1 0.7310 -em 0 1 3 0.228072 -em 0 3 1 

0.228072 -em 0 2 3 0.909364 -em 0 3 2 0.909364 -eg 0.006997264 1 0 -eg 

0.006997264 2 20.89166 -eg 0.006997264 3 30.06376 -en 0.006997264 1 

1.98002736 -en 0.031463748 2 0.7774282 -en 0.031463748 3 0.5820793 -ej 

0.031463748 3 2 -en 0.031463748 2 0.7774282 -em 0.031463748 1 2 4.386 -em 
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0.031463748 2 1 4.386 -ej 0.0697674412173913 2 1 -en 0.0697674412173913 1 

1.98002736 

S*-statistic was then calculated for the Eurasian sequences generated by these 

simulations and the null S*-score distributions for each segregating site and 

recombination rate parameter pair were generated. 

To compare the empirical S*-scores calculated for the haplotypes detected in the 

test genomes with the null S*-score distributions, we calculated the total number 

of segregating sites that S* used for the 33 total modern human genomes (20 

Eurasian test, 13 Yoruba reference genomes) within each 50 kb window as well 

as the average recombination rate for those sites. Recombination rate data for 

SNVs were obtained from Hapmap recombination map data set (International 

HapMap Consortium et al. 2007). We then compared empirical S*-scores with 

the null S*-score distributions for sequences generated by coalescent simulations 

with the number of segregating sites and recombination rate parameters 

matching to the empirical results. Haplotypes detected in human genomes with 

S*-scores falling into >0.99 percentile of the null-distributions were considered as 

putatively introgressed haplotypes. 

As S* uses genotype information to infer regions where introgressed haplotypes 

are located, it does not distinguish between phased haplotypes. To detect 

haplotypes on the phased human genomes, we applied an additional filter by 
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counting the number of derived alleles in each phased chromosome of an 

individual genome for the SNVs that S* used to detect the putatively introgressed 

fragments for that individual. Only haplotypes found on the chromosomes 

carrying more than half of the derived alleles were retained after this filter. 

We used custom python and shell scripts to perform S*-statistics, find S*-

significant haplotypes, find phased S*-significant haplotypes and compute 

average pairwise nucleotide differences (π) between the S*-significant putatively 

introgressed haplotypes and the two Neanderthal genomes. The scripts that we 

used for these analyses can be found in the following GitHub repository: 

https://github.com/taskent/Multiple-Neanderthal-Introgression-. we used R scripts 

for the remaining analyses and to plot the figures. 

IV.v.2 Shared Deletion Variants 

Deletion polymorphism data for modern humans were gathered from the 1000 

Genomes Project, Phase III (1000 Genomes Project Consortium 2015). The 

1000 Genomes Project (Phase III) detected 33,350 large deletions (>50 bp), 

found polymorphic for 2504 human genomes from across 26 populations. As 

identification of deletions in the above-mentioned study was performed following 

extensive validation efforts, we used this data set in our analyses. Average size 

of the deletions included in this data set is 12202.65 bp (SD = 36025.85 bp, 

median size = 3776 bp; figure S2). 
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To detect deletion variants shared between ancient hominins and modern 

humans, we genotyped ancient hominin genomes for the deletion variants found 

polymorphic in modern humans. Ancient hominin genomes used in this analysis 

are as follows: high quality genome of Altai Neanderthal from Siberia (~50-fold 

mean coverage, Prüfer et al. 2014), high quality genome of Vindija Neanderthal 

from Croatia (~30-fold mean coverage, Prüfer et al. 2017), low quality genomes 

of Goyet Neanderthal from Belgium and Les Cottes Neanderthal from France 

(2.2-fold and 2.7-fold mean coverages for Goyet and Les Cottes Neanderthals, 

respectively, Hajdinjak et al. 2018) as well as the high quality genome of the 

Denisovan individual from Siberia (~30-fold mean coverage, (Meyer et al. 2012). 

Whereas Altai Neanderthal sample dates back to 130,000 years ago (Prüfer et 

al. 2014), the remaining Neanderthal samples dates to comparably much earlier 

times, all between 50,000 and 40,000 years ago (Prüfer et al. 2017; Hajdinjak et 

al. 2018). The lineage ancestral to this latter set of Neanderthals replaced earlier 

Neanderthal populations in western Europe, hence were categorized as late 

Neanderthals (Hajdinjak et al. 2018). 

We used raw read count data for the ancient hominin genomes. Particularly, we 

counted the number of raw reads coinciding with the regions where deletion 

variants were detected in human genomes. Raw read count data for these 

deletion regions correlates well with the size of the region for all ancient hominin 

R2genomes except Goyet Neanderthal genome (Altai Neanderthal, = 
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0.02525126, p-value < 0.001; Vindija Neanderthal, R2 = 0.02322784, p-value < 

0.001; Denisovan, R2 = 0.01346594, p-value = 0.01393; Les Cottes Neanderthal, 

R2 = 0.0288018, p- value < 0.001; Goyet Neanderthal, R2 = 0.006770025, p-value 

= 0.2164). To detect regions with less than expected number of raw reads, we 

fitted normal distributions on raw read count data with the mean and standard 

deviations observed for the ancient hominin genomes (eg., figure S3 for Altai and 

Vindija Neanderthal genomes). Regions with raw read counts falling into <0.01 

confidence interval were considered as deletions for the ancient hominin genome 

being genotyped. We detected 296 deletions for Les Cottes Neanderthal, 429 

deletions for Goyet Neanderthal, 643 deletions for Vindija Neanderthal, 621 

deletions for Altai Neanderthal and 598 deletions for Denisovan individual. 

As variants introgressed from Neanderthals or Denisovans are not expected to 

be found in sub-Saharan African genomes, we focused on deletion variants with 

<0.05 frequency in Yoruba. Intersect function of Bedtools was used to find S*-

significant haplotypes overlapping the deletion variants in this filtered data set 

(Quinlan & Hall 2010). Deletions variants located within S*-significant haplotypes 

detected for the modern human genomes carrying the same deletion variants 

were classified as introgressed. 

We focused on one deletion variant found on chromosome 9 and shared 

exclusively between Asians and Altai Neanderthal. We used VCFtoTree software 

(Xu et al. 2017) to first align human haplotypes included in the 1000 Genomes 
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Project Phase III data set (1000 Genomes Project Consortium 2015), the 

Neanderthal, Denisovan, chimpanzee haplotypes and then build a phylogenetic 

tree with these haplotypes for this deletion variant. 

IV.vi Figures 

Figure 1. Phasing Introgressed Haplotypes. Distribution of the number of S*-

significant single nucleotide polymorphisms (SNPs) with the derived alleles on 

phased introgressed haplotypes divided by the total number of such SNPs found 

on each phased introgressed haplotype are shown. Red and green bars show the 
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frequency clusters of haplotypes detected for East Asian and Western European 

genomes, respectively, included in the 1000 Genomes Project, Phase I data set. 

Figure 2. Pairwise Nucleotide Distances Between Putatively Introgressed 

Haplotypes and Neanderthal Genomes. Average pairwise nucleotide 

differences (π) between the Neanderthal introgressed haplotypes detected for 

200 genomes from each of East Asian and European populations included in the 

1000 Genomes Project data set (Phase I) and the Altai (x-axis) and Vindija 

Neanderthal genomes (y-axis). The black lines show x=y lines. The size of the 

points shows the negative log-transformed pairwise nucleotide differences 

between the introgressed haplotypes and the Denisovan genome. Points circled 

in brown and dark blue show haplotypes closer to Altai and Vindija Neanderthal 

genomes, respectively. 
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Figure 3. More Than Expected Number of Introgressed Haplotypes Closer 

to Altai Neanderthal Genome Than to Vindija Neanderthal Genome. A. A 

base demographic model including one pulse of introgression from a 

Neanderthal lineage closer to Vindija Neanderthal into the common ancestor of 

Eurasians. Inset figure shows the population split times (human-Neanderthal split 

time: ~700 kya, Prufer et al. 2014; African-Eurasian human populations split time: 
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~115 kya, Schlebusch et al. 2017; Altai Neanderthal-Vindija Neanderthal split 

time: ~140 kya, Prufer et al. 2017; population split times within late Neanderthals: 

~70 kya, Hajdinjak et al. 2018), sampling times of Neanderthals (Altai 

Neanderthal sampling time: ~125 kya, Vindija Neanderthal sampling time: ~52 

kya, Prufer et al. 2017), time of the gene-flow from Neanderthals into Eurasian 

human populations (~55 kya, Fu et al. 2014) and branch lengths of different 

Neanderthal lineages. Admixture time as well as population split times are shown 

in red. B and C. Quantile-quantile (Q-Q) plots for the distributions of differences 

between the average pairwise nucleotide differences between the introgressed 

haplotypes and the Vindija Neanderthal genome (π(I-V)) and the same statistic 

for the Altai Neanderthal genome (π(I-A)). Q-Q plots for introgressed haplotypes 

detected for the East Asian and western Asian genomes are shown in B and C, 

respectively. Only haplotypes that are closer to Altai Neanderthal genome than to 

Vindija Neanderthal genome are included in data. Points above x=y line are 

shown in red. EA: East Asia, WE: Western Europe. 
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Figure 4. Genotyping Deletion Variants Found Polymorphic in Modern 

Humans for Ancient Hominin Genomes. A. Schematic representation of 

genotyping the Neanderthal genomes for the human-polymorphic deletion 

variants included in the 1000 Genomes Project data set (phase III). Horizontal 

slender lines show the raw sequencing reads for ancient hominin genomes. 

Horizontal tick line represents the human reference genome on which the raw 

sequencing reads for ancient hominin genome are mapped. Regions found 

deleted in modern humans are shown in the lower part of the figure with pink 

shaded boxes. Box A represents an example region deleted in some modern 

human genomes where the ancient hominin genome carries raw sequence 

reads. Box B represents an example region deleted in some modern human 

genomes where the ancient hominin genome lacks raw sequence reads. B. Raw 

read depth distribution of Neanderthal genomes for the regions found 

polymorphically deleted in humans. Histograms above the x- and y-axes show 
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the read-depth distribution for Altai and Vindija Neanderthal genomes. A Normal 

distribution with the mean and standard deviation of the empirical read depth 

distribution was fitted on the empirical distributions of the two Neanderthal 

genomes. Magenta and cyan lines show the threshold values of read-depth (34 

and 20 for Altai and Vindija Neanderthal, respectively) below which points fall into 

5% confidence interval of the normal distributions and considered as deleted in 

Vindija and Altai Neanderthal genomes, respectively. Blue points show the 

regions where both Neanderthal genomes were genotyped as deleted. Black 

points show the regions where both Neanderthals carry the intact sequences. C. 

A schematic tree of ancient hominins and modern humans. Number of deletion 

variants shared with each branch of ancient hominins are shown on 

corresponding branches. 

Figure 5. Enrichment for introgression and Population Differentiation of 

Human Polymorphic Deletion Variants Shared with Neanderthals. A. Pie-
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charts show the proportion of deletion variants found (red) and not found (light 

blue) in S*-significant introgressed haplotypes. Pie-charts for deletion variants 

shared and not shared with Neanderthals are shown above and below, 

respectively. B. Population frequencies of deletion variants overlapping putatively 

introgressed haplotypes detected for 200 genomes from each of East Asian and 

European populations included in 1000 Genomes Project data set (phase III). 

Significant frequency differences between populations are shown with asterisks 

on the top of the plots. *: p<0.05; **: p<0.01; ***: p<0.001. EUR: Europe, EAS: 

East Asian, YRI: Yoruba. 
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Figure 6. An example deletion variant shared between East and South East 

Asians and Altai Neanderthal. A. The 5.1 Kb long deletion variant is located on 

the q21.3 arm/segment of chromosome 9. Single nucleotide variants (SNV) in 
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high LD with the deletion are found in the 8 Kb upstream flanking region of the 

deletion. A 366 Kb long introgressed Neanderthal DNA overlapping the deletion 

variant was detected for 3 East Asian chromosomes carrying the deletion. B. 

Linkage Disequilibrium between the deletion variant and SNVs found in the 

upstream flanking region of the deletion. 8 Kb upstream flanking region where 

SNVs in high LD with the deletion are found is delimited between the purple 

dashed lines. This region was used to build the phylogenetic tree to understand 

the evolutionary relationships between the haplotypes carrying and not carrying 

the deletion. The deletion variant encompasses a 5.1 Kb long region downstream 

of the starting position shown by the red line in the figure C. Phylogenetic tree 

built with the sequences overlapping 8 Kb upstream flanking region of the 

deletion variant found on chromosome 9. All human haplotypes carrying the 

SNVs in high LD with the deletion variant are found in the same branch of the 

tree with Neanderthals. This branch is basal to other branches of the tree 

including other human haplotypes. Significant bootstrap supports (>90) are 

shown in the tree. 
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Figure 7. A deletion variant shared between modern humans and late 

Neanderthals. A. UCSC Genome-browser snapshot of the genomic region 

encompassing the deletion variant (esv3634045, position: chr14:35428788-

35432438) as well as the SNVs in high linkage disequilibrium (LD) with the 

deletion variant (R^2 > 0.5). Genotype of Vindija Neanderthal for SNVs in high LD 

with the deletion variant are shown with red vertical bars above. For all SNVs in 

high LD with the deletion variant for which genotype data was available for 

Neanderthals, Vindija Neanderthal carried at least one derived allele, hence the 

red vertical bars. UCSC genes are shown in dark blue; long noncoding RNAs are 
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shown in pink; the 3.6 kb long deletion variant is shown in light blue bar. B. 

Haplotype carrying the deletion variant has phenotypic effects in UK population. 

An example SNV in high LD with the deletion variant is associated with 

decreased monocyte count and percentage in UK population. The x- and y-axes 

show different traits and the negative log transformed p-values of the correlation 

between the trait and the SNV. Dashed red line represents the multiple-

hypotheses corrected p-value threshold for significance. The figure was obtained 

from GeneATLAS data set (Canela-Xandri et al. 2018). C. GTEx gene 

expression profile of FAM177A1 under the influence of an SNV in high LD with 

the deletion variant. SNVs in high LD with the deletion variant affects the 

expression of FAM177A1 in multiple tissues including two heart tissues in 

humans. Tissue names, sample sizes for each tissue, effect size of the 

expression quantitative trait locus (eQTL) of FAM177A1, m-value are shown in 

the first five columns of the table. Mean effect sizes of FAM177A1 with 2 

standard deviations (SD) around the means for each tissue are shown on the 

sixth column. Figure was obtained from the GTEx Portal on 06/10/2019. 
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IV.vii Supplementary Figures and Tables 

Figure S1. Size distribution of deletion variants detected for 2504 modern 

human genomes included in 1000 Genomes Project, Phase III. Median and 

mean of the distribution are shown with cyan and magenta vertical lines, 

respectively. 
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Figure S2. Genotyping of high-quality Neanderthal genomes for large 

deletion polymorphisms detected for 2504 modern human genomes 

included in 1000 Genomes Project, Phase III. Raw read count distributions of 

high-quality Altai (A) and Vindija (B) Neanderthal genomes are shown with gray 

vertical bars. Normal distributions with the means (dotted blue vertical line) and 

standard deviations of the raw read count distributions that were fitted on the 

distributions are shown with blue lines. The values marking the 0.01 quantiles of 

the normal distributions are shown with red vertical dotted lines. Regions for 

which there are lower number of reads for the two Neanderthal genomes than 

the 0.01 quantile values of the respective normal distributions are shown within 

red circles and categorized as deletions for the two Neanderthals. 

Supplementary Table 1. Single nucleotide variants found in high linkage 

disequilibrium (R2 > 0.5) with the deletion variants shared with only one 

lineage of Neanderthals (i.e., Altai Neanderthal lineage or the lineage 

leading to late Neanderthals). 
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CHR POS1 CHR2 POS2 N_CHR R^2 
1 11988599 1 11948859 5008 0,525038 
1 11988599 1 11985597 5008 0,617768 
1 12854895 1 12831799 5008 0,538261 
1 12854895 1 12834088 5008 0,538261 
1 12854895 1 12835168 5008 0,531358 
1 12854895 1 12836442 5008 0,511617 
1 12854895 1 12837471 5008 0,522034 
1 12854895 1 12837475 5008 0,522034 
1 12854895 1 12838078 5008 0,538261 
1 12854895 1 12838559 5008 0,538261 
1 12854895 1 12838576 5008 0,538261 
1 12854895 1 12839202 5008 0,534788 
1 12854895 1 12840147 5008 0,538261 
1 12854895 1 12842004 5008 0,540863 
4 119243799 4 119198453 5008 1 
4 119243799 4 119204384 5008 1 
4 119243799 4 119205218 5008 1 
4 119243799 4 119213172 5008 1 
4 119243799 4 119214541 5008 1 
4 119243799 4 119236336 5008 1 
4 119243799 4 119237058 5008 1 
4 12159337 4 12054162 5008 0,733956 
4 12159337 4 12054292 5008 0,689816 
4 12159337 4 12054392 5008 0,698223 
4 12159337 4 12054497 5008 0,698223 
4 12159337 4 12060347 5008 0,698223 
4 12159337 4 12061397 5008 0,698223 
4 12159337 4 12063741 5008 0,698223 
4 12159337 4 12064441 5008 0,706833 
4 12159337 4 12065235 5008 0,698223 
4 12159337 4 12069403 5008 0,706833 
4 12159337 4 12071077 5008 0,698223 
4 12159337 4 12071100 5008 0,698223 
4 12159337 4 12074860 5008 0,773449 
4 12159337 4 12075500 5008 0,734117 
4 12159337 4 12081168 5008 0,843448 
4 12159337 4 12083228 5008 0,843448 
4 12159337 4 12086031 5008 0,832561 
4 12159337 4 12088757 5008 0,832561 
4 12159337 4 12088997 5008 0,832561 
4 12159337 4 12089223 5008 0,674976 
4 12159337 4 12091706 5008 0,821946 
4 12159337 4 12095482 5008 0,832561 
4 12159337 4 12098543 5008 0,811593 
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4 12159337 4 12098749 5008 0,832561 
4 12159337 4 12102567 5008 0,832561 
4 12159337 4 12103408 5008 0,821946 
4 12159337 4 12104003 5008 0,811593 
4 12159337 4 12107224 5008 0,832561 
4 12159337 4 12110221 5008 0,555616 
4 12159337 4 12117485 5008 0,821946 
4 12159337 4 12120689 5008 0,832561 
4 12159337 4 12123431 5008 0,832561 
4 12159337 4 12129758 5008 0,821946 
4 12159337 4 12129788 5008 0,821946 
4 12159337 4 12130265 5008 0,821946 
4 12159337 4 12133350 5008 0,821946 
4 12159337 4 12134992 5008 0,811593 
4 12159337 4 12136332 5008 0,801492 
4 12159337 4 12137426 5008 0,821946 
4 12159337 4 12139489 5008 0,844722 
4 12159337 4 12140858 5008 0,593159 
4 12159337 4 12145342 5008 0,808258 
4 12159337 4 12146960 5008 0,844722 
4 12159337 4 12149757 5008 0,834087 
4 12159337 4 12151941 5008 0,963832 
4 12159337 4 12152284 5008 0,963832 
4 12159337 4 12153837 5008 0,987895 
4 12159337 4 12157723 5008 0,975648 
4 12159337 4 12158087 5008 0,941026 
4 12159337 4 12159200 5008 0,975648 
4 156372496 4 156310600 5008 1 
4 156372496 4 156311289 5008 1 
4 156372496 4 156313646 5008 1 
4 156372496 4 156313876 5008 1 
4 156372496 4 156314935 5008 1 
4 156372496 4 156318959 5008 1 
4 156372496 4 156320974 5008 1 
4 156372496 4 156321385 5008 1 
4 156372496 4 156322516 5008 1 
4 156372496 4 156323840 5008 1 
4 156372496 4 156324087 5008 1 
4 156372496 4 156325184 5008 1 
4 156372496 4 156327359 5008 1 
4 156372496 4 156328571 5008 1 
4 156372496 4 156330212 5008 1 
4 156372496 4 156331414 5008 1 
4 156372496 4 156331710 5008 1 
4 156372496 4 156337499 5008 1 
4 156372496 4 156342422 5008 1 
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4 156372496 4 156343662 5008 0,7497 
4 156372496 4 156350300 5008 1 
4 156372496 4 156354961 5008 1 
4 156372496 4 156359483 5008 0,856971 
4 156372496 4 156361522 5008 1 
4 156372496 4 156361997 5008 0,856971 
4 156372496 4 156365095 5008 1 
4 156372496 4 156366696 5008 1 
4 156372496 4 156367865 5008 1 
4 156372496 4 156371555 5008 1 
4 31463510 4 31430494 5008 0,8224 
4 31463510 4 31431347 5008 0,664886 
4 31463510 4 31431524 5008 0,682714 
4 31463510 4 31431629 5008 0,682714 
4 31463510 4 31431649 5008 0,682714 
4 31463510 4 31431656 5008 0,682714 
4 31463510 4 31431784 5008 0,682714 
4 31463510 4 31432490 5008 0,682714 
4 31463510 4 31433479 5008 0,682714 
4 31463510 4 31433799 5008 0,568829 
4 31463510 4 31434646 5008 0,8224 
4 31463510 4 31436985 5008 0,8224 
4 31463510 4 31437311 5008 0,8224 
4 31463510 4 31439588 5008 0,832952 
4 31463510 4 31443644 5008 0,893825 
4 31463510 4 31444793 5008 0,632678 
4 31463510 4 31445131 5008 0,888376 
4 31463510 4 31446916 5008 0,893825 
4 31463510 4 31449015 5008 0,893825 
4 31463510 4 31451344 5008 0,740124 
4 31463510 4 31452929 5008 0,893949 
4 31463510 4 31453017 5008 0,893949 
4 31463510 4 31455347 5008 0,899399 
4 31463510 4 31457422 5008 0,856973 
4 31463510 4 31462457 5008 1 
6 133949668 6 133897628 5008 0,800942 
6 133949668 6 133901774 5008 0,874227 
6 133949668 6 133904648 5008 0,874227 
6 133949668 6 133904760 5008 0,874227 
6 133949668 6 133904828 5008 0,874227 
6 133949668 6 133909287 5008 0,874227 
6 133949668 6 133913571 5008 0,882801 
6 133949668 6 133916162 5008 0,904057 
6 133949668 6 133917387 5008 0,904057 
6 133949668 6 133918817 5008 0,904057 
6 133949668 6 133920000 5008 0,904057 
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6 133949668 6 133925699 5008 1 
6 133949668 6 133927715 5008 0,974608 
6 133949668 6 133930382 5008 0,991394 
6 133949668 6 133932951 5008 1 
6 133949668 6 133935820 5008 0,604626 
6 133949668 6 133936881 5008 1 
6 133949668 6 133938490 5008 1 
6 133949668 6 133943068 5008 0,820956 
6 133949668 6 133943433 5008 0,991394 
6 133949668 6 133945585 5008 0,826907 
6 133949668 6 133948002 5008 0,884497 
6 133949668 6 133948905 5008 0,605283 
6 133949668 6 133949395 5008 1 
6 58618513 6 58519607 5008 1 
6 58618513 6 58519610 5008 1 
6 58618513 6 58520572 5008 1 
6 58618513 6 58521133 5008 1 
6 58618513 6 58521851 5008 1 
6 58618513 6 58523456 5008 1 
6 58618513 6 58524122 5008 1 
6 58618513 6 58524219 5008 1 
6 58618513 6 58525345 5008 0,973488 
6 58618513 6 58528829 5008 1 
6 58618513 6 58530135 5008 0,901713 
6 58618513 6 58532987 5008 1 
6 58618513 6 58537765 5008 1 
6 58618513 6 58539317 5008 1 
6 58618513 6 58543960 5008 1 
6 58618513 6 58549529 5008 0,972777 
6 58618513 6 58550003 5008 1 
6 58618513 6 58551998 5008 1 
6 58618513 6 58552056 5008 1 
6 58618513 6 58553884 5008 1 
6 58618513 6 58553891 5008 1 
6 58618513 6 58554261 5008 1 
6 58618513 6 58554304 5008 1 
6 58618513 6 58555235 5008 1 
6 58618513 6 58555305 5008 0,945566 
6 58618513 6 58555534 5008 1 
6 58618513 6 58555762 5008 1 
6 58618513 6 58556042 5008 1 
6 58618513 6 58556421 5008 1 
6 58618513 6 58557434 5008 1 
6 58618513 6 58558410 5008 1 
6 58618513 6 58558808 5008 1 
6 58618513 6 58559366 5008 0,972777 
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6 58618513 6 58560931 5008 0,948336 
6 58618513 6 58561378 5008 1 
6 58618513 6 58561714 5008 1 
6 58618513 6 58562168 5008 1 
6 58618513 6 58562185 5008 1 
6 58618513 6 58562230 5008 1 
6 58618513 6 58563780 5008 1 
6 58618513 6 58564823 5008 1 
6 58618513 6 58568998 5008 1 
6 58618513 6 58569884 5008 1 
6 58618513 6 58570131 5008 0,924442 
6 58618513 6 58570330 5008 1 
6 58618513 6 58572829 5008 1 
6 58618513 6 58574408 5008 1 
6 58618513 6 58574948 5008 1 
6 58618513 6 58575286 5008 0,78565 
6 58618513 6 58575743 5008 1 
6 58618513 6 58577031 5008 1 
6 58618513 6 58577033 5008 1 
6 58618513 6 58577134 5008 1 
6 58618513 6 58577584 5008 1 
6 58618513 6 58577790 5008 1 
6 58618513 6 58579540 5008 0,592806 
6 58618513 6 58579552 5008 1 
6 58618513 6 58581253 5008 1 
6 58618513 6 58581805 5008 1 
6 58618513 6 58582955 5008 1 
6 58618513 6 58583433 5008 1 
6 58618513 6 58583666 5008 1 
6 58618513 6 58583856 5008 1 
6 58618513 6 58584208 5008 1 
6 58618513 6 58585273 5008 0,973488 
6 58618513 6 58586162 5008 1 
6 58618513 6 58586253 5008 1 
6 58618513 6 58587051 5008 1 
6 58618513 6 58587567 5008 1 
6 58618513 6 58587677 5008 1 
6 58618513 6 58587940 5008 1 
6 58618513 6 58587956 5008 1 
6 58618513 6 58588183 5008 1 
6 58618513 6 58588233 5008 0,836828 
6 58618513 6 58588705 5008 1 
6 58618513 6 58590071 5008 1 
6 58618513 6 58590146 5008 1 
6 58618513 6 58590998 5008 1 
6 58618513 6 58591126 5008 1 
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6 58618513 6 58592052 5008 1 
6 58618513 6 58592749 5008 1 
6 58618513 6 58592898 5008 1 
6 58618513 6 58593200 5008 1 
6 58618513 6 58594654 5008 1 
6 58618513 6 58596494 5008 1 
6 58618513 6 58596598 5008 1 
6 58618513 6 58597563 5008 1 
6 58618513 6 58598222 5008 1 
6 58618513 6 58598584 5008 1 
6 58618513 6 58598832 5008 0,972777 
6 58618513 6 58598949 5008 0,973488 
6 58618513 6 58599240 5008 0,973488 
6 58618513 6 58599613 5008 0,972777 
6 58618513 6 58599710 5008 0,972777 
6 58618513 6 58601507 5008 1 
6 58618513 6 58601620 5008 1 
6 58618513 6 58602039 5008 1 
6 58618513 6 58602206 5008 1 
6 58618513 6 58603031 5008 1 
6 58618513 6 58603717 5008 0,973488 
6 58618513 6 58604636 5008 1 
6 58618513 6 58604638 5008 1 
6 58618513 6 58604639 5008 1 
6 58618513 6 58604904 5008 1 
6 58618513 6 58605071 5008 1 
6 58618513 6 58605407 5008 0,948336 
6 58618513 6 58605595 5008 1 
6 58618513 6 58606101 5008 1 
6 58618513 6 58606102 5008 1 
6 58618513 6 58606700 5008 1 
6 58618513 6 58607334 5008 1 
6 58618513 6 58609274 5008 1 
6 58618513 6 58609658 5008 1 
6 58618513 6 58609994 5008 1 
6 58618513 6 58610419 5008 1 
6 58618513 6 58611190 5008 1 
6 58618513 6 58613176 5008 0,973488 
6 58618513 6 58613961 5008 1 
6 58618513 6 58614247 5008 1 
6 58618513 6 58615217 5008 1 
6 58618513 6 58615965 5008 1 
6 58618513 6 58616246 5008 1 
6 58618513 6 58616662 5008 0,945566 
8 9054980 8 9044285 5008 0,668777 
8 9054980 8 9044477 5008 0,862938 
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8 9054980 8 9044734 5008 0,862938 
8 9054980 8 9046405 5008 0,932196 
8 9054980 8 9046598 5008 0,932196 
8 9054980 8 9046629 5008 0,932196 
8 9054980 8 9047360 5008 0,932196 
8 9054980 8 9047810 5008 0,932196 
8 9054980 8 9048074 5008 0,932196 
8 9054980 8 9049102 5008 0,932196 
8 9054980 8 9049250 5008 0,932196 
8 9054980 8 9049495 5008 0,932196 
8 9054980 8 9049614 5008 0,945168 
8 9054980 8 9050278 5008 0,945168 
8 9054980 8 9050770 5008 0,945168 
8 9054980 8 9053169 5008 0,724907 
8 9054980 8 9053173 5008 0,76449 
8 9054980 8 9053177 5008 0,750833 
8 9054980 8 9053410 5008 0,958501 
8 9054980 8 9053717 5008 0,958501 
8 9054980 8 9053871 5008 0,972209 
8 9054980 8 9054591 5008 0,634073 
10 12705023 10 12676897 5008 0,947179 
10 12705023 10 12677307 5008 0,947179 
10 12705023 10 12678068 5008 0,899639 
10 12705023 10 12678397 5008 1 
10 12705023 10 12678535 5008 1 
10 12705023 10 12681570 5008 0,71899 
10 12705023 10 12685874 5008 1 
10 12705023 10 12689062 5008 1 
10 12705023 10 12689526 5008 1 
10 12705023 10 12692982 5008 1 
10 12705023 10 12694328 5008 1 
10 12705023 10 12699292 5008 1 
10 12705023 10 12700870 5008 1 
10 12705023 10 12702368 5008 1 
10 14241694 10 14214130 5008 0,67962 
10 14241694 10 14214910 5008 0,660175 
10 14241694 10 14216162 5008 0,67962 
10 14241694 10 14222040 5008 0,667226 
10 14241694 10 14223254 5008 0,680082 
10 14241694 10 14223736 5008 0,680082 
10 14241694 10 14224145 5008 0,680082 
10 14241694 10 14227245 5008 0,701294 
10 14241694 10 14227426 5008 0,701294 
10 14241694 10 14229198 5008 0,700839 
10 14241694 10 14231827 5008 0,67428 
10 14241694 10 14231869 5008 0,707918 

139 



 

 

      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      

10 14241694 10 14234895 5008 0,893474 
10 14241694 10 14236264 5008 0,964223 
10 14241694 10 14237838 5008 0,964223 
10 14241694 10 14239021 5008 0,943666 
10 14241694 10 14239653 5008 0,964223 
10 14241694 10 14241689 5008 0,94478 
11 98266701 11 98174178 5008 0,527545 
11 98266701 11 98180181 5008 0,70616 
11 98266701 11 98181005 5008 0,70616 
11 98266701 11 98181866 5008 0,70616 
11 98266701 11 98185659 5008 0,700706 
11 98266701 11 98186376 5008 0,70616 
11 98266701 11 98187435 5008 0,550457 
11 98266701 11 98188844 5008 0,695332 
11 98266701 11 98189734 5008 0,700706 
11 98266701 11 98191177 5008 0,70616 
11 98266701 11 98193594 5008 0,654253 
11 98266701 11 98197522 5008 0,700706 
11 98266701 11 98199269 5008 0,695332 
11 98266701 11 98202118 5008 0,700706 
11 98266701 11 98203820 5008 0,642948 
11 98266701 11 98211631 5008 0,69274 
11 98266701 11 98215049 5008 0,69274 
11 98266701 11 98215835 5008 0,652032 
11 98266701 11 98216678 5008 0,69274 
11 98266701 11 98221371 5008 0,69274 
11 98266701 11 98221888 5008 0,590505 
11 98266701 11 98225752 5008 0,69274 
11 98266701 11 98227241 5008 0,69274 
11 98266701 11 98228580 5008 0,69274 
11 98266701 11 98230927 5008 0,69274 
11 98266701 11 98230990 5008 0,69274 
11 98266701 11 98231685 5008 0,69274 
11 98266701 11 98233978 5008 0,700706 
11 98266701 11 98236141 5008 0,723028 
11 98266701 11 98236976 5008 0,664549 
11 98266701 11 98237256 5008 0,723028 
11 98266701 11 98239540 5008 0,728825 
11 98266701 11 98244246 5008 0,734713 
11 98266701 11 98245055 5008 0,761073 
11 98266701 11 98247978 5008 0,506143 
11 98266701 11 98248230 5008 0,716661 
11 98266701 11 98249188 5008 0,769211 
11 98266701 11 98252042 5008 0,763008 
11 98266701 11 98256246 5008 0,788423 
11 98266701 11 98257343 5008 0,788423 

140 



 

 

      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      

11 98266701 11 98257402 5008 0,788423 
11 98266701 11 98257792 5008 0,86388 
11 98266701 11 98260129 5008 0,888567 
11 98266701 11 98262752 5008 0,888567 
11 98266701 11 98262920 5008 0,888567 
11 98266701 11 98263629 5008 0,888567 
11 98266701 11 98263835 5008 0,788423 
11 98266701 11 98264172 5008 0,888567 
11 98266701 11 98264655 5008 0,888567 
12 86426100 12 86326590 5008 0,955673 
12 86426100 12 86328965 5008 0,84247 
12 86426100 12 86329254 5008 0,84247 
12 86426100 12 86333761 5008 0,84247 
12 86426100 12 86335504 5008 0,965438 
12 86426100 12 86337109 5008 0,965438 
12 86426100 12 86337618 5008 0,84247 
12 86426100 12 86339600 5008 0,84247 
12 86426100 12 86343465 5008 0,84247 
12 86426100 12 86344151 5008 0,84247 
12 86426100 12 86344478 5008 0,84247 
12 86426100 12 86344656 5008 0,838762 
12 86426100 12 86345478 5008 0,84247 
12 86426100 12 86347378 5008 0,554941 
12 86426100 12 86353882 5008 0,965438 
12 86426100 12 86354644 5008 0,965438 
12 86426100 12 86361593 5008 0,910869 
12 86426100 12 86373221 5008 0,980135 
12 86426100 12 86378780 5008 0,985098 
12 86426100 12 86380580 5008 0,980152 
12 86426100 12 86380689 5008 0,985098 
12 86426100 12 86381518 5008 0,985098 
12 86426100 12 86389322 5008 0,985098 
12 86426100 12 86391617 5008 0,985098 
12 86426100 12 86398562 5008 0,990063 
12 86426100 12 86400842 5008 0,990063 
12 86426100 12 86408562 5008 0,990063 
12 86426100 12 86410239 5008 0,990063 
12 86426100 12 86410908 5008 0,985098 
12 86426100 12 86411456 5008 0,990063 
12 86426100 12 86411488 5008 0,990063 
12 86426100 12 86412544 5008 0,990063 
12 86426100 12 86413600 5008 0,990063 
12 86426100 12 86413968 5008 0,990063 
12 86426100 12 86415503 5008 0,990063 
12 86426100 12 86415683 5008 0,990063 
12 86426100 12 86415717 5008 0,899377 
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12 86426100 12 86417183 5008 0,9704 
12 86426100 12 86417694 5008 0,956404 
12 86426100 12 86422111 5008 1 
12 86426100 12 86423906 5008 1 
12 86426100 12 86424186 5008 1 
12 86426100 12 86424189 5008 0,905112 
12 86426100 12 86424456 5008 0,995031 
12 86426100 12 86425554 5008 0,939153 
14 35428788 14 35331288 5008 0,572881 
14 35428788 14 35332660 5008 0,569537 
14 35428788 14 35334338 5008 0,545708 
14 35428788 14 35335081 5008 0,577673 
14 35428788 14 35349890 5008 0,57432 
14 35428788 14 35359357 5008 0,596877 
14 35428788 14 35363441 5008 0,530882 
14 35428788 14 35367967 5008 0,652051 
14 35428788 14 35368516 5008 0,652051 
14 35428788 14 35368979 5008 0,50657 
14 35428788 14 35369598 5008 0,647174 
14 35428788 14 35369600 5008 0,647174 
14 35428788 14 35371679 5008 0,78808 
14 35428788 14 35372518 5008 0,755057 
14 35428788 14 35372887 5008 0,771254 
14 35428788 14 35373041 5008 0,897943 
14 35428788 14 35383095 5008 0,939643 
14 35428788 14 35385070 5008 0,878783 
14 35428788 14 35385977 5008 0,965012 
14 35428788 14 35386389 5008 0,965012 
14 35428788 14 35386650 5008 0,96019 
14 35428788 14 35390662 5008 0,98477 
14 35428788 14 35391918 5008 0,98477 
14 35428788 14 35392315 5008 0,888633 
14 35428788 14 35392540 5008 0,98477 
14 35428788 14 35393050 5008 0,98477 
14 35428788 14 35395462 5008 0,994938 
14 35428788 14 35397985 5008 0,994938 
14 35428788 14 35398118 5008 0,994938 
14 35428788 14 35398428 5008 0,989926 
14 35428788 14 35401241 5008 0,994938 
14 35428788 14 35403532 5008 0,994938 
14 35428788 14 35403660 5008 0,994938 
14 35428788 14 35406174 5008 1 
14 35428788 14 35406383 5008 0,994938 
14 35428788 14 35411750 5008 1 
14 35428788 14 35414182 5008 1 
14 35428788 14 35415186 5008 0,776283 
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14 35428788 14 35415552 5008 0,984961 
14 35428788 14 35416577 5008 1 
14 35428788 14 35418360 5008 1 
14 35428788 14 35418876 5008 1 
14 35428788 14 35418979 5008 1 
14 35428788 14 35419233 5008 1 
14 35428788 14 35419678 5008 1 
14 35428788 14 35420568 5008 1 
14 35428788 14 35420739 5008 1 
14 35428788 14 35421157 5008 1 
14 35428788 14 35421952 5008 0,908789 
14 35428788 14 35424300 5008 0,882642 
14 35428788 14 35425884 5008 1 
14 35428788 14 35427128 5008 0,882642 
14 35428788 14 35427129 5008 0,882642 
18 67208360 18 67195453 5008 0,524722 
18 67208360 18 67195579 5008 0,524722 
18 67208360 18 67195941 5008 0,536282 
18 67208360 18 67196020 5008 0,541063 
18 67208360 18 67196059 5008 0,541063 
18 67208360 18 67196111 5008 0,545927 
18 67208360 18 67196170 5008 0,637522 
18 67208360 18 67196172 5008 0,637522 
18 67208360 18 67196187 5008 0,637522 
18 67208360 18 67196218 5008 0,637522 
18 67208360 18 67196603 5008 0,645382 
18 67208360 18 67196723 5008 0,645382 
18 67208360 18 67196958 5008 0,645382 
18 67208360 18 67196990 5008 0,645382 
18 67208360 18 67197145 5008 0,645382 
18 67208360 18 67197228 5008 0,645382 
18 67208360 18 67197279 5008 0,645382 
18 67208360 18 67197435 5008 0,645382 
18 67208360 18 67197510 5008 0,645382 
18 67208360 18 67198310 5008 0,645382 
18 67208360 18 67198405 5008 0,645382 
18 67208360 18 67198493 5008 0,645382 
18 67208360 18 67198506 5008 0,645382 
18 67208360 18 67198738 5008 0,5218 
18 67208360 18 67199208 5008 0,645382 
18 67208360 18 67201121 5008 0,645382 
18 67208360 18 67201267 5008 0,645382 
18 67208360 18 67201268 5008 0,645382 
18 67208360 18 67201497 5008 0,645382 
18 67208360 18 67202128 5008 0,640345 
18 67208360 18 67202800 5008 0,645382 
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6 8368379 6 8364025 5008 0,980424 
6 8368379 6 8366761 5008 0,992146 
10 38749125 10 38654722 5008 0,976499 
10 38749125 10 38655666 5008 0,918788 
10 38749125 10 38656262 5008 0,976499 
10 38749125 10 38658000 5008 0,918788 
10 38749125 10 38658590 5008 0,976499 
10 38749125 10 38658699 5008 0,976499 
10 38749125 10 38658896 5008 0,976499 
10 38749125 10 38659287 5008 0,976499 
10 38749125 10 38660285 5008 0,918788 
10 38749125 10 38660466 5008 0,976499 
10 38749125 10 38660669 5008 0,912037 
10 38749125 10 38660801 5008 0,976499 
10 38749125 10 38662970 5008 0,918788 
10 38749125 10 38663876 5008 0,925636 
10 38749125 10 38663938 5008 0,976499 
10 38749125 10 38664429 5008 0,968902 
10 38749125 10 38665657 5008 0,976499 
10 38749125 10 38667672 5008 0,976499 
10 38749125 10 38668975 5008 0,976499 
10 38749125 10 38669840 5008 0,885974 
10 38749125 10 38670232 5008 0,976499 
10 38749125 10 38670816 5008 0,976499 
10 38749125 10 38671982 5008 0,918788 
10 38749125 10 38672622 5008 0,918788 
10 38749125 10 38674180 5008 0,976499 
10 38749125 10 38674991 5008 0,976499 
10 38749125 10 38675137 5008 0,976499 
10 38749125 10 38676902 5008 0,918788 
10 38749125 10 38677476 5008 0,976499 
10 38749125 10 38677934 5008 0,976499 
10 38749125 10 38678800 5008 0,779644 
10 38749125 10 38679731 5008 0,960003 
10 38749125 10 38682273 5008 0,939634 
10 38749125 10 38689935 5008 0,946788 
10 38749125 10 38691086 5008 1 
10 38749125 10 38691696 5008 0,946788 
10 38749125 10 38694434 5008 1 
10 38749125 10 38695289 5008 0,939634 
10 38749125 10 38699151 5008 0,931646 
10 38749125 10 38702883 5008 1 
10 38749125 10 38703429 5008 1 
10 38749125 10 38706100 5008 1 
10 38749125 10 38709894 5008 0,939634 
10 38749125 10 38712935 5008 0,932583 
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10 38749125 10 38713079 5008 0,939634 
10 38749125 10 38716315 5008 1 
10 38749125 10 38716835 5008 0,939634 
10 38749125 10 38717468 5008 1 
10 38749125 10 38719032 5008 0,992045 
10 38749125 10 38720747 5008 0,939634 
10 38749125 10 38723934 5008 0,939634 
10 38749125 10 38727005 5008 0,939634 
10 38749125 10 38729659 5008 1 
10 38749125 10 38729995 5008 1 
10 38749125 10 38731044 5008 1 
10 38749125 10 38731333 5008 0,939634 
10 38749125 10 38731892 5008 0,939634 
10 38749125 10 38731994 5008 0,984212 
10 38749125 10 38733301 5008 1 
10 38749125 10 38737593 5008 0,939634 
10 38749125 10 38738473 5008 0,952889 
10 38749125 10 38739532 5008 0,939634 
10 38749125 10 38740556 5008 0,939634 
10 38749125 10 38740607 5008 1 
10 38749125 10 38742234 5008 1 
10 38749125 10 38745449 5008 1 
10 38749125 10 38746397 5008 0,939634 
10 38749125 10 38747320 5008 0,705987 
10 38749125 10 38748697 5008 0,939634 
19 11294843 19 11284891 5008 0,705825 
19 11294843 19 11285457 5008 0,846626 
19 11294843 19 11286416 5008 0,857674 
19 11294843 19 11287001 5008 0,854516 
19 11294843 19 11287073 5008 0,857674 
19 11294843 19 11288976 5008 0,631395 
19 11294843 19 11291782 5008 0,963726 
19 11294843 19 11291912 5008 0,693634 
19 11294843 19 11291991 5008 0,991977 
19 11294843 19 11292083 5008 0,971789 
19 11294843 19 11292368 5008 0,984076 
19 11294843 19 11292811 5008 0,671733 
19 11294843 19 11292820 5008 0,544239 
19 11294843 19 11292855 5008 0,987936 
19 11294843 19 11292941 5008 0,987936 
19 11294843 19 11293029 5008 0,987936 
19 11294843 19 11293286 5008 0,987936 
19 11294843 19 11293391 5008 0,987936 
19 11294843 19 11293434 5008 0,987936 
19 11294843 19 11293467 5008 0,967757 
19 11294843 19 11293642 5008 0,987936 
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19 11294843 19 11293684 5008 0,987936 
19 11294843 19 11293809 5008 0,907473 
19 11294843 19 11294120 5008 0,991977 
19 11294843 19 11294157 5008 0,705654 
19 11294843 19 11294359 5008 0,991977 
19 11294843 19 11294469 5008 0,991977 
19 11294843 19 11294818 5008 1 
21 44135549 21 44084315 5008 0,617067 
21 44135549 21 44126827 5008 0,956562 
21 44135549 21 44126879 5008 0,956562 
21 44135549 21 44126882 5008 0,956562 
21 44135549 21 44127307 5008 0,956562 
21 44135549 21 44127623 5008 0,971035 
21 44135549 21 44127858 5008 0,971035 
21 44135549 21 44128018 5008 0,971035 
21 44135549 21 44133523 5008 0,971035 
21 44135549 21 44134929 5008 0,562997 
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Conclusions 

Admixture of previously diverged lineages has important evolutionary 

consequences, which the scientific community started to understand in detail 

only very recently. Admixture between divergent lineages may simply increase 

genetic diversity and provide raw material for evolution. If the two admixing 

populations have evolved in different niches and thus, occupy different adaptive 

optima, it is possible that the hybrids evolve toward a different adaptive optimum 

provided that the hybrid population occupy a different niche then the parental 

populations (Mallet 2007). This may even trigger speciation, i.e., the hybrid 

speciation (Mallet 2007). Admixture, on the other hand, may bear deleterious 

conditions for the hybrids. If the lineages diverged for long enough time, then the 

hybrids may suffer severe genetic incompatibilities that grow exponentially with 

the time separating the diverging lineages before they come into contact again 

(Orr 1995). 

The large-scale genetic data production and development of new methods that 

accompanied it enabled us to study admixture in unprecedented detail in the last 

decade. Although various evolutionary models had been built to study admixture 

previous to the last decade, the nature of the work was mostly theoretical due to 

the lack of large-scale data. The sequencing of the Neanderthal genome greatly 

accelerated admixture studies in humans. 
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It is now possible to estimate genome-wide proportions of introgression of 

genetic material into one species from its sister species, thanks to the 

developments in the field that occurred in the last decade. We can not only 

estimate genome-wide introgression rates, but also detect local ancestry tracks, 

which enables us to infer selection acting on introgressed genetic material in its 

new genomic context. In regard to Neanderthal introgression into modern 

humans, Neanderthal DNA, the majority of which carried deleterious variants, 

was largely deleted once it entered human populations (Petr et al. 2018; Harris & 

Nielsen 2016). Having said that, various cases of adaptive introgression have 

also been detected for mostly immune system (Dannemann et al. 2016), lipid 

metabolism (Khrameeva et al. 2014), skin pigmentation genes (Sankararaman et 

al. 2014). We found evidence for adaptive introgression in our work: Neanderthal 

ancestry has unusually high frequencies in TLR genes. 

Another example of potentially adaptive introgression is a very large 

Neanderthal-introgressed haplotype (>500 kb) that we found in the Turkish 

genomes. Without the favor of natural selection, the probability of the inheriting 

such a large Neanderthal-introgressed haplotype is very low given the rate at 

which recombination breaks apart haplotypes. As to its functional importance, the 

introgressed haplotype discussed above harbors multiple CCR genes. CCR 

genes are important parts of adaptive immunity, certain variants of which take 

part in immunity against HIV infections. Moreover, this haplotype also bears three 
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GWAS-significant variants associated with Celiac disease. For all these variants 

the Neanderthal genome carries the derived alleles. This indicates that selection 

may have favored this haplotype in the Turkish population, potentially because of 

its protective roles against infections. Overall, our study contributes to the 

expanding literature of adaptive introgression. 

On the other hand, we found a genome-wide depletion of Neanderthal ancestry 

in the functional parts of the Turkish genomes. The Neanderthal ancestry is 

poorly represented in the coding regions of the Turkish genomes. This suggests 

genome-wide negative selection against Neanderthal ancestry in line with 

previous findings (Sankararaman et al. 2014; Harris & Nielsen 2016; Petr et al. 

2018) 

Modern humans and Neanderthals admixed once after modern humans emerged 

in Eurasia 60,000-50,000 years ago, evidence for which is conclusive. This 

admixture event mostly likely occurred in western Asia, as human genomes from 

different parts of Eurasia have similar amounts of Neanderthal DNA. Some 

populations of humans remained isolated in western Asia for extended periods of 

time and were not affected by Neanderthal admixture as much as other Eurasian 

human populations. We documented that this was particularly pronounced for 

populations from Levant and Arabian Peninsula, whereas populations from 

Anatolia and Iran have similar proportions of Neanderthal ancestry with 

European populations. Zagros and Taurus Mountains cross between these two 
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regions and most likely hindered movement of humans from one region to the 

other. 

Ours is the first study to exhaustively investigate the consequences of 

Neanderthal introgression in western Asia where Neanderthal introgression into 

modern humans first occurred. The genetics of western Asian populations have 

historically been less intensively studied than other Eurasian populations. Thus, 

we contributed to the efforts of having a more comprehensive representation of 

human populations in genetic studies. 

Western Asia is not only the place where human-Neanderthal admixture event 

took place; it is also the epicenter of major population movements. Large scale 

agriculture and sedentary life-style, which marked the beginning the Neolithic, 

were first practiced in the region and from there spread to Europe accompanied 

by population movements. As discussed in chapter 1, expanding populations 

from western Asia largely replaced local hunter-gatherer populations in Europe 

and to a lesser extent they admixed with them. 

Human-Neanderthal admixture history is by no means simple. We learned from 

ancient modern human genomes that the two species admixed at least once 

more in Europe (Fu et al. 2015). Furthermore, there is now accumulating 

evidence for additional pulses of Neanderthal introgression into East Asians 

(Wall et al. 2013; Vernot and Akey 2015; Villanea & Schraiber 2019) and 
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Europeans (Villanea & Schraiber 2019) that occurred after the two populations 

split. In chapter 4, we presented evidence for two pulses of Neanderthal 

introgression from different lineages of Neanderthals in both East Asia and 

Europe. Thus, our study brings the field one step closer to answer the question: 

where, when and how many times humans admixed with ancient hominins. 

We used large deletion as well as single nucleotide polymorphism data in 

inferring multiple pulses of Neanderthal introgression in Eurasia. Thus, our 

findings proved the utility of structural variants in studying population genetics: 

When combined with single nucleotide variants, structural variants provide a 

powerful tool set to reveal evolutionary patterns that may remain hidden by using 

only single nucleotide polymorphism data. 

Large deletions belong to a class of mutations known as structural variants. 

Duplications, translocations, insertions and inversions are the remaining types of 

other structural variants. Altogether, structural variants may create copy number 

variation for certain parts of the genome. Exon 3 of MUC7, a mucin gene 

expressed in saliva, shows such variation. In chapter 3, we found evidence for 

introgression of a specific haplotype carrying five copies of proline, threonine and 

serine (PTS) repeats in sub-Saharan African human genomes. The source of 

introgression in this case was an unsampled hominin species that existed in 

Africa between ~1-1.5 Mya, the inferred time of the divergence between the 

source population of gene-flow and the lineage leading to modern humans and 
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150 Kya, the inferred time of admixture. We reached these conclusions by using 

state-of-the-art statistical methods. This unsampled hominin species could be 

Homo erectus as well as Homo naledi, a hominin species fossil records of which 

were recently discovered (Berger et al. 2015) and dated to 250 Kya (Dirks et al. 

2017). 

It is now becoming increasingly apparent that the human evolutionary tree 

includes not only bifurcations but also multiple reticulations. As more ancient 

hominin genomes become available in the near future, we will potentially learn 

additional instances of admixture between different human species. This is 

especially true for Africa. Already multiple studies, including our own (chapter 3), 

found evidence for genome-wide introgression in Africa from unsampled hominin 

populations. Our study demonstrates a case-example where gene-flow from 

ancient hominin populations should be taken into account when studying highly 

divergent haplotypes. This is true even without the availability of genomes from 

the potential source populations. Gene-flow from ancient hominin populations is 

likely the source of a much larger portion of present-day genetic diversity of 

humans than it was previously assumed. 

Africa has long been understood to be the bedrock of human evolution. Multiple 

hominin species evolved in the continent and subsequently spread to Eurasia. 

Although the climate of Africa is not well-suited for ancient DNA preservation, the 

pace with which extracting and sequencing technologies for ancient DNA 
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develop indicates that we will soon be able to sequence ancient hominin 

genomes from Africa. This will enable us to gain better insight into how modern 

humans became modern humans as we know them. 
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