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Summary

As modern humans dispersed from Africa throughout the world, they encountered and interbred 

with archaic hominins, including Neandertals and Densiovans [1,2]. Although genome-scale maps 

of introgressed sequences have been constructed [3–6], considerable gaps in knowledge remain 

about the functional, phenotypic, and evolutionary significance of archaic hominin DNA that 

persists in present day individuals. Here, we describe a comprehensive set of analyses that 

identified 126 high frequency archaic haplotypes as putative targets of adaptive introgression in 

geographically diverse populations. These loci are enriched for immune related genes (such as 

OAS1/2/3, TLR1/6/10, and TNFAIP3) and also encompass genes (including OCA2 and BNC2) 

that influence skin pigmentation phenotypes. Furthermore, we leveraged existing and novel large-

scale gene expression datasets to show many positively selected archaic haplotypes act as 

expression QTL (eQTL), suggesting modulation of transcript abundance was a common 

mechanism facilitating adaptive introgression. Our results demonstrate that hybridization between 

modern and archaic hominins provided an important reservoir of advantageous alleles that enabled 

adaptation to Out-of-Africa environments.

Results and Discussion

Identifying adaptively introgressed loci in geographically diverse populations

Non-African individuals inherited ~2% of their genomes from Neandertal ancestors [1,7], 

and individuals of Melanesian ancestry have an additional 2%-4% of their genomes 

inherited from Denisovan ancestors [2,8]. Considerable progress has been made in 

cataloging Neandertal and Denisovan sequences that persist in modern individuals [3–6,9], 
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but the consequences of hybridization remain poorly understood. Recent studies suggest that 

introgressed sequences experienced widespread purifying selection [3–6] and influence 

susceptibility to a broad spectrum of diseases [4,10]. Conversely, archaic admixture may 

have also resulted in the acquisition of advantageous alleles that allowed modern humans to 

adapt to emergent selective pressures as they dispersed into new environments. Indeed, 

several examples of adaptive introgression have been hypothesized [11,12], including a 

Denisovan like haplotype of the EPAS1 gene that confers adaptation to high-altitude in 

Tibetans [13]. Nonetheless, many important questions remain including the number of loci 

subjected to adaptive introgression, the population genetics characteristics of such loci, and 

what the functional and phenotypic consequences of adaptive Neandertal and Denisovan 

sequences are in modern humans.

To more comprehensively understand how adaptive introgression has shaped patterns of 

human genomic variation, we leveraged recently constructed genome-scale maps of 

Neandertal and Denisovan sequences identified in 1,523 geographically diverse individuals 

[5] (Fig. 1a). Collectively, we analyzed 1.34Gb and 303Mb of Neandertal and Denisovan 

sequences, respectively, that segregates in 504 East Asian (EAS), 503 European (EUR), 489 

South Asian (SAS), and 27 individuals from Island Melanesia (MEL). We first carefully 

identified SNPs that “tag” archaic haplotypes (Experimental Procedures), and performed 

extensive coalescent simulations to compare the number of observed high frequency 

haplotypes to neutral expectations across a range of demographic models (Experimental 

Procedures; Figure S1). Consistent with previous studies [14,15], our simulations suggest 

that simple outlier approaches are effective in enriching for positively selected loci, although 

the false discovery rate (FDR) can be high (Fig. 1b). For example, at a FDR ≤50% 

(corresponding to extreme outliers in the >99th percentile of the empirical frequency 

distribution) we identify 126 candidate adaptively introgressed loci (44, 45, 22, and 38 in 

EAS, EUR, MEL, and SAS, respectively; Table S1). Thus, we estimate that there are on the 

order of 10–20 true cases of adaptive introgression per population, and this estimate is robust 

to different FDR thresholds (Supplemental Experimental Procedures). Note, recent work 

[16,17] suggests Neandertal sequences were on average deleterious in modern human 

backgrounds, which is reflected in the positive correlation of B-values [18] and introgressed 

haplotype frequency (P = 3.×10−5, 1.9×10−05, 3.4×10−05, 1.5×10−05 for East Asians, 

Europeans, Melanesians, and South Asians, respectively), we therefore included mild 

purifying selection against introgressed sequences in our simulation framework. However, 

our inferences are robust if Neandertal sequences are instead assumed to be on average 

neutral (Supplementary Experimental Procedures). Unless otherwise noted, we focus 

subsequent analyses on this set of 126 loci (and provide locus-specific estimates of FDR 

Table S1).

Of the 126 distinct archaic haplotypes that are found at unusually high frequencies, seven 

have previously been highlighted as putative targets of adaptive introgression [5,11,12]. 

High frequency archaic haplotypes either span or are proximal to 7 genes involved in skin 

traits and 31 genes involved in immunity, with significant GO enrichments for defense 

response (Benjamini and Hochberg corrected P = 8×10−4) and cytokine receptor activity 

(Benjamini and Hochberg corrected P = 3.64×10−6) among others (Table S2). We estimate 

the strength of selection acting on these loci to be ~10−3, which is an order of magnitude 
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lower than selection coefficients associated with strong recent selective sweeps, such as loci 

that confer lactase persistence and malaria resistance [19,20] (Figure S1C).

Population characteristics of high frequency introgressed loci

Interestingly, 107 of the 126 distinct regions are at high frequency in only one population 

(Fig. 1c). For instance, 66% and 58% of archaic haplotypes are population specific in 

Europeans and South Asians, respectively, whereas 84% and 86% of haplotypes are 

population specific in East Asians and Melanesians. These data are consistent with 

additional distinct pulses of introgression into East Asians and Melanesians [5] (Fig. 1c).

We next analyzed the number of high frequency archaic haplotypes that were inherited from 

Neandertals or Denisovans. As described in Vernot et al5, some archaic haplotypes exhibit 

high sequence similarity to both the Neandertal and Denisovan reference genomes and thus 

cannot be confidently labeled; we refer to these haplotypes as ambiguous. As expected, all 

high-frequency archaic haplotypes in Europeans, East Asians, and South Asians are of 

Neandertal origin. Strikingly, however, 59% of high frequency haplotypes in Melanesians 

are inherited solely from Neandertal, despite the fact that these individuals have 

considerably more Denisovan compared to Neandertal ancestry [5] (Fig. 1c). We also 

identified five regions segregating both Neandertal and Denisovan sequence (Figure S2; 

Table S1), including archaic haplotypes that are mostly Denisovan and span the TNFAIP3 
(Fig. 2a–b), a ubiquitin-editing enzyme involved in the attenuation of cytokine-induced 

innate immune responses [21].

Inferring the functional effects of high frequency loci

To better understand the phenotypic consequences of high frequency archaic haplotypes, we 

analyzed previously published GWAS results [22]. We found that 10 haplotypes are 

associated with 17 traits, including breast and nasopharyngeal carcinoma, bone 

abnormalities (Paget’s disease), Celiac Disease, rheumatoid arthritis, optic disk size, and 

atopic dermatitis (Table S1).

The median length of putative adaptively introgressed haplotypes is 81kb. Thus, compared 

to analyses of recent selective sweeps that typically identify large genomic regions, 

adaptively introgressed sequences often result in single gene resolution [9]. 59% of loci 

overlap protein-coding genes, and there are 49 protein-coding variants in 36 distinct genes. 

However, 80% of high frequency haplotypes contain no protein-coding variants, indicating 

that regulatory evolution is the prominent mechanism through which adaptively introgressed 

sequences act. Given the likelihood that many high frequency archaic haplotypes influence 

patterns of gene expression, we leveraged extensive RNA-seq data from the GTEx [23] and 

Geuvadis [24] projects to identify expression quantitative trait loci (eQTL; see Supplemental 

Experimental Procedures). Of the 48 high-frequency introgressed haplotypes that could be 

tested, 13 act as eQTLs to 34 different genes across multiple tissues (Permutation FDR = 

0.05; Fig. 1a).
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Adaptive introgression of archaic OCA2 haplotypes is associated with pigmentation traits

Notably, the highest frequency introgressed haplotype in East Asians (62%) encompasses a 

29.7kb region of the OCA2 gene (Fig. 2c), and is also found at appreciable frequencies in 

South Asians (29%), Europeans (20%), and Melanesians (35%). OCA2 encodes a 

transmembrane protein involved in iris, skin, and hair pigmentation [25], and both coding 

and non-coding variants are under strong selection in Europeans and East Asians [26]. The 

introgressed haplotype contains an average of 10.6 differences with Neandertal (Fig. 2d). In 

contrast, African haplotypes contain an average of 74.3 differences, with the exception of 

four haplotypes that appear introgressed, likely a result of recent gene flow [27] (Fig. 2d). 

We used a coalescent framework to calculate the probability that a haplotype of this length 

and divergence from Neandertal is caused by incomplete lineage sorting as opposed to 

introgression (Supplemental Experimental Procedures), and across a wide range of 

parameters can robustly reject the hypothesis of ILS (P < 0.003). The introgressed haplotype 

does not overlap, nor is it in LD (maximum r2 < 0.03), with variants that have previously 

been inferred to be targets of positive selection or are most strongly associated with 

pigmentation traits (Fig. 2c). However, it does contain a variant that is associated with blue 

versus brown eyes in Europeans (P = 4×10−10) [28] (Fig. 2c). Finally, although there are no 

coding variants on the Neandertal haplotype, 25 introgressed variants overlap regulatory 

elements active in melanocytes (Fig. 2c). Thus, these data are consistent with the hypothesis 

of recurrent positive selection acting on multiple variants of OCA2, some of which arose in 

modern humans and some that were inherited through hybridization with Neandertals.

An archaic haplotype encompassing three OAS genes is associated with gene expression 
and isoform usage

Our eQTL analyses provide significant new insights into both novel and previously 

hypothesized targets of adaptive introgression. For instance, Mendez et al. [29] proposed a 

Neandertal haplotype encompassing the genes OAS1, OAS2, and OAS3, which encode for 

antiviral proteins [30], was driven to high frequency by positive selection. Although this 

haplotype is only an outlier in Europeans, it is also found at appreciable frequencies in other 

populations (17%, 13%, and 13% in East Asians, Melanesians, and South Asians, 

respectively). This introgressed haplotype is strongly associated with expression of all three 

OAS genes across various tissues (Fig. 3). When looking at expression aggregated across 

isoforms, the eQTL is specific to OAS2 and OAS3 in transformed fibroblasts and OAS1 and 

OAS3 in transformed lymphoblast cell lines (LCLs), with individuals containing the 

introgressed allele show lower expression in all cases (Fig. 3). Further analyses of exon-level 

expression suggests the Neandertal haplotype results in differential splicing of OAS1 and 

OAS2 (Figure S3). In particular, the introgressed haplotype contains a 3’ splice variant 

between exons 6 and 7 of OAS1, leading to the production of a higher activity isoform of 

OAS1 [31]. It is important to note that the introgressed haplotype also harbors protein-

coding variants that could be targets of selection (Table S3).

Tissue specific eQTL effects of an introgressed TLR1/6/10 haplotype

Our eQTL analyses reveal novel insights into the recently discovered TLR1/6/10 haplotype 

[11,32] inherited from Neandertals, which is at high frequency (39%) in East Asians and 
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intermediate frequency in other populations (22%, 6%, and 17% in Europeans, Melanesians, 

and South Asians, respectively; Fig. 4a). Toll-like receptors play a key role in the innate 

immune system, and TLR1 and TLR6 are well-characterized non-viral receptors [33], 

whereas TLR10 has only recently been identified as a possible receptor for influenza [34] 

and other pathogens [35]. The introgressed haplotype contains 25 variants that have been 

associated with several immune traits, including helicobacter pylori status [36], allergy 

burden [37], and cellular response to Pam3CSK4 [38] (a TLR1 agonist). Consistent with 

previous results [11], the introgressed haplotype results in significantly higher expression (P 
< 2×10−5) of all three genes in transformed lymphoblast cell lines (LCLs; Fig. 4b, Figure 

S4). However, the Neandertal haplotype is associated with significantly lower expression of 

TLR6 (P < 0.019) in transformed fibroblasts and primary B cells from healthy volunteers31 

(Fig. 4b). The differential effect in B cells is particularly interesting because they are closely 

related to the LCLs, differing only in their lack of viral transformation. Finally, TLR6 
expression in other GTEx cell types does not show significant association with the 

Neandertal haplotype (data not shown).

We hypothesized that the tissue specific patterns of eQTL observed for the Neandertal 

haplotype reflects differential states of innate immune activation. To test this hypothesis, we 

measured expression levels in whole blood samples from healthy volunteers before and after 

stimulation with LPS (lipopolysaccharide), a TLR4 agonist (see Supplemental Experimental 

Procedures). Before stimulation, the Neandertal haplotype showed no association with levels 

of TLR1, TLR6, or TLR10 expression (P > 0.05; Fig. 4c, Figure S4A). However, after 

stimulation both TLR10 and TLR6 show a significant positive association between 

expression and number of Neandertal alleles (P = 0.003; Fig. 4c, Figure S4A). The effect is 

modest, but is likely attenuated due to the low proportion of immune cells in whole blood. 

These data are consistent with the hypothesis that the introgressed Neandertal haplotype 

influences TLR expression in a context-dependent manner, increasing TLR6 expression 

specifically in stimulated immune cells (Fig. 4b). Fine-scale mapping suggests that the 

causal regulatory variant, or variants, may fall within the promoter of TLR1 or TLR10 
(Figure S4B).

Conclusions

In summary, hybridization with Neandertals and Denisovans provided an important reservoir 

of advantageous mutations for modern humans that enabled adaptation to emergent selective 

pressures as they dispersed out-of-Africa. Our results show that immune and pigmentation 

traits were frequent substrates of adaptive introgression, and that in many cases adaptive 

archaic haplotypes also contribute to the disease susceptibility in contemporary individuals 

(Fig. 1a; Table S1). Finally, our ability to interpret adaptively introgressed loci was 

facilitated by large-scale functional genomics and GWAS data [22–24]. However, many of 

these data sets were generated in individuals of European ancestry, and thus better 

geographic representation would accelerate efforts to understand adaptively introgressed 

loci, and more generally, human genomic diversity.
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Experimental Procedures

Description of samples

We analyzed recent genome-scale maps of Neandertal and Denisovan sequences constructed 

with high coverage whole genome sequence data from 1,523 geographically diverse 

individuals [5]. These individuals included 504 East Asian (EAS), 503 European (EUR), 489 

South Asian (SAS) samples sequenced as part of phase 3 release of the 1000 Genomes 

Project [39], as well as 27 additional individuals from 11 sampling locations in the Bismark 

Archipelago of Northern Island Melanesia, Papua New Guinea. In total we analyzed 1.34Gb 

and 303Mb of Neandertal and Denisovan sequences, respectively.

Estimating introgressed haplotype frequencies

We began with the complete set of phased SNPs that tag archaic haplotypes identified in any 

individual, analyzing each population separately. We filtered these SNPs to include only 

those that match Neandertal (or the correct archaic sequence in the case of Melanesians), 

and required that each of these tag SNPs belong to a 50kb window with at least two other tag 

SNPs. Then, in order to aggregate SNPs into cohesive haplotypes, we calculated LD among 

tag SNPs using phased 1000 Genomes data [39] for each population and clustered SNPs 

with r2 ≥ 0.3. We used VCFtools [40] to calculate r2 statistics. After obtaining these initial 

haplotypes, we extended each haplotype by identifying all additional SNPs at r2 ≥ 0.8 with 

any tag SNPs on the haplotype. Finally, we filtered any haplotypes that had less than 5 tag 

SNPs, less than 10 total SNPs, or were shorter than 10kb. Unless otherwise specified, when 

referring to “variants on a haplotype”, we are referring to this final set of tag SNPs and 

variants in LD with tag SNPs. To estimate the frequency of each haplotype, we calculated 

the median frequency of all tag SNPs on a haplotype in each population separately.

Coalescent Simulations

We developed a two-part approximate likelihood coalescent simulation framework to a) 

estimate the false discovery rate (FDR) for adaptive introgression across haplotype 

frequencies, and b) estimate selection coefficients for adaptively introgressed haplotypes. 

Briefly, in the first step we simulate introgression across a wide variety of demographic 

models in order to identify the demographic model that best matches the observed data in 

each population, and thus allowed us to calculate a FDR for the observed data. In the second 

step, we use this demographic model to simulate introgression under a range of selection 

coefficients to estimate the maximum likelihood estimate of the selection coefficient across 

all frequencies. See the Supplemental Experimental Procedures for detail.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genomic distribution and characteristics of high-frequency archaic haplotypes in 
geographically diverse populations.
A) Each dot represents the frequency and genomic position of an introgressed archaic 

haplotype. Loci above the grey lines correspond to putative targets of adaptive introgression 

(outliers in the ≥99th percentile; FDR ≤ 50%). Outlier loci that had a significant phenotypic 

association (GWAS or eQTL) are highlighted in red. B) Relationship between the archaic 

haplotype frequency threshold for identifying adaptively introgressed loci and FDR for each 

population. Shaded regions delimit 95% confidence intervals. C) Venn diagram showing 

overlap of high frequency archaic haplotypes between populations. The inset pie chart shows 

how many of the Melanesian high frequency haplotypes are Neandertal, Denisovan, or 

Ambiguous. See also Figure S1 and Tables S1 and S2.
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Figure 2. Adaptive introgression of archaic sequence at the TNFAIP3 and OCA2 loci.
A. Schematic of the TNFAIP3 region is shown with vertical bars indicating introgressed 

SNPs. Black and red denote matches and mismatches to the Denisovan reference genome, 

respectively. Two missense SNPs are highlighted with stars. The track along the bottom 

depicts H3K27ac signal from seven ENCODE cell types [41]. B. Distributions of absolute 

genetic distance to the Denisovan reference genome for all haplotypes within the four 

populations studied, as well as Africans. The grey box indicates the portion of the 

distribution comprised of introgressed sequence. C. Schematic of the OCA2/HERC2 region. 

The purple box indicates the introgressed region, and the black boxes indicate previously 

identified positively selected and pigment associated regions in East Asians and Europeans. 

Below, a zoomed view of the introgressed region is shown with vertical bars indicating 

introgressed variants. Variants that overlap melanocyte regulatory elements are shown in red 

and GWAS study variants are indicated with a yellow star. D. Distributions of absolute 
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genetic distance to Neandertal for all haplotypes within the four populations studied as well 

as Africans. The grey box indicates the portion of the distribution comprised of introgressed 

sequence. See also Figure S2.
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Figure 3. Introgression at the OAS locus and its impact on gene expression.
A schematic of the OAS1/2/3 region is shown with vertical bars indicate introgressed 

variants. Black and red denote matches and mismatches to the Neandertal reference genome, 

respectively. Below, gene expression for OAS1, OAS2, and OAS3 is shown stratified by the 

number of Neandertal haplotypes an individual has in fibroblasts and LCLs. See also Figure 

S3 and Table S3.
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Figure 4. Patterns of eQTL effects for the introgressed TLR1/6/10 haplotype across multiple cell 
types.
A. Schematic of the TLR1/6/10 region is shown with vertical bars indicating introgressed 

variants. Black and red denote matches and mismatches to the Neandertal reference genome, 

respectively. B. Gene expression for TLR6 in three different cell types is shown stratified by 

the number of Neandertal alleles each sample has. P values are indicated in each plot. The 

table below corresponds to each cell type, and check marks indicate characteristics of each 

cell type. C. Gene expression for TLR6 is shown for whole blood samples before and after 

stimulation with LPS. Expression is stratified by the number of Neandertal alleles each 

sample has. See also Figure S4.

Gittelman et al. Page 14

Curr Biol. Author manuscript; available in PMC 2019 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Summary
	Results and Discussion
	Identifying adaptively introgressed loci in geographically diverse populations
	Population characteristics of high frequency introgressed loci
	Inferring the functional effects of high frequency loci
	Adaptive introgression of archaic OCA2 haplotypes is associated with pigmentation traits
	An archaic haplotype encompassing three OAS genes is associated with gene expression and isoform usage
	Tissue specific eQTL effects of an introgressed TLR1/6/10 haplotype
	Conclusions

	Experimental Procedures
	Description of samples
	Estimating introgressed haplotype frequencies
	Coalescent Simulations

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.

