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Abstract: 

Neanderthals and modern humans came in contact with each other and interbred at least 

twice in the past 100,000 years. Such contact and interbreeding likely led both to the 

transmission of viruses novel to either species and to the exchange of adaptive alleles that 

provided resistance against the same viruses. Here, we show that viruses were 

responsible for dozens of adaptive introgressions between Neanderthals and modern 

humans. We identify RNA viruses —specifically lentiviruses and orthomyxoviruses— as 

likely drivers of introgressions from Neanderthals to Europeans. Our results imply that 

many introgressions between Neanderthals and modern humans were adaptive, and that 

host genetic variation can be used to understand ancient viral epidemics, potentially 

providing important insights regarding current and future epidemics. 

 

Main text: 

After their divergence 500,000 to 800,000 years ago, modern humans and Neanderthals 

interbred at least twice: the first time around 100,000 years ago (1) and the second around 

50,000 years ago (2-6). The first interbreeding episode left introgressed segments of modern 

human ancestry within Neanderthal genomes, as revealed by sequencing of a single Altai 

individual (7). The second interbreeding episode left introgressed segments of European 

Neanderthal ancestry within the genomes of non-African modern humans. This history of 

interbreeding raises several important questions. Which introgressed sequences persisted in 

each species’ genome by chance and which persisted due to positive selection? And for those 
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introgressed sequences that were positively selected, which pressures in the environment 

present at the time of interbreeding drove adaptation? 

We recently found that viruses have driven as much as 30% of protein adaptation during 

evolution of the human lineage since divergence with chimpanzees, as well as a substantial 

fraction of adaptation in mammals overall (8). Because viruses were responsible for so much 

adaptation in humans, and because it is plausible that when Neanderthals and modern humans 

interbred they also transmitted viruses either directly or via their shared environment, we 

hypothesized that introgressions between Neanderthals and modern humans might have been 

driven by positive selection against the detrimental effects of viruses acquired from the other 

species. Specifically, we hypothesized a “poison/antidote” model of introgression whereby one 

species provides the other with both the “poison” in the form of a novel virus and the “antidote” 

in the form of virus-interacting alleles that confer resistance to these viruses. Consistent with our 

model, several cases of known adaptive introgressions from Neanderthals to modern humans 

involve specialized immune genes (9-15). 

 To test this model, we investigated the pattern of introgressions within a set of virus-

interacting proteins (VIPs) (8). Adaptive introgressed segments are expected to be both longer 

and present in the population at higher frequencies than neutral introgressions (16). After 

interbreeding, adaptive Neanderthal haplotypes are expected to have rapidly increased in 

frequency in modern humans before recombination could break them down. Despite subsequent 

recombination, this should leave a distinct signature in modern human genomes. Specifically, we 

expect to observe regions of contiguous Neanderthal ancestry across multiple individuals that 

are longer and more frequent than expected under neutrality. Sankararaman et al. (5) identified 

segments of Neanderthal ancestry in the genomes of East Asian and European modern humans 

and estimated the frequencies of these segments. Therefore, we tested our hypothesis by 

examining whether VIPs are overrepresented among long, high-frequency introgressed 

segments relative to carefully matched non-VIPs (proteins not known to interact with viruses) 

(Materials and Methods). We analyzed East Asian and European modern human populations 

separately because they may have distinct histories of interbreeding with Neanderthals (17, 18). 

 We focused on 4534 VIPs (~20% of the human proteome; Table S1) that engage in 

defined physical interactions with many viruses, including 20 human viruses with at least 10 

VIPs (Table S2, Materials and Methods). VIPs were annotated based on interactions with modern 

viruses, but can be thought of as proxies for related viruses in ancient populations. This 
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extension is supported by the fact that related viruses tend to use similar host VIPs (8). For 

example, VIPs interacting with HIV are also likely to interact with other lentiviruses. If 

enrichment of adaptive introgressions of HIV-interacting VIPs was observed, this could thus be 

taken as evidence of past adaptation related to a lentivirus rather than HIV itself. 

Of the 4534 VIPs, 1920 VIPs were identified by low-throughput approaches and hand-

curated from the virology literature (LT-VIPs), whereas 2614 VIPs were identified by high-

throughput approaches (19) (HT-VIPs; Materials and Methods). Previously, we used a smaller set 

of 1256 LT-VIPs that are conserved across mammals to demonstrate that VIPs tend to be 

unusually highly conserved (8). Before studying patterns of introgression between modern 

humans and Neanderthals, we first demonstrated that our previous findings are consistent 

across this expanded set of VIPs. Using the full set of 4534 human VIPs, we show that compared 

to non-VIPs, VIPs exhibit (i) a lower average ratio of nonsynonymous to synonymous 

polymorphisms (Table S3); (ii) a higher proportion of rare, likely deleterious polymorphisms, 

reflected in the more negative values of Tajima’s D; and (iii) a higher density of functional and 

possibly deleterious segregating variants inferred by FUNSEQ (Table S3; Materials and Methods) 

(20-23). VIPs are also (i) found in regions of the genome with higher densities of coding 

sequences (24), regulatory sequences (25) and conserved genomic segments (26); (ii) are more 

highly expressed (27); and (iii) have more interacting protein partners in the network of human 

protein–protein interactions than non-VIPs (Table S3) (28, 29). Note that while LT-VIPs and HT-

VIPs have similar GC content, levels of evolutionary constraint, and densities of coding, 

regulatory, and conserved elements, they differ with respect to number of interacting partners, 

recombination rates (30, 31), and abundance of FUNSEQ functional variants (Table S4). Thus, 

although we combined these two groups into a single VIP category for the rest of this analysis, 

we also systematically confirmed that the major results obtained when combining all VIPs also 

held true when using only the hand-curated LT-VIPs. In summary, we could confirm that the 

4534 VIPs are more conserved and have more segregating deleterious variants than non-VIPs. 

 Next, in order to determine whether VIPs are enriched in segments introgressed between 

modern humans and Neanderthals, we first matched the regions containing VIPs and non-VIPs 

for levels of segregating deleterious variants. This was essential because we expected 

introgressed segments containing many deleterious polymorphisms to be preferentially 

eliminated by purifying natural selection, as demonstrated for introgressions both from 

Neanderthals to humans (5, 32, 33) and from humans to Neanderthals (1). To this end, we first 
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defined all the genomic parameters that differed between introgressed and non-introgressed 

regions in both directions, including GC content, the number of human protein-protein 

interactions and multiple parameters controlling for levels of deleterious variants: Tajima’s D, 

FUNSEQ score, and densities of coding, regulatory, and conserved elements (Materials and 

Methods; Table S3 and Figs. S1, S2, S3 and S4). Because all of these genomic parameters also 

varied between VIPs and non-VIPs (Table S3), we used a bootstrap test to first match the VIPs 

with control non-VIPs for all relevant factors (Fig. S1 and Tables S5 and S6; Materials and 

Methods). We also systematically matched VIPs and non-VIPs with similar recombination rates 

in the bootstrap test (Materials and Methods) as adaptation in regions of low recombination 

should be hindered due to strong linkage between the adaptive variant and deleterious variants 

on the long introgressed haplotypes (32, 33). We also measured the difference in proportion of 

adaptive introgressions at VIPs as a function of the recombination rate (30), as this difference 

should be more precisely quantified in regions of high recombination. Having determined how 

recombination and other genomic factors affect the occurrence of introgressions, we tested for 

an excess of introgressions from Neanderthals to modern humans. 

 We detected a strong and highly significant excess of Neanderthal introgressed segments 

encompassing VIPs in both East Asian and European populations. The enrichment becomes more 

pronounced for longer and more frequent introgressed segments both genome-wide and when 

restricting to regions of high recombination (Fig. 1A and B). These results are also robust when 

restricting analysis to LT-VIPs (Fig. S5). The excess of high-frequency introgressions was 

significantly greater in high-recombination regions of the genome (hypergeometric test using 

introgressed segments larger than 100 kb and at frequencies higher than 15%; East Asia 

P=0.016, Europe P=0.039) (Fig. 1B). Overall we identified 121 (vs. 66 expected) segments longer 

than 100 kb overlapping VIPs in East Asia (bootstrap test P<10-3) and 103 (vs. 68 expected) in 

Europe (P<10-3), implying that roughly 35-45% of all introgressed haplotypes containing VIPs 

have been subject to positive selection in modern humans. For the introgressions that are long 

(≥100 kb) and frequent (≥15%), the absolute counts are smaller but the enrichment is even more 

pronounced: 36 (vs. 11) segments in Asia (P<10-3), and 19 (vs. 6) in Europe (P<10-3), implying 

that ~70% of all high-frequency and long introgressions containing VIPs were adaptive. 

Altogether, these results demonstrate that adaptive introgression in response to viruses is far 

more prevalent than previously known based on the small number of examples (9-15). 
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 We next tested for an excess of introgressions from modern humans to Neanderthals, 

using the data on introgressed genomic regions into a single Altai Neanderthal individual from 

Kuhlwilm et al. (1). Although the introgressed segments in a single individual necessarily 

represent only a fraction of all introgressions, they should be biased towards more frequent 

introgressions, somewhat improving our statistical power with regard to adaptive 

introgressions.  Because adaptive introgressed segments are expected to be larger than neutral 

ones, we estimated the excess of segments of modern human ancestry in the single Altai 

Neanderthal individual genome at VIPs as a function of their size (Fig. 2A and B). We found a 

large excess of long segments of modern human ancestry at VIPs (Fig. 2A). Furthermore, as 

predicted, the excess is more pronounced in high-recombination regions of the genome (Fig. 2B) 

(hypergeometric test P=0.045). We confirmed that this excess was also detected using only high-

quality LT-VIPs (Fig. S6). 

 We next asked whether it is possible to identify ancient viruses that drove the adaptive 

introgressions from Neanderthals to modern humans by testing whether VIPs associated with 

specific viruses were more likely to be introgressed overall and also be present in long and 

frequent introgressions. While such an analysis in the direction from modern humans to 

Neanderthals is severely underpowered with only 19 VIPs found in introgressed segments over 

100 kb in the Altai Neanderthal, the number is much larger in modern humans with 152 VIPs 

found in long (≥100 kb) and frequent (≥15%) Neanderthal-introgressed haplotypes, thus 

providing increased statistical power to test in this direction.  

The 20 modern human viruses that interact with ten or more VIPs are used as proxies for 

the ancient related viruses that infected humans at the time of interbreeding (Table S2). We 

found no significant heterogeneity in the representation of these 20 viruses among 

introgressions overall either in Europeans (permutation test P=0.42; Materials and Methods) or 

in East Asians (P=0.12). We did, however, detect significant heterogeneity specifically in long 

(≥100kb) and high-frequency (≥15%) introgressions in Europeans (P=0.009), but not in East 

Asians (P=0.1). 

We then asked whether ancient RNA or DNA viruses were more likely to have been 

involved, with some expectation that because RNA viruses are more likely to jump from one 

species to another (34, 35), they should also be more likely to drive adaptive introgressions.  The 

20 viruses well-represented in our VIP set are almost evenly distributed between RNA viruses 

(2684 VIPs) and DNA viruses (2547 VIPs) (Table S2). Of the 2684 RNA VIPs, 1563 interact with 
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only RNA viruses, while out of 2547 DNA VIPs, 1426 interact with only DNA viruses. A total of 

1121 VIPs interact with both RNA and DNA viruses. In order to determine whether 

introgressions were skewed towards either RNA or DNA viruses, we used the bootstrap test to 

compare the number of introgressions at VIPs that interact with only one RNA virus with the 

number of introgressions at VIPs that interact with only one DNA virus and are located far from 

any RNA VIP (≥500 kb; Supplementary Text).  

 Consistent with the lack of overall heterogeneity among the 20 well-represented viruses, 

we did not detect any significant skew in East Asia (Fig. 3A). By contrast, in Europe we detected a 

remarkable bias of long, high-frequency introgressions towards RNA VIPs (Fig. 3A) compared to 

DNA VIPs. This pattern was much more pronounced for VIPs with high recombination rates (Fig. 

3B). In European modern humans, we found 16 high-frequency (≥15%) introgressed segments 

containing VIPs that interact with a single RNA virus in high-recombination regions of the 

genome, versus only 1.6 expected by chance (bootstrap test P<10-3; Methods). These results 

were further confirmed using only LT-VIPs (Fig. S7A and B). 

 We next tried to identify which families of ancient RNA viruses explain the observed skew 

towards RNA VIPs in Europeans. To this end, we used only VIPs specific for a single RNA virus. Of 

the 11 RNA viruses included in this analysis (Table S2), only HIV, Influenza A virus (IAV) and 

Hepatitis C virus (HCV) overlap with more than five introgressed segments in Europeans. 

Therefore, only ancient lentiviruses, orthomyxoviruses, or flaviviruses related to HIV, IAV or 

HCV, respectively, could possibly explain the skew towards RNA VIPs. It appears that both HIV-

only and IAV–only VIPs were each responsible for a large excess of high-frequency, long adaptive 

introgressed segments in European modern humans compared to individual DNA viruses (Fig. 

S8A, B, C and D). As expected, the excess was particularly strong for HIV-only and IAV-only VIPs 

within high-recombination regions (Fig. S8B and D). Within high-recombination regions, we 

found seven (vs. 0.29 expected by chance) high-frequency (≥15%) introgressed segments 

overlapping IAV-only VIPs (P<10-3) and eight (vs. 0.83 expected) overlapping HIV-only VIPs 

(P<10-3). Table S7 lists the specific VIPs found in these introgressed segments. These results 

were robust when restricting to HIV-only LT-VIPs (Fig. S7C and D). However, the small number 

of IAV-only LT-VIPs (56 overall vs. 195 for HIV, and only 15 in high recombination regions) did 

not provide sufficient power to detect a significant excess of introgressions, as indicated by 

subsampling of HIV-only LT-VIPs to the number of IAV-only LT-VIPs (bootstrap test P>0.05 for 

IAV-only LT VIPs and all ten random subsamples and all introgression lengths and frequencies). 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 24, 2017. ; https://doi.org/10.1101/120477doi: bioRxiv preprint 

https://doi.org/10.1101/120477
http://creativecommons.org/licenses/by/4.0/


 7

Although we detected no significant enrichment of introgressed segments at HCV-only 

VIPs (Fig. S8E and F), this might be an issue of power since HCV has far fewer unique VIPs than 

HIV and IAV (157 versus 405 and 490, respectively). Subsampling of HIV-only and IAV-only VIPs 

to the number of HCV-only VIPs results in low power to detect a significant excess (Fig. S9), 

leaving the possibility open that HCV-like viruses might also have been involved. Taken together, 

these results suggest that European modern humans suffered from infections by at least two or 

possibly more ancient RNA viruses. More specifically, they suggest that European modern 

humans suffered from infections by ancient lentiviruses and orthomyxoviruses related to HIV 

and IAV, respectively, and using similar VIPs as HIV and IAV at the time of contact with 

Neanderthals. The introgressions of VIPs from Neanderthals likely provided a measure of 

protection against these viruses. The resulting burst of adaptive introgressions is still detectable 

in European modern humans. 

Here, we presented evidence that introgressions from Neanderthals to modern humans 

and vice versa are strongly enriched for proteins interacting with viruses. We also showed that 

this enrichment was more pronounced for long and frequent introgressions in regions of high 

recombination. In the case of introgressions from Neanderthals to modern humans, we detected 

a particularly strong signal for VIPs interacting with several RNA viruses in Europeans, including 

HIV and IAV. Overall these results provide support for the “poison-antidote” hypothesis under 

which the interactions between modern humans and Neanderthals exposed each species to 

novel viruses while gene flow between the species afforded a measure of resistance, by allowing 

VIPs that were already adapted to the presence of specific viruses to cross the species 

boundaries.  

This study opens many avenues for future investigation. For instance, the fact that 

introgressed VIP alleles (“antidotes”) from one human species were adaptive in the other implies 

previous encounters of the donor species with the specific viruses (“poisons”) in their past. 

However, it remains to be determined whether these viruses were transmitted directly from 

Neanderthals to modern humans and vice versa, or from other animals present in the 

environment. Sequencing of additional Neanderthal genomes might help us identify specific 

viruses transferred to Neanderthals through contact with modern humans. It is also possible that 

other pathogens in addition to viruses might have played a role in adaptive introgressions 

between these two species.  Finally, it should be extremely fruitful to study whether the presence 
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of Neanderthal ancestry at VIPs still leads to variable susceptibility to modern viruses in modern 

humans. 

 Our results also suggest the possibility that adaptation was an integral part of the 

interbreeding between Neanderthals and modern humans. Indeed, based on the measured 

excess of introgressions at VIPs, we estimate that of all long (≥100 kb) and high-frequency 

(≥15%) introgressed segments from Neanderthals to modern humans, 32% (54 of 171) in Asians 

and 25% (27 of 105) in Europeans were positively selected in response to viruses (Methods). 

Given that adaptation due to resistance to viruses is only a part of all possible sources of 

adaptation, and that in fact other cases of adaptive introgressions likely unrelated to viral 

resistance have been found (36), we thus conclude that a substantial proportion of all 

introgressions was likely adaptive.  

Our results imply that the genomes of humans and plausibly many other species contain 

abundant signals of numerous past arms races with diverse viruses and other pathogens, raising 

the possibility of using host genomic sequence data to study ancient epidemics. The results of 

such studies could provide important insights into the dynamics of past, present, and future 

epidemics. 

 

References 

1. M. Kuhlwilm, I. Gronau, M. J. Hubisz, C. de Filippo, J. Prado-Martinez, M. Kircher, Q. Fu, H. 

A. Burbano, C. Lalueza-Fox, M. de la Rasilla, A. Rosas, P. Rudan, D. Brajkovic, Z. Kucan, I. 

Gusic, T. Marques-Bonet, A. M. Andres, B. Viola, S. Paabo, M. Meyer, A. Siepel, S. Castellano, 

Ancient gene flow from early modern humans into Eastern Neanderthals. Nature 530, 

429-433 (2016); published online EpubFeb 25 (10.1038/nature16544). 

2. Q. Fu, M. Hajdinjak, O. T. Moldovan, S. Constantin, S. Mallick, P. Skoglund, N. Patterson, N. 

Rohland, I. Lazaridis, B. Nickel, B. Viola, K. Prufer, M. Meyer, J. Kelso, D. Reich, S. Paabo, An 

early modern human from Romania with a recent Neanderthal ancestor. Nature 524, 216-

219 (2015); published online EpubAug 13 (10.1038/nature14558). 

3. R. E. Green, J. Krause, A. W. Briggs, T. Maricic, U. Stenzel, M. Kircher, N. Patterson, H. Li, W. 

Zhai, M. H. Fritz, N. F. Hansen, E. Y. Durand, A. S. Malaspinas, J. D. Jensen, T. Marques-

Bonet, C. Alkan, K. Prufer, M. Meyer, H. A. Burbano, J. M. Good, R. Schultz, A. Aximu-Petri, A. 

Butthof, B. Hober, B. Hoffner, M. Siegemund, A. Weihmann, C. Nusbaum, E. S. Lander, C. 

Russ, N. Novod, J. Affourtit, M. Egholm, C. Verna, P. Rudan, D. Brajkovic, Z. Kucan, I. Gusic, 

V. B. Doronichev, L. V. Golovanova, C. Lalueza-Fox, M. de la Rasilla, J. Fortea, A. Rosas, R. W. 

Schmitz, P. L. Johnson, E. E. Eichler, D. Falush, E. Birney, J. C. Mullikin, M. Slatkin, R. 

Nielsen, J. Kelso, M. Lachmann, D. Reich, S. Paabo, A draft sequence of the Neandertal 

genome. Science 328, 710-722 (2010); published online EpubMay 07 

(10.1126/science.1188021). 

4. S. Paabo, The diverse origins of the human gene pool. Nature reviews. Genetics 16, 313-

314 (2015); published online EpubJun (10.1038/nrg3954). 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 24, 2017. ; https://doi.org/10.1101/120477doi: bioRxiv preprint 

https://doi.org/10.1101/120477
http://creativecommons.org/licenses/by/4.0/


 9

5. S. Sankararaman, S. Mallick, M. Dannemann, K. Prufer, J. Kelso, S. Paabo, N. Patterson, D. 

Reich, The genomic landscape of Neanderthal ancestry in present-day humans. Nature 

507, 354-357 (2014); published online EpubMar 20 (10.1038/nature12961). 

6. S. Sankararaman, N. Patterson, H. Li, S. Paabo, D. Reich, The date of interbreeding between 

Neandertals and modern humans. PLoS genetics 8, e1002947 

(2012)10.1371/journal.pgen.1002947). 

7. K. Prufer, F. Racimo, N. Patterson, F. Jay, S. Sankararaman, S. Sawyer, A. Heinze, G. Renaud, 

P. H. Sudmant, C. de Filippo, H. Li, S. Mallick, M. Dannemann, Q. Fu, M. Kircher, M. 

Kuhlwilm, M. Lachmann, M. Meyer, M. Ongyerth, M. Siebauer, C. Theunert, A. Tandon, P. 

Moorjani, J. Pickrell, J. C. Mullikin, S. H. Vohr, R. E. Green, I. Hellmann, P. L. Johnson, H. 

Blanche, H. Cann, J. O. Kitzman, J. Shendure, E. E. Eichler, E. S. Lein, T. E. Bakken, L. V. 

Golovanova, V. B. Doronichev, M. V. Shunkov, A. P. Derevianko, B. Viola, M. Slatkin, D. 

Reich, J. Kelso, S. Paabo, The complete genome sequence of a Neanderthal from the Altai 

Mountains. Nature 505, 43-49 (2014); published online EpubJan 02 

(10.1038/nature12886). 

8. D. Enard, L. Cai, C. Gwennap, D. A. Petrov, Viruses are a dominant driver of protein 

adaptation in mammals. eLife 5,  (2016); published online EpubMay 17 

(10.7554/eLife.12469). 

9. L. Abi-Rached, M. J. Jobin, S. Kulkarni, A. McWhinnie, K. Dalva, L. Gragert, F. Babrzadeh, B. 

Gharizadeh, M. Luo, F. A. Plummer, J. Kimani, M. Carrington, D. Middleton, R. Rajalingam, 

M. Beksac, S. G. Marsh, M. Maiers, L. A. Guethlein, S. Tavoularis, A. M. Little, R. E. Green, P. J. 

Norman, P. Parham, The shaping of modern human immune systems by multiregional 

admixture with archaic humans. Science 334, 89-94 (2011); published online EpubOct 07 

(10.1126/science.1209202). 

10. M. Dannemann, A. M. Andres, J. Kelso, Introgression of Neandertal- and Denisovan-like 

Haplotypes Contributes to Adaptive Variation in Human Toll-like Receptors. American 

journal of human genetics 98, 22-33 (2016); published online EpubJan 07 

(10.1016/j.ajhg.2015.11.015). 

11. F. L. Mendez, J. C. Watkins, M. F. Hammer, A haplotype at STAT2 Introgressed from 

neanderthals and serves as a candidate of positive selection in Papua New Guinea. 

American journal of human genetics 91, 265-274 (2012); published online EpubAug 10 

(10.1016/j.ajhg.2012.06.015). 

12. F. L. Mendez, J. C. Watkins, M. F. Hammer, Neandertal origin of genetic variation at the 

cluster of OAS immunity genes. Molecular biology and evolution 30, 798-801 (2013); 

published online EpubApr (10.1093/molbev/mst004). 

13. Y. Nedelec, J. Sanz, G. Baharian, Z. A. Szpiech, A. Pacis, A. Dumaine, J. C. Grenier, A. Freiman, 

A. J. Sams, S. Hebert, A. Page Sabourin, F. Luca, R. Blekhman, R. D. Hernandez, R. Pique-

Regi, J. Tung, V. Yotova, L. B. Barreiro, Genetic Ancestry and Natural Selection Drive 

Population Differences in Immune Responses to Pathogens. Cell 167, 657-669 e621 

(2016); published online EpubOct 20 (10.1016/j.cell.2016.09.025). 

14. H. Quach, M. Rotival, J. Pothlichet, Y. E. Loh, M. Dannemann, N. Zidane, G. Laval, E. Patin, C. 

Harmant, M. Lopez, M. Deschamps, N. Naffakh, D. Duffy, A. Coen, G. Leroux-Roels, F. 

Clement, A. Boland, J. F. Deleuze, J. Kelso, M. L. Albert, L. Quintana-Murci, Genetic 

Adaptation and Neandertal Admixture Shaped the Immune System of Human Populations. 

Cell 167, 643-656 e617 (2016); published online EpubOct 20 

(10.1016/j.cell.2016.09.024). 

15. A. J. Sams, A. Dumaine, Y. Nedelec, V. Yotova, C. Alfieri, J. E. Tanner, P. W. Messer, L. B. 

Barreiro, Adaptively introgressed Neandertal haplotype at the OAS locus functionally 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 24, 2017. ; https://doi.org/10.1101/120477doi: bioRxiv preprint 

https://doi.org/10.1101/120477
http://creativecommons.org/licenses/by/4.0/


 10

impacts innate immune responses in humans. Genome biology 17, 246 (2016); published 

online EpubNov 29 (10.1186/s13059-016-1098-6). 

16. F. Racimo, S. Sankararaman, R. Nielsen, E. Huerta-Sanchez, Evidence for archaic adaptive 

introgression in humans. Nature reviews. Genetics 16, 359-371 (2015); published online 

EpubJun (10.1038/nrg3936). 

17. B. Y. Kim, K. E. Lohmueller, Selection and reduced population size cannot explain higher 

amounts of Neandertal ancestry in East Asian than in European human populations. 

American journal of human genetics 96, 454-461 (2015); published online EpubMar 05 

(10.1016/j.ajhg.2014.12.029). 

18. B. Vernot, J. M. Akey, Complex history of admixture between modern humans and 

Neandertals. American journal of human genetics 96, 448-453 (2015); published online 

EpubMar 05 (10.1016/j.ajhg.2015.01.006). 

19. T. Guirimand, S. Delmotte, V. Navratil, VirHostNet 2.0: surfing on the web of virus/host 

molecular interactions data. Nucleic Acids Res 43, D583-587 (2015); published online 

EpubJan (10.1093/nar/gku1121). 

20. C. Genomes Project, A. Auton, L. D. Brooks, R. M. Durbin, E. P. Garrison, H. M. Kang, J. O. 

Korbel, J. L. Marchini, S. McCarthy, G. A. McVean, G. R. Abecasis, A global reference for 

human genetic variation. Nature 526, 68-74 (2015); published online EpubOct 01 

(10.1038/nature15393). 

21. F. Tajima, Statistical method for testing the neutral mutation hypothesis by DNA 

polymorphism. Genetics 123, 585-595 (1989); published online EpubNov ( 

22. Y. Fu, Z. Liu, S. Lou, J. Bedford, X. J. Mu, K. Y. Yip, E. Khurana, M. Gerstein, FunSeq2: a 

framework for prioritizing noncoding regulatory variants in cancer. Genome biology 15, 

480 (2014)10.1186/s13059-014-0480-5). 

23. E. Khurana, Y. Fu, V. Colonna, X. J. Mu, H. M. Kang, T. Lappalainen, A. Sboner, L. Lochovsky, 

J. Chen, A. Harmanci, J. Das, A. Abyzov, S. Balasubramanian, K. Beal, D. Chakravarty, D. 

Challis, Y. Chen, D. Clarke, L. Clarke, F. Cunningham, U. S. Evani, P. Flicek, R. Fragoza, E. 

Garrison, R. Gibbs, Z. H. Gumus, J. Herrero, N. Kitabayashi, Y. Kong, K. Lage, V. Liluashvili, S. 

M. Lipkin, D. G. MacArthur, G. Marth, D. Muzny, T. H. Pers, G. R. Ritchie, J. A. Rosenfeld, C. 

Sisu, X. Wei, M. Wilson, Y. Xue, F. Yu, C. Genomes Project, E. T. Dermitzakis, H. Yu, M. A. 

Rubin, C. Tyler-Smith, M. Gerstein, Integrative annotation of variants from 1092 humans: 

application to cancer genomics. Science 342, 1235587 (2013); published online EpubOct 

04 (10.1126/science.1235587). 

24. A. Yates, W. Akanni, M. R. Amode, D. Barrell, K. Billis, D. Carvalho-Silva, C. Cummins, P. 

Clapham, S. Fitzgerald, L. Gil, C. G. Giron, L. Gordon, T. Hourlier, S. E. Hunt, S. H. Janacek, N. 

Johnson, T. Juettemann, S. Keenan, I. Lavidas, F. J. Martin, T. Maurel, W. McLaren, D. N. 

Murphy, R. Nag, M. Nuhn, A. Parker, M. Patricio, M. Pignatelli, M. Rahtz, H. S. Riat, D. 

Sheppard, K. Taylor, A. Thormann, A. Vullo, S. P. Wilder, A. Zadissa, E. Birney, J. Harrow, M. 

Muffato, E. Perry, M. Ruffier, G. Spudich, S. J. Trevanion, F. Cunningham, B. L. Aken, D. R. 

Zerbino, P. Flicek, Ensembl 2016. Nucleic Acids Res 44, D710-716 (2016); published online 

EpubJan 04 (10.1093/nar/gkv1157). 

25. E. P. Consortium, An integrated encyclopedia of DNA elements in the human genome. 

Nature 489, 57-74 (2012); published online EpubSep 06 (10.1038/nature11247). 

26. A. Siepel, G. Bejerano, J. S. Pedersen, A. S. Hinrichs, M. Hou, K. Rosenbloom, H. Clawson, J. 

Spieth, L. W. Hillier, S. Richards, G. M. Weinstock, R. K. Wilson, R. A. Gibbs, W. J. Kent, W. 

Miller, D. Haussler, Evolutionarily conserved elements in vertebrate, insect, worm, and 

yeast genomes. Genome research 15, 1034-1050 (2005); published online EpubAug 

(10.1101/gr.3715005). 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 24, 2017. ; https://doi.org/10.1101/120477doi: bioRxiv preprint 

https://doi.org/10.1101/120477
http://creativecommons.org/licenses/by/4.0/


 11

27. G. T. Consortium, Human genomics. The Genotype-Tissue Expression (GTEx) pilot 

analysis: multitissue gene regulation in humans. Science 348, 648-660 (2015); published 

online EpubMay 8 (10.1126/science.1262110). 

28. P. Luisi, D. Alvarez-Ponce, M. Pybus, M. A. Fares, J. Bertranpetit, H. Laayouni, Recent 

positive selection has acted on genes encoding proteins with more interactions within the 

whole human interactome. Genome Biol Evol 7, 1141-1154 (2015); published online 

EpubApr (10.1093/gbe/evv055). 

29. C. Stark, B. J. Breitkreutz, A. Chatr-Aryamontri, L. Boucher, R. Oughtred, M. S. Livstone, J. 

Nixon, K. Van Auken, X. Wang, X. Shi, T. Reguly, J. M. Rust, A. Winter, K. Dolinski, M. Tyers, 

The BioGRID Interaction Database: 2011 update. Nucleic Acids Res 39, D698-704 (2011); 

published online EpubJan (10.1093/nar/gkq1116). 

30. A. G. Hinch, A. Tandon, N. Patterson, Y. Song, N. Rohland, C. D. Palmer, G. K. Chen, K. Wang, 

S. G. Buxbaum, E. L. Akylbekova, M. C. Aldrich, C. B. Ambrosone, C. Amos, E. V. Bandera, S. I. 

Berndt, L. Bernstein, W. J. Blot, C. H. Bock, E. Boerwinkle, Q. Cai, N. Caporaso, G. Casey, L. A. 

Cupples, S. L. Deming, W. R. Diver, J. Divers, M. Fornage, E. M. Gillanders, J. Glessner, C. C. 

Harris, J. J. Hu, S. A. Ingles, W. Isaacs, E. M. John, W. H. Kao, B. Keating, R. A. Kittles, L. N. 

Kolonel, E. Larkin, L. Le Marchand, L. H. McNeill, R. C. Millikan, A. Murphy, S. Musani, C. 

Neslund-Dudas, S. Nyante, G. J. Papanicolaou, M. F. Press, B. M. Psaty, A. P. Reiner, S. S. 

Rich, J. L. Rodriguez-Gil, J. I. Rotter, B. A. Rybicki, A. G. Schwartz, L. B. Signorello, M. Spitz, S. 

S. Strom, M. J. Thun, M. A. Tucker, Z. Wang, J. K. Wiencke, J. S. Witte, M. Wrensch, X. Wu, Y. 

Yamamura, K. A. Zanetti, W. Zheng, R. G. Ziegler, X. Zhu, S. Redline, J. N. Hirschhorn, B. E. 

Henderson, H. A. Taylor, Jr., A. L. Price, H. Hakonarson, S. J. Chanock, C. A. Haiman, J. G. 

Wilson, D. Reich, S. R. Myers, The landscape of recombination in African Americans. 

Nature 476, 170-175 (2011); published online EpubJul 20 (10.1038/nature10336). 

31. L. Duret, P. F. Arndt, The impact of recombination on nucleotide substitutions in the 

human genome. PLoS genetics 4, e1000071 (2008); published online EpubMay 09 

(10.1371/journal.pgen.1000071). 

32. K. Harris, R. Nielsen, The Genetic Cost of Neanderthal Introgression. Genetics 203, 881-

891 (2016); published online EpubJun (10.1534/genetics.116.186890). 

33. I. Juric, S. Aeschbacher, G. Coop, The Strength of Selection against Neanderthal 

Introgression. PLoS genetics 12, e1006340 (2016); published online EpubNov 

(10.1371/journal.pgen.1006340). 

34. J. L. Geoghegan, S. Duchene, E. C. Holmes, Comparative analysis estimates the relative 

frequencies of co-divergence and cross-species transmission within viral families. PLoS 

pathogens 13, e1006215 (2017); published online EpubFeb 

(10.1371/journal.ppat.1006215). 

35. C. Kreuder Johnson, P. L. Hitchens, T. Smiley Evans, T. Goldstein, K. Thomas, A. Clements, 

D. O. Joly, N. D. Wolfe, P. Daszak, W. B. Karesh, J. K. Mazet, Spillover and pandemic 

properties of zoonotic viruses with high host plasticity. Scientific reports 5, 14830 (2015); 

published online EpubOct 07 (10.1038/srep14830). 

36. E. Huerta-Sanchez, X. Jin, Asan, Z. Bianba, B. M. Peter, N. Vinckenbosch, Y. Liang, X. Yi, M. 

He, M. Somel, P. Ni, B. Wang, X. Ou, Huasang, J. Luosang, Z. X. Cuo, K. Li, G. Gao, Y. Yin, W. 

Wang, X. Zhang, X. Xu, H. Yang, Y. Li, J. Wang, J. Wang, R. Nielsen, Altitude adaptation in 

Tibetans caused by introgression of Denisovan-like DNA. Nature 512, 194-197 (2014); 

published online EpubAug 14 (10.1038/nature13408). 

 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 24, 2017. ; https://doi.org/10.1101/120477doi: bioRxiv preprint 

https://doi.org/10.1101/120477
http://creativecommons.org/licenses/by/4.0/


 12

Acknowledgments: We wish to thank Rajiv McCoy, Jamie Blundell, Kerry Geiler-Samerotte, 

Sandeep Venkataram, Emily Ebel and other current and former members of the Petrov Lab for 

comments on the manuscript. This work was supported by the grants NIH 1RO1GM10036601 

and NIH R35GM118165 to D.A.P. The authors declare no competing interest. 

 

Supplementary Materials 

Materials and Methods 

Supplementary Text 

Table S1-S7 

Fig S1-S9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 24, 2017. ; https://doi.org/10.1101/120477doi: bioRxiv preprint 

https://doi.org/10.1101/120477
http://creativecommons.org/licenses/by/4.0/


 13

Figures 

 
Figure 1. Excess of introgressions from Neanderthals to modern humans at VIPs.  

The graphs show the relative excess (y-axis) of introgressed segments of Neanderthal ancestry within Asian and 

European modern human genomes as a function of increasing lower segment size threshold (x-axis) and increasing 

lower segment frequency threshold (panels form left to right). An excess of 4 indicates that there are 4-fold more 

introgressed segments overlapping VIPs than there are introgressed segments overlapping matched control non-

VIPs, according to the bootstrap test (Materials and Methods). The black line represents the observed excess, and 

the grey area represents the 95% confidence interval of the excess. For representation purposes, any excess greater 

than 10 is depicted as 10 in the graphs. Segment size thresholds for which the confidence interval is not represented 

correspond to thresholds beyond which there are no introgressed segments overlapping control non-VIPs. Orange 

dots: bootstrap test P<0.05. Red dots: bootstrap test P<0.001. The dashed line indicates an excess of 1, i.e., the case 

in which equal numbers of segments overlap VIPs and control non-VIPs. The lower segment size threshold was 

increased until there were fewer than three remaining introgressed segments overlapping VIPs or non-VIPs 

included in the matching. A) Excess in all VIPs across the entire genome. B) Excess in VIPs across high 

recombination regions of the genome (recombination rate > 1.5 cM/Mb, the median recombination rate within 

introgressed segments). 

 

 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted March 24, 2017. ; https://doi.org/10.1101/120477doi: bioRxiv preprint 

https://doi.org/10.1101/120477
http://creativecommons.org/licenses/by/4.0/


 14

 
 
Figure 2. Excess of introgressions from modern humans to Neanderthals at VIPs.  

Legend as in Fig. 1. A) All VIPs. B) High recombination VIPs. 

 

 

 

 
Figure 3. Excess of introgressions from Neanderthals to modern humans at RNA VIPs vs. DNA VIPs.  

Legend as in Fig. 1, except that the y-axis represents the excess of introgressions at RNA VIPs vs. DNA VIPs, rather 

than VIPs vs. non-VIPs. 
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