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Species 

Autosomal 
SNPs (hg18, 

only 
segregating 

sites) 

Has liftOver 
to species 
reference 

(autosomes) 

Not called as 
segregating 

site in species 
reference 

Percent not 
identified in 

species 
reference 

Pan paniscus 8,950,002 8,615,793 1,128,532 13.1% 
Pan troglodytes ellioti 13,715,319 13,162,422 1,795,182 13.6% 

Western gorilla (Gorilla 
gorilla) 

17,217,951 16,279,942 2,548,820 15.7% 

Pongo pygmaeus 10,321,213 9,540,296 1,893,039 19.8% 
Pongo abelii 14,543,573 13,475,311 2,284,908 17.0% 
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      Inter-species Contamination Intra-species Contamination 

Sample 
Sample 

Autosomic 
Coverage 

Ratio 
mtDNA/ 

Autosomic 

Sample 
mtDNA 

Coverage 

Contami-
nation 
From 

Contaminated 
Coverage 

% of mtDNA 
Contamination 

Contamination 
from 

Fraction 
of 

Overlap 

% of mtDNA 
Contamination 

Gbg-A929_Kaisi* 41.3 0.56 23 Ppa 7 23.333  
Ggg-A932_Mimi 38.7 27.80 1076 Ppa 1 0.093 Gbg-A929_Kaisi 0.833 1.52 

Ggg-A934_Delphi 40.1 38.25 1534 Ppa 1 0.065  

Ppa-A927_Salonga 28.7 55.64 1597 None 0 0.000 Ppa-Catherine 0.918 2.21 

Ppa-A928Kumbuka 43.2 35.60 1538 Ggg 10 0.646 Ppa-Catherine 0.846 2.36 
Pts-

100040_Andromeda 23.2 10.26 238 Ppa 2 0.833    
Pts-A911_Kidongo 49.8 2.27 113 Ppa 1 0.877  
Pts-A912_Nakuu 46.4 7.67 356 Ppa 1 0.280  

Ptt-A957_Vaillant 35 3.57 125 
Ppa 
Pab 

1 
1 

0.787 
0.787 

Ptv-A956_Jimmie 0.818 2.51 

Ptt-A958_Doris 39.4 2.46 97 Pab 1 1.020  
Ptv-9730_Donald 21.731 38.01 826 None 0 0.000 Ptv-9668_Bosco 0.800 1.78 
Ptv-A956_Jimmie 31.7 27.51 872 Pab 8 0.909  
Ptv-X00100_Koby 39.3 118.51 4657.5 Ggg 6 0.129  

Pab-A947_Elsi 39.8 56.51 2249 Ppa 2 0.089 Pab-A949_Dunja 0.918 2.07 
Pab-A948_Kiki 34.1 69.65 2375 Ppy 1 0.042  

Pab-A949_Dunja 41.1 96.23 3955 Ppa 10 0.252  
Ppy-A940_Temmy 29.2 76.99 2248 Pab 1 0.044  

Ppy-A941_Sari 32.3 35.54 1148 Pab 1 0.087  
Ppy-A943_Tilda 37.7 75.41 2843 Pab 38 1.319  

Ppy-A944Napoleon 36.8 65.52 2411 
Ppa 
Pab 

1 
29 

0.040 
1.188    
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Suppl. Table 8.2.1 Summary of SNPs used for analysis. The combined chimpanzee and bonobo 
callset was constructed based on the individual species calls using the merged mask of the callable 
genome. 
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Whole-genome validation 
Finally, we have also computationally genotyped for our set of AIMs the 10 chimpanzee 
genomes analyzed in a previous work (Auton et al. Science 2012). All the individuals but one 
are wild born and they belong to Pan troglodytes verus subspecies. Most of the non-verus 
AIMs (~95%) are not present in these individuals and the remaining 5% are present at very 
low frequencies. The verus-specific AIMs are mostly fixed (~70% of them) and the others are 
found at high frequencies, i.e., ~90% of these AIMs are found with an allele frequency (AF) 
higher than 0.8 in these samples. (Suppl. Table 8.4.3). 
 

 
Suppl. Table 8.4.3 – Frequency of P.t.verus AIMs and non-P.t.verus AIMs in the 10 chimpanzee 
individuals from (Auton et al Science 2012). Almost all the non-verus AIMs are absent or at low 
frequency (top panel) whereas the verus-specific AIMs (bottom panel) are fixed (70%) or at high 
frequency. 
 
Nevertheless, overfitting is definitely an important consideration in light of our small sample 
size and this effect is most pronounced for subspecies with the greatest diversity. While our 
AIMs provide a starting point towards further characterization of unknown samples 
(especially for Nigeria-Cameroon and Western chimpanzees), we have minimized discussion 
of conservation and the use of these markers until more experimental validation emerges.  
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SNV (%) SNV (#) INDEL (%) INDEL (#) 
Bonobo 100% 108 of 108 97.40% 75 of 77 

Chimpanzee 98.90% 90 of 91 97.33% 73 of 75 

Gorilla 100% 122 of 122 98.89% 95 of 96 

Orangutan 97.84% 136 of 139 97.43% 76 of 78 
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Estimating gene flow in chimpanzees 
Whether gene flow has occurred between populations that are genetically distinct is major question 
for those interested in the demographic history of populations44,45. Gene flow can be estimated in 
different ways—for instance, by evaluating a model where effective population size, population 
divergence, and gene flow occur simultaneously and are parameterized. Models derived from a rich 
body of population genetic theory such as those based on the backwards-in-time coalescent (e.g., 
isolation-migration (IM) methods46 or similar Approximate Bayesian Computation (ABC) 
frameworks47) and the forward-in-time diffusion approximation48,49 present elegant and powerful 
approaches for obtaining actual estimates for these parameters. However, as in all explicit modeling 
inference, the investigator must guard against the curse of dimensionality and balance the number 
of parameters estimated (and thus the complexity of the model) with inferential power; this balance 
is particularly important to consider in the case of ABC methods where extremely complicated 
models can be proposed based on simulations50 (IM and diffusion approximation models are 
somewhat already limited by certain analytical constraints). Both oversimplified and 
overcomplicated models can produce parameter estimates that lack accuracy, precision, or both and 
the effect is not always predictable or easily quantifiable. Even the relatively simple scenario of 
gene flow between two populations after divergence can be affected by factors such as variable 
strength of migration over time, the time migration began and ended after population divergence, 
and the presence of asymmetric migration in one direction.  
 
Therefore, methods that can infer gene flow without invoking a particular model of demography are 
attractive alternatives, especially in scenarios where there is very little information about the 
underlying demography to appropriately parameterize a model with any confidence. An example of 
such a method that is particularly applicable to whole-genome data is the D-statistic51, which is 
based on a relatively simple summary of allele sharing between three populations of interest and an 
outgroup. For example, when two populations are known to show a close phylogenetic relationship 
compared to a more distantly diverged third, the D-statistic can produce compelling evidence of 
unbalanced gene flow between the external population and the two internal populations (e.g., 
evidenced by the Neanderthal introgression into non-Africans52). However, while the D-statistic can 
provide evidence that such gene flow may have occurred, the quantification and timing of this gene 
flow is not possible or extremely difficult to infer without invoking explicit models (e.g., how much 
gene flow has there been and was the gene flow recent, old, continuous, or instantaneous). The 
interpretation of a D-statistic usually requires the assumption of some underlying model of 
divergence (e.g., the D-statistic result in Neanderthals can also be explained assuming a model of 
ancient population structure in Africa52,53).  
 
We additionally examine gene flow using TreeMix54, which estimates population splits and 
migrations between populations using a graph. The method works by first building a bifurcating 
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tree to represent the relationships among populations. Populations that are a poor fit to the inferred 
tree are then identified, and gene flow events involving such populations are incorporated to 
improve the fit of the model to the observed data. This statistical framework allows us to estimate 
the presence and amount of gene flow between divergent populations with the caveat that inferred 
migrations is limited by the number of populations considered (in our case, we can detect only one 
migration). 
 
Previous studies on chimpanzee gene flow 
Our analysis of genetic variation in chimpanzees demonstrated the presence of distinct populations 
that correspond to the four known subspecies. The major patterns of genetic differentiation between 
the four subspecies can be parameterized by a model involving a series of population divergence 
events beginning approximately ~500,000 years ago (Figure 2). However, a number of papers 
examining autosomal loci in chimpanzees46,55–57 have demonstrated that it is also important to 
consider gene flow occurring subsequent to population divergence to fully explain patterns of 
genetic variation amongst chimpanzees. All four previous studies invoked a coalescent-based 
modeling approach that assumed some topology of population splitting with subsequent gene flow. 
Becquet and Prezorwski examined Central, Western and Eastern chimpanzees as pairs of 
populations with symmetric migration and identified the strongest signal of gene flow between 
Western and Eastern chimpanzees. Both Hey46 and Wegmann and Exoffier57 examined the same 
populations in a single analysis, but while the former allowed asymmetric migration between all 
pairs of extant and ancestral populations, the latter restricted asymmetric migration to Central and 
Western chimpanzees (based on the results of Won and Hey) and did not allow migration between 
Eastern and Western chimpanzees. The more parameterized model of Hey found migration into 
Eastern chimpanzees from both neighboring Central chimpanzees as well the more geographically 
distant Western chimpanzees and also found posteriors with non-zero peaks for all other pairwise 
comparisons except from Eastern to Western chimpanzees, though some results were dependent on 
the particular priors applied. Even more interesting was the identification of statistically significant 
migration from Western chimpanzees into the ancestors of Central and Eastern chimpanzees. 
Wegmann and Excoffier, who used an ABC approach with a more limited parameterization of 
migration, also estimated population growth parameters within a single framework. Therefore, the 
estimates of migration were less nuanced in this study, though they did identify strong asymmetric 
migration from Western to Central chimpanzees. 
 
It is important to note, however, that all these previous studies were based on limited amounts of 
sequence data and did not incorporate Nigeria-Cameroon chimpanzee population genetic data. 
Though the phylogeny for bonobos and Western, Central and Eastern common chimpanzees is well 
established, there is still uncertainty regarding their relationship to Nigeria-Cameroon chimpanzees 
(P.t. ellioti)58. Thus, we examined the relationship among all four chimpanzee subspecies by 
inferring the pattern of sequence divergence using classical phylogenetic methods as well as 
population divergence using a coalescent-based ABC analysis (as the former does not always reflect 
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the latter59). Regional neighbor-joining trees and a maximum-likelihood tree, estimated from allele 
frequencies, show that Nigeria-Cameroon chimpanzees and Western chimpanzees form a clade at 
the sequence divergence level. This topology is also supported at the population divergence level in 
our ABC analysis as well as a pairwise PSMC divergence analysis (Figure 3). Though 

from microsatellite data58 with Western 
chimpanzees as an outgroup to the other three chimpanzee subspecies. This suggests that a simple 
model of divergence with isolation cannot fully explain our whole-genome data and indicates the 
presence of complex patterns of post-divergence migration and admixture as suggested by the 
previous studies described above.  
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Sample U Sample V Sample X Sample Y D′(U, V ;X,Y ) D
Human pp-Dzeeta ptv-Clint pte-Koto 0.53% 1.24

ptv-Clint ptt-Doris 0.83% 2.11
ptv-Clint pts-Kidongo -0.57% -1.43
pte-Koto ptt-Doris 0.43% 1.14
pte-Koto pts-Kidongo -0.85% -2.19
ptt-Doris pts-Nakuu -1.05% -3.00

Human ptv-Clint pts-Nakuu ptt-Vaillent -5.33% -16.35
ptv-Koto pts-Nakuu ptt-Vaillent -6.61% -20.15
pts-Nakuu ptv-Clint pte-Koto 9.06% 25.72
ptt-Vaillent ptv-Clint pte-Koto 7.34% 21.83

ptv-Clint pte-Koto pts-Nakuu ptt-Vaillent -2.54% -6.66
ptv-Clint pte-Julie pts-Nakuu ptt-Vaillent 0.50% 1.30
ptv-Clint pte-Tobi pts-Nakuu ptt-Vaillent 0.83% 2.08
ptv-Clint pte-Banyo pts-Nakuu ptt-Vaillent -0.92% -2.27
Human gbg-Mkubwa ggg-Delphi ggd-Nyango 2.82% 8.23
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Comparison of PSMC Results 
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Suppl. Figure 12.4.3 PSMC analysis based on mappings to species reference genome assemblies. 
We limited analysis to a subset of samples with high coverage and low evidence of contamination 
including eight orangutans (A), four gorillas (B), and four chimpanzees and one bonobo (C). 
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