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Correlation of mutation rates and fraction of rare variants  

For the analysis on the effect of mutation rates on the SFS (Figure 3) we polarized the alleles by agreement 

(of either the minor or the major allele) with both the chimpanzee and the gorilla reference. If there was 

no such agreement for the major or the minor allele, we excluded the site from this analysis. This left us 

with 1,859,979 intronic SNPs for this part the analysis presented in Figure 4A. Additionally, we 

downloaded the list of de-novo germline mutations found in the supplementary material from Kong et al 

[1]. For each C>T or G>A mutation, the upstream and downstream basepair from the hg18 build of the 

human reference genome were downloaded from the UCSC genome browser and used to ascertain 

whether the mutation is a CpG>TpG mutation (on either of the strands). We then used the estimate of 

mean genome-wide point mutation rate (1.2 ∙ 10−8 mutations per bp per generation) to translate 

mutation-type counts into rates. Finally, for the estimate of the SFS in Europeans for each mutation type, 

we used the derived allele frequencies in the non-Finnish-European subsample of ExAC, as the Finnish 

population is presumed to be heavily bottlenecked and is overrepresented in the ExAC dataset [2]. 

  

Subsampling the SFS of mutation types 

We sought to examine how sample size affects the sample SFS and the trend in SFS across mutation 

types. To do this, we computed the expected SFS over random subsamples of a given size from the SFS 

observed in the ExAC sample. We categorized intronic variants in the non-Finnish Europeans into 

transversions, non-CpG transitions and CpG transitions. For each biallelic variant with minor allele count 

𝐾 and sample size 𝑀, the probability that a random subsample of size 𝑛 contains 𝑗 minor allele copies is 

given by 
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where 𝛿𝑎,𝑏 = 1 if 𝑎 = 𝑏, and 𝛿𝑎,𝑏 = 0  otherwise. The probability that this site would constitute a rare 

variant in the subsample of size 𝑛 > 4 is the probability of having 1 or 2 minor allele copies, 
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However, the site would only be polymorphic in the subsample of size 𝑛 with probability 

1 −
(𝐾

0
)(𝑀−𝐾

𝑛
)

(𝑀
𝑛

)
−

(𝐾
𝑛

)(𝑀−𝐾
0

)

(𝑀
𝑛

)
.      (2) 

To get the expected fraction of segregating sites in the original sample that are rare for a subsample of 

size 𝑛, we sum over the probability terms (1) of a site being rare in the subsample, and divide by the 

sum over the probability terms (2) of a site being polymorphic in the subsample. 

 

Treatment of reference allele in primate as fixed 

Throughout this work, we treated the observation of the human minor allele in the reference genome of 

a primate as evidence of an independent occurrence of the mutation and its fixation in that primate. 

However, several other scenarios are possible.  For one, the human minor allele may not be fixed in the 

primate’s lineage. We do not expect such cases to invalidate our results, since an allele that appears in 

the reference genome of a primate is likely to be of appreciable frequency in the primate population, 

which again suggests that the allele is benign in the genomic context of the primate.  Another option is 

that the human major allele is not fixed in the human-chimpanzee ancestral population (i.e., either the 

human minor allele is fixed or the polymorphism is ancient).  In such cases the minor allele is more likely 

to be common in humans.  This poses a concern for chimpanzee-substituted sites. Lastly, incomplete 

lineage sorting (ILS) can make the order of divergence times at a locus differ from that of the species [3,4].  

ILS is expected to drive the chimpanzee-cSFS and gorilla-cSFS closer together.  ILS is at least 1-2 orders of 

magnitude less common for orangutan [5] and we therefore expect a small contribution of sites conferring 

to this evolutionary scenario for more distant species.  



 

Unaccounted-for mutation rate variation 

A potential caveat of a different flavor is that there could be additional variation in mutation rates that 

we have not accounted for.  Much of this variation could potentially be explained away if we could get 

better estimates for the local mutation rate (for example, by considering further sequence context around 

the mutating nucleotide, epigenomic context, etc.).  Sequence context has been demonstrated to explain 

fine-scale differences in mutation rates [6].  However, further partitioning of our data, even using 2 

upstream and 2 downstream nucleotides of context, resulted in too few sites per mutation type to 

accurately estimate the respective SFS summaries. In addition, differences in trend between the 

mononucleotide correction (Figure 5B) and the 3-bp correction (Figure 5C) are small, suggesting that the 

majority of mutational effects have been controlled for.  Still, the effects of sequence and genome context 

could be more far-reaching [7,8].  Previous work has found substantial variation in mutational patterns 

among primates [9]. Hodgkinson and Eyre-Walker [10] found higher sharing of co-occurring 

polymorphisms between human and chimpanzee than between human and macaque. Finally, one 

possibility is that epistasis acts on the local mutation rate (in addition to on fitness): the more similar the 

genomic context of the focal site is, the more strongly mutation rates co-vary between species, leading to 

more shared polymorphism patterns between the two lineages.   
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Fig S1. Alternative conditioning of the human SFS on primate divergence patterns. Changes in the human SFS as we condition 

on divergence patterns in primates. Here, we label the SFS by the primate most closely related to human carrying the human 

minor allele. (A) An example of the phylogenetic conditioning for sites in which orangutan is the closest primate which carries 

the human minor allele. (B) The cumulative distribution functions (CDF) of the SFS of sites substituted in orangutan, and the SFS 

of human-private mutations. The SFS of sites substituted in orangutan have a skew towards common alleles compared with 

human-private sites. (C) The more closely related the species with the substitution, the higher the skew of the SFS towards 

common variants (only nonsynonymous mutations shown).  

 

 

 



 

 

Fig S2. Mutational composition of cSFS. The fractions of three mutational categories associated with different mutability are 

shown for each substituted-species category. Substituted-species categories with lower fraction of rare variants are composed 

of more mutations conferring to high mutation rates. 

  



Fig S3. SFS subsampling and the effect of mutation rate. This figure summarizes the same analysis as in Figure 4B, with a summary 

of the fraction of variants with minor allele frequency (MAF) below or equal to 1%, instead of the fraction of rare variants. Dots 

show the fraction of variants with MAF ≤ 1% in the full sample SFS of the European population in ExAC. Lines show the expected 

fraction of variants with MAF ≤ 1% after subsampling to a smaller number of individuals. The trend between mutation types 

changes as the sample size varies (with an infliction point between CpG and non-CpG transitions marked by the border of the 

shaded region).  



 

Fig S4. Epistatic effects of sequence context – amino acid context divergence. Dots show means. Lines and shaded regions show 

predictions of a simple logistic model fits to the data and their associated confidence bands. The more diverged the sequence 



context in the substituted-species is from humans, the more deleterious the variant would tend to be in humans. The fraction of 

rare variants is thereby expected to increase with sequence context divergence.  Sequence context divergence is calculated as 

the number of amino acid substitutions in a window of 9 residues upstream and 9 downstream of the SNP.  In human-private 

sites, the trend is reversed: the fraction of rare variants decreases with sequence context divergence from the substituted species, 

consistent with higher regional mutation rates and lower constraint implied by higher sequence context divergence. 



 

Fig S5. Epistatic effects of sequence context – distance from nearest substitution. Dots show means. Lines and shaded regions 

show predictions of a simple logistic model fits to the data and their associated confidence bands. The more diverged the 



sequence context in the substituted-species is from humans, the more deleterious the variant would tend to be in humans. The 

fraction of rare variants is thereby expected to increase with sequence context divergence.  Sequence context divergence is 

calculated as the distance to the nearest amino acid substitutions in a window of 9 residues upstream and 9 downstream of the 

SNP.   


