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Correlation of mutation rate and fraction of rare variants  

For the analysis on the effect of mutation rates on the SFS (Figure 3 and Figure 4) we wished to polarize 

sites into ancestral and derived states. We used agreement with both the chimpanzee and the gorilla 

reference to call an allele ancestral. Sites without an agreement between the chimpanzee and gorilla 

references were excluded from any further analysis involving derived allele frequencies.  This left us with 

1,859,979 intronic SNPs. Additionally, we downloaded the list of de-novo germline mutations found in the 

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

to this evolutionary scenario for more distant species.  

 

The rate of ancestral polymorphisms under complex demographic histories 

In order to construct an upper bound on the probability of a human polymorphic site being ancestrally 

shared with another species, we consider the case of a neutral allele shared with chimpanzees.  A 

polymorphism observed in the human sample at the current time is an ancestral polymorphism at the 

time of the human-chimpanzee split only if there are at least two lineages ancestral to the human sample 

that have not yet coalesced at the human-chimpanzee split time. We will assume that the effective 

population size prior to the out-of-Africa (OOA) event is constant and denoted by 𝒩 haploids. This 

population size 𝒩 will also be used for rescaling time into coalescent units. In what follows, the time 

parameters will be measured in coalescent units (i.e. in units of 𝒩generations). If we let 𝑁(𝑡) denote the 

time-varying effective population size function, then the cumulative coalescence rate up to time 𝜏, 𝛺(𝜏) 

is given by, 

Ω(τ) = ∫
𝒩

𝑁(𝑡)
𝑑𝑡

𝜏

0

 . 

If we let 𝐴𝑛(𝑡) denote the number of genealogical ancestors at time 𝑡 of a sample of size 𝑛 randomly 

drawn at time 0, we can in theory calculate the exact probability ℙ(𝐴𝑛(𝑡) ≥ 2) of having at least two 

lineages ancestral to the sample of size 𝑛 at some time 𝑡 in the past. However, the known closed-form 

formulae for computing the probabilities ℙ(𝐴𝑛(𝑡) = 𝑚) in the ancestral process can exhibit numerical 

stability issues due to summation of terms of alternating signs, and we will instead use the first two 

moments of the ancestral process to give an upper bound on ℙ(𝐴𝑛(𝑡) ≥ 2).  In particular, the expectation 

and variance of 𝐴𝑛(𝑡) can be computed numerically stably ([6], see Supplementary Information, 

equations 10 and 11) by 
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where for 𝑛 ∈ ℝ, 𝑖 ∈ ℤ≥0, the notation (𝑛)𝑖↓ and (𝑛)𝑖↑ represent the falling and rising factorials 

respectively, and are given by 

(𝑛)𝑖↓ = {
𝑛(𝑛 − 1) ⋯ (𝑛 − (𝑖 − 1)) if 𝑖 ≥ 1

1 if 𝑖 = 0
  , 

(𝑛)𝑖↑ = {
𝑛(𝑛 + 1) ⋯ (𝑛 + (𝑖 − 1)) if 𝑖 ≥ 1

1 if 𝑖 = 0
  . 

The probability of having two or more lineages surviving at time 𝑡 that are ancestral to the sample of size 

𝑛 can then be bounded as follows, 

ℙ(𝐴𝑛(𝑡) ≥ 2) = ℙ(𝐴𝑛(𝑡) − E[𝐴𝑛(𝑡)] ≥ 2 − E[𝐴𝑛(𝑡)]) ≤  ℙ(|𝐴𝑛(𝑡) − E[𝐴𝑛(𝑡)]| ≥ 2 − E[𝐴𝑛(𝑡)])  

                                =  ℙ (|𝐴𝑛(𝑡) − E[𝐴𝑛(𝑡)]| ≥
2 − E[𝐴𝑛(𝑡)]

√𝑉𝑎𝑟[𝐴𝑛(𝑡)]
√𝑉𝑎𝑟[𝐴𝑛(𝑡)]) ≤

𝑉𝑎𝑟[𝐴𝑛(𝑡)]

(2 − E[𝐴𝑛(𝑡)])2
 , 

where the last inequality follows from Chebyshev’s inequality assuming E[𝐴𝑛(𝑡)] < 2. This assumption 

holds for the rest of our analysis. The sample size 𝑛 is conservatively taken to be 125,000 haploids, slightly 

higher than the maximum sample size in ExAC. The human-chimpanzee split time 𝑇𝑠 is roughly 250,000 

generations or 𝑡𝑠 = 𝑇𝑠/ 𝒩 coalescent units. Let 𝑇𝑜 denote the time of the OOA event measured in 

generations and 𝑡𝑜 = 𝑇𝑜/ 𝒩 be the corresponding time in coalescent units. We use 𝑇𝑜 = 4,000 

generations as a conservative estimate for the timing of the OOA event. We can split the integral for the 

cumulative coalesce rate 𝛺(𝑡𝑠) up to the human-chimpanzee split time 𝑡𝑠 into two terms, one accounting 

for the coalescence rate from the present until the OOA event, and another accounting for the more 

ancient coalescence rate as follows, 
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Ω(𝑡s) = ∫
𝒩

𝑁(𝑡)
𝑑𝑡

𝑡𝑜

0

+ ∫
𝒩

𝑁(𝑡)
𝑑𝑡

𝑡𝑠

𝑡𝑜

= ∫
𝒩

𝑁(𝑡)
𝑑𝑡

𝑡𝑜

0

+ 𝑡s − 𝑡𝑜 .   

For the first integral above, we can use any demographic model for the post-OOA demography. We 

computed the Chebyshev upper bound on the probability of having two or more surviving ancestral 

lineages at the human-chimpanzee split time 𝑡𝑠, as a function of 𝒩.  Figure S3 shows the upper bound for 

two cases –– for the demographic model of Nelson et al. [7], and for a “worst-case” demography in which 

there are no coalescence events post-OOA, and thus the contribution of the first integral to 𝛺(𝑡𝑠) is 0. 

The Nelson et al. model pertains to the European subpopulation alone, but we show it here just to 

illustrate that the bound for the “worst-case” demographic model is close to the bound attained under 

complex demographic models for recent, post-OOA human history.  

 

Testing for mutation-type-specific effects of chromatin state on the SFS 

To test whether chromatin states affect the fraction of rare variants in a mutation-type-specific manner, 

we used a logistic regression framework.  We regressed the fraction of rare variants on the mutation types 

(6 non-CpG mononucleotide mutation types and CpG->TpG), chromatin states (13 chromHMM states) and 

interaction terms between mutation types and chromatin states.  Let 𝑌 be a binary-valued random 

variable indicating whether a variant is rare, 𝜇 be a vector of mutually exclusive indicator variables for 

each mutation type, and 𝑐 be a vector of mutually exclusive indicator variables for the chromatin state of 

the site.  We fitted the logistic regression model 

𝑙𝑜𝑔𝑖𝑡(𝑃(𝑌 = 1|𝜇, 𝑐)) = 𝛽0 + 𝛽𝜇 ∙ 𝜇 + 𝛽𝑐 ∙ 𝑐 + 𝛽𝜇,𝑐 ∙ (𝜇 ⊗ 𝑐), 

where the parameter vectors 𝛽0, 𝛽𝜇 , 𝛽𝑐 , and 𝛽𝜇,𝑐 were learned from the data.  We tested whether any of 

the interaction terms 𝛽𝜇,𝑐 had significantly nonzero coefficients. All of the terms involving CpG->TpG 
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mutations had a significant effect (𝑝 < 0.01) whereas none of the interaction terms involving non-CpG 

mutation types had a significantly nonzero effect at the same significance level. 

 

Unaccounted mutation rate variation 

A potential explanation for the trend in Figure 6 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 [8].  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 6B) and the 3-bp correction (Figure 6C) are small, suggesting that the majority of 

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

could be more far-reaching [9,10];  previous work has found substantial variation in mutational patterns 

among primates [11]. Hodgkinson and Eyre-Walker [12] found higher sharing of co-occurring 

polymorphisms between human and chimpanzee than between human and macaque. Relatedly, local 

mutation rates could also be more similar in more closely-related species: the more similar the genomic 

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

shared polymorphism patterns.   

 

Mutation rate distribution at substituted-species sites 

In this section, we derive a simple model of the distribution of mutation rates at substituted-species sites. 

We demonstrate that mutation rates at substituted-species sites are expected to be higher than those at 
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random sites.  At the same time, this model predicts that the mutation rate distribution at substituted-

species sites is insensitive to the identity of the substituted species.  This latter prediction changes, 

however, when we augment the model with the notion of molecular clock rate variation in some 

substitution types.  

We wish to find the distribution of mutation rates 𝑀 at sites in the substituted species 𝑆 category.  Let 

𝑓(𝑀) be the probability density function of the mutation rates at random sites, and 𝑔(𝑀|𝑆) be the 

probability density function of the mutation rate at sites in the 𝑆 category. By Bayes’ rule we have, 

𝑔(𝑀|𝑆) =
𝑃𝑟(𝑆|𝑀)𝑓(𝑀)

𝑃𝑟(𝑆)
, 

where 𝑃𝑟(𝑆) is the probability of a random site being a site in the 𝑆 category, and  𝑃𝑟(𝑆|𝑀) is the 

probability of a site with mutation rate 𝑀 being a site in the 𝑆 category.  

Note that by the law of total probability, 

𝑔(𝑀|𝑆) =
𝑃𝑟(𝑆|𝑀)𝑓(𝑀)

∫ 𝑃𝑟(𝑆|𝑀′)𝑓(𝑀′)𝑑𝑀′
 . 

Let 𝑙𝑆 denote the length in years of the external branch leading to species 𝑆 in the primate phylogenetic 

tree (Figure S11), and let 𝑙 denote the total branch length in years of the phylogenetic tree of the six 

primates under consideration, 

𝑙 = ∑ 𝑙𝑆

𝑆

+ 𝑙𝑏𝑎𝑏𝑜𝑜𝑛 . 

Note that we define 𝑙𝑏𝑎𝑏𝑜𝑜𝑛 differently from 𝑙𝑆 for other species S:  𝑙𝑏𝑎𝑏𝑜𝑜𝑛 includes both the external 

branch leading to baboon and the branch shared between baboon and macaque. This is done since a site 

is considered to be a substituted-macaque site if there is no substitution on the shared baboon-macaque 

lineage, whereas we do not consider substituted-baboon sites.   Let 𝑡𝑡𝑜𝑡 denote the total branch length in 
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years of the genealogy of the human ExAC sample (we make the simplifying assumption that this branch 

length is the same at all sites). 

The accumulation of substitutions along the primate phylogeny, and along the human sample genealogy, 

follows a Poisson process.  Thus, a random site is an 𝑆 substituted-species site if three independent events 

occur: (i) a substitution occurs on the external branch of length 𝑙𝑆 leading to the non-human primate 𝑆,  

(ii) no substitution occurs elsewhere in the phylogeny, over a total length of 𝑙 − 𝑙𝑠 years, and (iii) the site 

is polymorphic in the human sample due to a mutation occurring on any of the branches of the genealogy 

of the human sample, that are of total length 𝑡𝑡𝑜𝑡 years.  Combining these three independent events, we 

get, 

𝑃𝑟(𝑆|𝑀) = (1 − exp(−𝑀𝑙𝑆)) exp(−𝑀(𝑙 − 𝑙𝑆)) (1 − exp(−𝑀𝑡𝑡𝑜𝑡)). 

We now consider a low mutation rate regime, in which all mutation rates are small enough so that we can 

assume 𝑀𝑙 ≪ 1 throughout.  In this case, we have that, up to the first order in 𝑀𝑙, 

Pr(𝑆|𝑀) ≈ 𝑀𝑙𝑠(1 − exp (−𝑀𝑡𝑡𝑜𝑡)). 

Plugging this result back to 𝑔(𝑀|𝑆), it follows that, 

𝑔(𝑀|𝑆) =
𝑃𝑟(𝑆|𝑀)𝑓(𝑀)

∫ 𝑃𝑟(𝑆|𝑀′)𝑓(𝑀′)𝑑𝑀′
≈

𝑀(1 − exp (−𝑀𝑡𝑡𝑜𝑡)𝑓(𝑀)

𝐸𝑀′~𝑓[𝑀′(1 − exp(−𝑀′𝑡𝑡𝑜𝑡))]
. 

Note that the above expression for 𝑔(𝑀|𝑆) does not depend on the identity of 𝑆.  Therefore, in this low 

mutation rate regime, we expect similar mutation rate distributions across the different substituted-

species categories. 

We now return to a more realistic setting in which we allow for hypermutability in some fraction of sites.  

We used a set of realistic parameters from the literature, and numerical integration of the functions 

derived above, to develop a theoretical expectation for 𝑔(𝑀|𝑆).  The external branch lengths, in years, of 

the primate phylogeny taken to be 𝑙𝑐ℎ𝑖𝑚𝑝𝑎𝑛𝑧𝑒𝑒 = 3,000,000, 𝑙𝑔𝑜𝑟𝑖𝑙𝑙𝑎 = 5,500,000, 𝑙𝑜𝑟𝑎𝑛𝑔𝑢𝑡𝑎𝑛 =

11,000,000, 𝑙𝑔𝑖𝑏𝑏𝑜𝑛 = 16,800,000,  𝑙𝑚𝑎𝑐𝑎𝑞𝑢𝑒 = 6,000,000, and 𝑙𝑏𝑎𝑏𝑜𝑜𝑛 = 29,000,000, based on 
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estimates by Carbone et al. [13] for gibbon and macaque, by Steiper et al. [14] for the baboon-macaque 

split, and by Prado-Martinez et al. [15] for great apes.  Note that the macaque branch is short and the 

baboon branch is long.  Again, this is because a site is considered to be a substituted-macaque site if there 

is no substitution on the shared baboon-macaque lineage, whereas we do not consider substituted-

baboon sites.  For the density 𝑓(𝑀) of mutation rates at random sites, we used a lognormal distribution 

similar to that estimated by Hodgkinson and Eyre-Walker [16], with a location parameter of 4.8 ∙ 10−10 

mutations per year (corresponding to 1.2 ∙ 10−8 mutations per generation, assuming a constant 

generation time of 25 years across primates), and a scale parameter of 0.83. Namely, 

𝑀 = 4.8 ∙ 10−10 exp(0.83 ∙ 𝑍), 

where 𝑍~𝑁(0,1).  Finally, for the sum of branch lengths of the genealogy underlying the human sample, 

we set 𝑡𝑡𝑜𝑡 to the expected branch length under the Kingman coalescent for the human ExAC sample of 

60,000 individuals under the European population demographic model inferred by Nelson et al. [7]. This 

resulted in 𝑡𝑡𝑜𝑡 = 262,315,250 years, which was computed using the analytic results implemented in the 

coalescent computation tools of Bhaskar et al. [6]. 

Figure S6 shows the density functions of four mutation rate distributions: the distribution at random sites 

𝑓(𝑀), the densities 𝑔(𝑀|𝑆 = 𝑐ℎ𝑖𝑚𝑝𝑎𝑛𝑧𝑒𝑒) and 𝑔(𝑀|𝑆 = 𝑔𝑖𝑏𝑏𝑜𝑛) at substituted-chimpanzee and 

substituted-gibbon sites respectively, and the density 𝑓𝑝𝑜𝑙𝑦(𝑀) at polymorphic sites, computed, following 

a similar derivation to that of 𝑔(𝑀|𝑆), by, 

𝑓𝑝𝑜𝑙𝑦(𝑀) =
(1 − exp(−𝑀𝑡𝑡𝑜𝑡)) 𝑓(𝑀)

∫(1 − exp(−𝑀′𝑡𝑡𝑜𝑡)) 𝑓(𝑀′)𝑑𝑀′
 . 

The results presented in Figure S6 ground the intuition that substituted-species sites are expected to have 

much higher mutation rates than random sites, or random polymorphic sites, because of the evidence for 

two independent occurrences of a mutation in these sites.  However, the model predicts that the 

distributions of mutation rates across substituted-species categories of sites should be indistinguishable 
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from each other.  As this prediction fails to explain the observed differences in cSFS and mutational 

composition, we sought to improve our model by considering various possible origins of mutations, and 

subsequent effects on the accumulation of these mutations across primates.  

Whereas some mutation types, like CpG transitions, accumulate at a relatively constant yearly rate across 

different primate lineages, the rates of other mutation types depend on various life-history traits [17-19].  

Notably, across mammals, the yearly rates of many mutation types are negatively correlated with 

generation times (“generation time effect”, [19,20]). 

At the same time, when we examined more closely the differences in mutational composition of 

substituted-species categories, we noticed a possibly-related trend: while the relatedness of the 

substituted-species correlates well with the fraction of CpG transitions, it appears to be uncorrelated with 

the non-CpG transition:transversion ratio.  This observation led us to consider that the CpG enrichment 

trend is not due to their high mutation rate—because then one would expect a similar trend in non-CpG 

transition:transversion ratios, as transitions have a higher rate than transversions.  Rather, we 

hypothesized the CpG enrichment is related to the different sensitivity of mutation types to the 

generation time effect.  

Motivated by these considerations, we augmented our model by considering arising mutations to be a 

mixture of mutations whose yearly rate is either (i) sensitive (“sen”), or (ii) insensitive (“ins”) to the 

generation time effect.  Let a mutation at a random site be sen with probability 𝜋𝑠𝑒𝑛, with a log-normally 

distributed rate with mean 𝜇𝑠𝑒𝑛 per year and shape parameter 0.83, as before. Conversely, a mutation at 

a random site is ins with probability 1 − 𝜋𝑠𝑒𝑛 and its rate is log-normally distributed with a location 

parameter 𝜇𝑠𝑒𝑛 per generation and shape parameter 0.83.  sen mutations accumulate along branches 

with lengths {𝑙𝑆}𝑆 as set in the previous section.  For ins mutations, we will divide branch lengths by the 

respective generation times of the primate at the leaf of each external branch, {𝑔𝑆}𝑆.  In summary, we 

have that, 
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𝑔(𝑀|𝑆) =
𝜋𝑠𝑒𝑛Pr (𝑆|𝑀, 𝑠𝑒𝑛; {

𝑙𝑆
𝑔𝑆

})𝑓(𝑀; 𝜇𝑠𝑒𝑛) + (1 − 𝜋𝑠𝑒𝑛)𝑃𝑟(𝑆|𝑀, 𝑖𝑛𝑠; {𝑙𝑆})𝑓(𝑀; 𝜇𝑖𝑛𝑠)

𝑃𝑟(𝑆)
, 

and,  

𝑃𝑟(𝑆|𝑀, 𝑖𝑛𝑠; {𝑙𝑆}) = (1 − exp(−𝑀𝑙𝑆)) exp(−𝑀(𝑙 − 𝑙𝑆)) (1 − exp(−𝑀𝑡𝑡𝑜𝑡)), 

Pr (𝑆|𝑀, 𝑠𝑒𝑛; {
𝑙𝑆

𝑔𝑆
}) = (1 − exp (−𝑀

𝑙𝑆

𝑔𝑆
)) exp (−𝑀 (𝑙𝑠𝑒𝑛 −

𝑙𝑆

𝑔𝑆
)) (1 − exp (−𝑀

𝑡𝑡𝑜𝑡

𝑔ℎ𝑢𝑚𝑎𝑛
)). 

Finally, for 𝜇∗ ∈ {𝜇𝑠𝑒𝑛, 𝜇𝑖𝑛𝑠} we have that, 

𝑀; 𝜇∗ = 𝜇∗ exp(0.83 ∙ 𝑍), 

where 𝑍~𝑁(0,1).  

Based on estimates of primate generation times from the literature, we set the following generation times 

in years: 𝑔ℎ𝑢𝑚𝑎𝑛 = 29 [21], , 𝑔𝑐ℎ𝑖𝑚𝑝𝑎𝑛𝑧𝑒𝑒 = 25  [22], 𝑔𝑔𝑜𝑟𝑖𝑙𝑙𝑎 = 19  [22], 𝑔𝑜𝑟𝑎𝑛𝑔𝑢𝑡𝑎𝑛 = 27 

[23], 𝑔𝑔𝑖𝑏𝑏𝑜𝑛 = 12 [13], 𝑔𝑚𝑎𝑐𝑎𝑞𝑢𝑒 = 12 [24], and 𝑔𝑏𝑎𝑏𝑜𝑜𝑛 = 11 [25].  Generation times on internal 

branches were assumed to be 25 years, such that, 

𝑙𝑠𝑒𝑛 = ∑
𝑙𝑆

𝑔𝑆
𝑆

+
𝑙𝑏𝑎𝑏𝑜𝑜𝑛

25
. 

Motivated by the example of CpG transitions (which have a much higher average rate and constitute 

approximately 20% of de-novo mutations [26]) as an ins mutation type, we set 𝜋𝑠𝑒𝑛 = 0.8, 𝜇𝑖𝑛𝑠 =
10−7

𝑔ℎ𝑢𝑚𝑎𝑛
 

mutations per year and 𝜇𝑠𝑒𝑛 = 10−8 mutations per generation. 

Under this augmented model, lineages of primates with longer generation times have a higher fraction of 

ins substitutions among all substitutions, and will therefore tend to have higher mutation rates (Figure 

5A).  Using numerical integration, we computed the probability densities of the distribution of mutation 

rates at a random site, at polymorphic sites, at substituted-chimpanzee sites and at substituted-macaque 

sites (Figure 5B). The distribution of mutation rates at substituted-chimpanzee sites is skewed towards 
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higher mutation rates than at substituted-macaque sites, with corresponding means of 9.2 ∙

10−8 mutations per human generation at substituted-chimpanzee sites, and 6.9 ∙ 10−8 mutations per 

human generation at substituted-macaque sites.   

 

Effects of sequence context on the cSFS 

One explanation for the residual trend observed in Figures 6B,C is that more-related species have, on 

average, more similar context on which the mutation occurs.  We can interpret this residual trend as 

support for the following hypothesis: when the sequence context of the substituted species is similar to 

that of humans, the fixation of the human-minor allele in the substituted species suggests that the 

mutation is benign for humans.  As sequence context diverges, epistatic effects may come into play and 

change the selective effect of the mutation [28,73,74]. 

We decided to investigate the effect of sequence context more directly, by examining a single substituted 

species at a time.  In doing so, we removed the potential confounder of mutation rate differences across 

substituted-species categories.  Within a single substituted species, we expect to observe a similar trend 

across sites with differing levels of context similarity.  We hypothesized that 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 therefore expected to increase with sequence context 

divergence.  Importantly, the same trend is expected if wide sequence context is a key determinant of 

mutation rates [32,37].  A substituted-species site is expected to have a high mutation rate because it 

suggests two independent occurrences of the same mutation.  If the mutations occurred, however, on 

diverged contexts, the evidence for mutability of the site in the human context is weaker.  We would again 

expect a higher fraction of rare variants for diverged sequence contexts.   

To test this, we computed the amino acid sequence-context divergence between human and gibbon at all 

substituted-gibbon nonsynonymous SNPs.  As a measure of divergence, we computed the number of 
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mismatches between human and gibbon sequences in a window of 9 amino acids upstream and 9 

downstream of the focal substituted-gibbon sites.  We found that, as expected, the fraction of rare 

variants increased with sequence context divergence (univariate logistic regression 𝑝 = 3.3𝑥10−13).  As 

a control we examined the effect of context divergence in sites conserved across non-human primates.  

In these sites, the fraction of rare variants decreased with sequence context divergence from gibbon, 

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

divergence (Figure S8A).  This trend reversal may suggest that sequence context has a comparable role to 

other regional determinants of the SFS—like regional mutation rates and regional selective constraint—

in determining the trajectory of an allele.  The same trends hold for all substituted-species categories 

(univariate logistic regression 𝑝 < 3.1𝑥10−8 for each of the other four species, Figure S9).  The trends also 

hold for a different measure of sequence context similarity, the distance to the nearest amino-acid 

substitution between humans and the substituted-species (t-test 𝑝 < 1.8𝑥10−32 and see Figure S8B for 

gibbon, 𝑝 < 2.2𝑥10−5 for Pearson correlation and see Figure S10 for each of the other species). 
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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).  
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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. 
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Fig S3. The probability of an ancestral polymorphism as a function of the effective population size prior to the out-of-Africa 

event. The y-axis shows an upper bound on the probability for a random polymorphism originating prior to the human-

chimpanzee split time. Both models shown assume a constant effective population size prior to the out-of-Africa event (OOA); 

the pink line gives the upper bound for the Nelson et al. [7] demographic model after the OOA event, whereas the teal “worst-

case” line gives the bound assuming no coalescence events occur between the OOA event and the present time. 
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Fig S4. 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).  
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Fig S5. Recombination rate and the skewness of the SFS.  Recombination rate is positively correlated with mutation rate, and is 

likely driving the negative correlation of recombination rate and the fraction of rare variants.  The different panels demonstrate 

that mutations that are subject to biased gene conversion, as well as those that are not, exhibit a negative correlation between 

recombination rate and the fraction of rare variants.  x-axis values are binned on a logarithmic scale, and are standardized to a 

genomewide mean. 
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Fig S6. Distributions of mutation rates at substituted-species sites, in a constant molecular-clock model.  These results were 

computed using a simple analytic model and a set of realistic parameters. At substituted-species sites, we expect a distribution 

skewed towards higher mutation rates compared to random sites, or to random polymorphic sites.  However, the distribution of 

mutation rate changes only slightly across substituted species, as exemplified by the purple (substituted-gibbon) and teal 

(substituted-chimpanzee) lines. 
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Fig S7. cSFS species trend stratified by mutation type. This figure summarizes the same analysis as in the inset of Figure 2C, 

stratified by non-CpG mononucleotide mutation types and CpG.  Red stars denote nonsynonymous trends that exhibited 

significant spearman correlation at a significance level of 10%. 
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Figure S8. Effects of sequence context at nonsynonymous sites. Dots show means. Lines and shaded regions show simple logistic 

model fits to the data and associated confidence bands.  The more diverged the sequence context in the substituted-species is 

from humans, the higher the fraction of rare variants.  The two panels exhibit the same trend with different measures of sequence 

context divergence 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 decreased with sequence context divergence from gibbon, consistent with higher regional 

mutation rates and lower constraint implied by higher sequence context divergence. 
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Fig S9. 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 higher the fraction of rare variants.  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. 
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Fig S10. Epistatic effects of sequence context – distance from nearest substitution. Dots show means. Lines and shaded regions 

how 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 higher the fraction of rare variants. 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.    
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Fig S11. Branch length parameters for the model of mutation rate distributions at substituted-species sites.  
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Figure S12. Depletion of rare variants is correlated with relatedness to substituted species including CpG transitions.  Like 

Figure 6, this figure shows logistic regression coefficient estimates and their corresponding standard errors.  Here, however, CpG 

transitions were included in the analysis.  Substituted-species labels are spaced by their split times from humans. The lines are 

the least-squares line fitting the coefficients to the split times.  (A) Estimates from a simple logistic regression to the substituted 

species. The trend is partly due to mutational composition differences between substituted-species categories. To test whether 

the trend is driven solely by mutational rate differences, we estimate coefficients in a model including the variation explained by 

(B) mononucleotide mutation type, and (C) combinations of focal mononucleotide mutations and upstream and downstream 

nucleotides.  Even after controlling for mutational composition with these models, a significant trend persists for nonsynonymous 

variants. 

 


