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produce the model average estimates of the beneficial DFE reported at Table 4 we weight each competing 

model (M3I, M3S, M2I and M2S from Table 2) according to their AIC following this equation:  

𝑎𝑣𝑔

∑ 𝑗
−1 2⁄ 𝛥𝐴𝐼 𝑗

 

where 𝑗is obtained as 

𝑗 𝑗 𝑗 𝑗 

We use the R function getAICweights() (from: https://github.com/paula-

tataru/polyDFE/blob/master/postprocessing.R) to do the model averaging. 

 

Subsampling 

To assess the contribution of the variation in sd and Ne to the realized strength of purifying 

selection (Sd) across great apes, we run a multiple linear regression. We first obtained statistically 

independent measures of Sd and sd. Note that sd = Sd / 2Ne. To do so, we divided the coding genome into 

two halves drawing random sites without replacement. We use the first half to estimate Sd,1 and the 

second half to estimate sd,2. To estimate sd,2 we divided Sd,2 by 2Ne,1. Ne,1 is estimated by dividing θ 

(Watterson 1975), estimated using 4-fold synonymous sites coming from the first half of the genome, by 

the genome-wide mutation rate per site and generation (μ = 1.65 x 10
-8

). To obtain an independent 

estimate of Ne, we used 4-fold synonymous sites of the second half of the genome. We repeated this 

subsampling 100 times. We then run a multiple linear regression in a log-log scale with the R function 

lm(log(Sd,1) ~ log(sd,2) + log(Ne,2)). As a sanity check we run the complementary analysis lm(log(Sd,2) ~ 

log(sd,1) + log(Ne,1)) obtaining equivalent results (data not shown). The relative importance of sd and Ne is 

assessed using standardized regression coefficients (β). 

 

Other Statistical Analyses 

All statistical analyses commented above have been performed within the R framework (version 

3.4.4) except the DFE estimation and the phylogenetically aware regression. To perform the 

phylogenetically aware regression between Ne and various summary statistics of the full DFE, we use 
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BayesTraitsV3 (Pagel and Meade 2006). We set the method to employ random-walk and maximum 

likelihood. Significance is assessed by comparing a model where the correlation is a fitted parameter to a 

model where the correlation is fixed to 0, by means of a likelihood ratio statistic. To perform the bivariate 

correlations, we use the function cor.test() and the Pearson method. To perform the quadratic regression 

between Ne and Sd (or sd) we use the R function lm(y~ poly(x, degree = 2)). We then compare the linear 

regression and polynomial regression with a likelihood ratio test. All figures are generated using the R 

package “ggplot2”.  

 

Data Availability Statement 

The final list of analyzed positions is available upon request. The authors confirm that all data 

necessary for confirming the conclusions of the article are present within the article, figures, and tables.   

https://paperpile.com/c/QqEYxu/C3dRF
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Results 

We compiled polymorphism data from nine great ape populations: bonobos, western chimpanzees, 

central chimpanzees, Nigeria-Cameroon chimpanzees, eastern chimpanzees, western lowland gorillas, 

Sumatran orangutans, Bornean orangutans and humans. A cosmopolitan sample of humans (3 African and 

6 non-African diploid individuals) was used to represent human genetic diversity. All our population data 

is retrieved from Prado-Martinez et al. (2013). To allow a fair comparison, each population is sub-

sampled to 8 haploid chromosomes. We investigate more than 9,000 autosomal coding genes that are 

orthologous one-to-one across great apes, gibbons, and macaques (the two outgroups we use to calculate 

the unfolded site frequency spectrum, uSFS). See Supplementary Table 1 for the whole list of analyzed 

genes and the uSFS. The proportion of shared SNPs between species is below 1% but it raises to 10-30% 

between pairs of chimpanzee populations and between the orangutan species, respectively 

(Supplementary Table 2). This imperfection of the data makes the chimpanzee populations and orangutan 

populations statistically non-independent.  

 

The inference of the DFE from the uSFS can be affected by polarization errors (Hernandez et al. 

2007), GC-biased gene conversion (Bolívar et al. 2018), tight linkage (Eyre-Walker and Keightley 2009; 

Kousathanas and Keightley 2013), ascertainment bias, non-random sampling, population structure and 

demographic changes (Eyre-Walker et al. 2006; Keightley and Eyre-Walker 2007; Boyko et al. 2008). To 

quantify and correct polarization errors, we estimate a polarization error parameter (εanc) (Williamson et 

al. 2005; Boyko et al. 2008; Glémin et al. 2015). To account for additional biases, we compare the 

observed uSFS for putatively neutral (4-fold degenerate) synonymous mutations to the expected uSFS for 

neutral mutations under the Wright-Fisher model. To do that, we estimate a series of nuisance parameters 

(ri) using the uSFS for 4-fold synonymous and 0-fold non-synonymous mutations (as in Eyre-Walker et 

al. [2006]). If the ri parameters are significantly different from 1, we jointly estimate the ri parameters 

together with the parameters of the DFE, otherwise only the DFE parameters are estimated. The ri 

parameters are adjusted for each allele frequency class in the uSFS. This effectively assumes that the 

neutral and selected uSFS are distorted in an identical way by these factors. Weakly beneficial mutations 

https://paperpile.com/c/QqEYxu/ceBcf
https://paperpile.com/c/QqEYxu/ceBcf
https://paperpile.com/c/QqEYxu/ceBcf
https://paperpile.com/c/QqEYxu/ceBcf
https://paperpile.com/c/QqEYxu/iHmZZ
https://paperpile.com/c/QqEYxu/iHmZZ
https://paperpile.com/c/QqEYxu/iHmZZ
https://paperpile.com/c/QqEYxu/gZO6Z+7KwQ0
https://paperpile.com/c/QqEYxu/gZO6Z+7KwQ0
https://paperpile.com/c/QqEYxu/RV2Ec+ERmaV+icRaS
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https://paperpile.com/c/QqEYxu/rpKdE+I10i4+ERmaV
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https://paperpile.com/c/QqEYxu/rpKdE+I10i4+ERmaV
https://paperpile.com/c/QqEYxu/rpKdE+I10i4+ERmaV
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can also distort the uSFS and by extension our estimates of the deleterious DFE (Tataru et al. 2017). We, 

therefore, also co-estimate the rate and strength of new beneficial mutations together with the ri, εanc and 

the two parameters defining the deleterious DFE: the shape, b, and mean, Sd. Here we assume, like 

several studies in humans before, that the deleterious DFE is gamma distributed (Boyko et al. 2008; Eyre-

Walker and Keightley 2009; Galtier 2016; Huber et al. 2017; Kim et al. 2017). We investigate two 

beneficial DFEs: an exponential and a more general discrete distribution. Given the very similar results 

obtained with these two beneficial DFEs in the main text we will only show the results obtained with the 

exponential distribution. The results obtained assuming a discrete distribution are reported in the 

Supplementary Table 4.  

 

Model choice 

Before comparing the DFE between species we used a variety of models to fit our data at the 

species level. Differences among models include the joint estimation of DFE parameters and extra 

nuisance parameters that can correct for departures from a constant population size Wright-Fisher model, 

the proportion of beneficial mutations, and potential polarization errors. Table 1 shows the different DFE 

models and parameters used in this work.  

  

https://paperpile.com/c/QqEYxu/AUps
https://paperpile.com/c/QqEYxu/AUps
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https://paperpile.com/c/QqEYxu/Ye8Df+HUtdT+ERmaV+7KwQ0+UvfBg
https://paperpile.com/c/QqEYxu/Ye8Df+HUtdT+ERmaV+7KwQ0+UvfBg
https://paperpile.com/c/QqEYxu/Ye8Df+HUtdT+ERmaV+7KwQ0+UvfBg
https://paperpile.com/c/QqEYxu/Ye8Df+HUtdT+ERmaV+7KwQ0+UvfBg
https://paperpile.com/c/QqEYxu/Ye8Df+HUtdT+ERmaV+7KwQ0+UvfBg
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Model Sd b Sb pb ri εanc θ 

0 fitted fitted fitted fitted 1 0 fitted 

1 fitted fitted fitted fitted fitted 0 fitted 

2 fitted fitted fitted fitted fitted fitted fitted 

3 fitted fitted 0 0 fitted 0 fitted 

4 fitted fitted 0 0 fitted fitted fitted 

 

Table 1. Parameters included in each model used for estimating the DFE. In grey the two models on 

which most of our results are based. Sd is the mean population scaled selection coefficient of new additive 

deleterious mutations (s ≤ 0); b is the shape parameter of the deleterious DFE; Sb is the mean population scaled 

selection coefficient of new additive beneficial mutations; pb is the proportion of new beneficial mutations (s > 0); 

ri is the series of nuisance parameters used to control for potential distorters of the uSFS; εanc is the polarization 

error. θ is the population scaled mutation rate (4Neμ). 

 

We find that the uSFS of all great apes show significant departures from the Wright-Fisher model 

with constant population size (ri ≠ 1 as judged by a likelihood-ratio test, LRT) (Supplementary Table 3, 

column M0 vs M1). These nuisance parameters capture all evolutionary processes that equally affect 

synonymous and non-synonymous mutations, such as demography, population structure, sampling bias, 

and linked selection. The performance of these nuisance parameters under demographic histories relevant 

for great apes is investigated using simulations presented in the Supplementary Material. In general, the 

inference quality is very high with simulated data, particularly when some aspects of the DFE are jointly 

estimated across species (see below).  

 

We find that the models including εanc (M2 and M4) do not fit the data significantly better than the 

models assuming εanc = 0 (M1 and M3) (Supplementary Table 3, column M1 vs M2 and M3 vs M4), 

except in eastern chimpanzees. This indicates that our polarization strategy is effective or that a 

substantial fraction of polarization errors is accounted for by the ri parameters (as argued before by 
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Galtier [2016]). We do not find strong evidence for beneficial amino acid mutations segregating in our 

samples (Supplementary Table 3, column M1 vs M3 and M2 vs M4). Consistent with these findings, the 

most flexible model (M2) is never the preferred model, as judged by our LRTs (Supplementary Table 3). 

M3 is instead the preferred model across all species. This model assumes only deleterious mutations and 

no polarization errors but includes the distortion parameters (ri). The modest contribution of beneficial 

mutations is corroborated by the goodness-of-fit analyses (Figure 1). The results comparing the 

exponential and discrete beneficial DFE can be consulted in Supplementary Table 4. Both distributions fit 

the data equally well. Larger samples sizes will be needed to assess which beneficial distribution is more 

realistic. Hereafter, we will refer to M3 as the purely deleterious model and M2 as the flexible model. 
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Figure 1. Observed and expected uSFS. The solid lines show the observed number of 0-fold non-

synonymous changes and the dashed lines show the observed number of 4-fold synonymous changes. The dots and 

circles represent the expected counts of neutral and selected sites under the M2 and M3 models (shown as blue and 

red, respectively). The y-axis is on log scale.  
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Assessing the stability/invariance of the DFE across great apes  

Next, we sought to investigate whether the full DFE varies across great apes. We compare two 

models: one where only the shape parameter (b) of the deleterious DFE is shared across species and 

where the mean, Sd, can vary independently as expected for populations with different effective sizes, the 

other where all the parameters, including b, vary independently across species (this is equivalent to model 

3 in Table 1). Note that, in a few cases, shape estimates of the deleterious DFE are sensitive to the model 

assumptions and in particular whether the model includes beneficial mutations (M1 and M2) or not (M3 

and M4). For example, in bonobos the estimated shape parameter is b = 0.09 under the purely deleterious 

model, but it increases to b = 0.22 under the flexible model, which includes beneficial mutations 

(Supplementary Table 4). This is because under the flexible model a substantial proportion of new 

mutations are inferred as slightly beneficial or nearly neutral (pb ~ 14-17% and average Sb ~ 0.65-0.79). In 

other words, in bonobos the shape of the deleterious DFE is sensitive to the presence/absence of 

beneficial mutations in the model. Hence, to accommodate these cases we also include the flexible model 

where both the beneficial DFE parameters and εanc are jointly estimated.  

 

Model Sd b Sb pb ri εanc θ 

2I independent independent independent independent independent independent independent 

2S independent shared independent independent independent independent independent 

3I independent independent 0 0 independent 0 independent 

3S independent shared 0 0 independent 0 independent 

3SS shared shared 0 0 independent 0 independent 

 

Table 2. List of estimated shared and independent parameters for each model. Models 2I and 3I are 

equivalent to models 2 and 3 from Table 1, respectively.  

 

Table 2 shows the details of the set of constrained models used to test DFE invariance. In all these 

models the distortion parameters (ri) are estimated independently for each species as recommended by 

Tataru and Bataillon (2019). Figure 2 shows that the density distributions for the shape of the deleterious 

DFE largely overlap between species. We find that the model estimating the shape of the deleterious DFE 
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independently in each species does not explain the data significantly better than the model where the 

shape parameter is shared across species (shared b = 0.1588, bootstrap confidence interval 95% = 

[0.1344, 0.1736]) (M3S vs M3I: LRT P-value = 0.77). Although visually it seems that bonobos show a 

shift toward lower shape parameters, this result is not significant (M3 independent b = 0.0938 vs M3 

shared b = 0.1588: LRT P-value = 0.07). The inferred shape of the deleterious DFE increases very 

slightly when beneficial mutations are also modeled (shared b = 0.1842 [0.1697, 0.2184]) (M2S vs M2I: 

LRT P-value = 0.97) (Supplementary Table 5). Moreover, we find that the model where the shape of the 

deleterious DFE is shared across species but the beneficial DFE is estimated independently for each 

species (M2S) does not fit the data significantly better than the equivalent model without beneficial 

mutations (M3S) (M3S vs M2S: LRT P-value = 0.99).  
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Figure 2. Sampling distribution of shape parameter estimates (b) for the DFE estimated in each species. Sampling 

distributions are obtained by 100 bootstrap replicates for each species and b is estimated under the purely 

deleterious model (M3I). The dotted black line (b = 0.1588) indicates the mean of the shared shape parameter under 

the most likely model (M3S). See Table 2 for a description of the models.  
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Figure 3. Relationship between Ne and Sd on log scale (A), sd on log scale (B), the proportion of strongly 

deleterious mutations (C), the proportion of weakly deleterious mutations (D) and the proportion of effectively 

neutral mutations (E). Note that Ne (x-axis) is on log scale. Each violin plot represents 100 bootstrap replicates 

under the most likely model (M3S). See Table 2 for a description of the models.  

 

Population genetics theory predicts that natural selection will be weaker in small populations due 

to random genetic drift (Ohta 1992). If we assume that the shape of the deleterious DFE is constant across 

https://paperpile.com/c/QqEYxu/tYRj3
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great apes, we find a strong positive correlation (Pearson’s correlation coefficient r = 0.91 [0.88, 0.93]) 

(Figure 3 A) between the population scaled mean effect size of deleterious mutations (|Sd| = |2Nesd|) and 

our estimate of the effective population size (Ne = θS / (4μ), where θS is synonymous diversity and μ the 

mutation rate per site and generation, μ = 1.65 x 10
-8

) (Ségurel et al. 2014). This correlation remains 

significant after accounting for species phylogenetic dependence (BayesTrait V3 P-value < 0.01). 

Forward simulations confirm that Sd and Ne are significantly correlated as expected by the Nearly Neutral 

Theory (Supplementary Analyses). We also find that the mean selection coefficient of deleterious 

mutations, sd (calculated dividing Sd by 2Ne), is positively correlated to Ne (r = 0.76 [0.67, 0.85], 

BayesTrait V3 P-value < 0.01). This implies that populations with smaller size have mutations that are, 

on average, less deleterious. We checked using simulations that our method of inference does not 

introduce any co-variation between sd and Ne (Supplementary Analyses). It does not. We then assessed 

the relative contribution of the variation in Ne and sd to the differences in Sd. To do so, we use a multiple 

linear regression. Sd estimates are subject to considerable uncertainty and statistical noise and this can 

introduce a spurious (negative) correlation between Sd and sd estimates. Hence, we first obtained Sd and sd 

estimates that are statistically independent by splitting the coding genome in two (James et al. 2016; 

Castellano et al. 2016, 2018a) (see Material and Methods: Subsampling). One half is used to estimate Sd 

and the other half to estimate sd. We run one hundred replicates to compute the empirical confidence 

intervals. We find that Ne and sd are both significantly correlated with Sd in our multiple linear regression 

(Table 3). The standardized regression coefficients (β) suggest that direct variation in Ne and sd are 

quantitatively of very similar magnitude (β(Ne) = 0.43 [0.22, 0.85] and β(sd) = 0.69 [0.47, 1.07]). 

Although our predictor variables (Ne and sd) are correlated, their variance inflation factors are small (VIF 

~ 1.1) suggesting that multicollinearity is a minor issue.  
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Model Slope Adjusted R
2 

P-value 

A: log(Sd,1) ~ log(Ne,2) 1.90 (1.64, 2.16) 0.70 < 0.001 

B: log(sd,2) ~ log(Ne,2) 0.88 (0.63, 1.13) 0.34 < 0.001 

C: log(Sd,1) ~ log(Ne,2) + log(sd,2) 
Ne: 1.35 (0.98, 1.50) 

sd: 0.63 (0.46, 0.80) 
0.81 < 0.001 

A’ 1.42 (1.29, 1.58) 0.40 < 0.001 

B’ 0.52 (0.01, 1,02) 0.08 < 0.05 

C’ 
Ne: 1.02 (0.57, 1.48)  

sd: 0.68 (0.36, 0.85) 
0.63 < 0.001 

 

Table 3. Regression analysis. A’, B’ and C’ refer to the models with only humans, bonobos, western and 

central chimpanzees for direct comparison with the simulated data (see Supplementary Analyses).  

 

Of note, although a linear regression explains most of the variance in Sd (R
2
 = 0.83 [0.77, 0.86]), 

the relationship seems to reach a plateau for the less populous great apes. In fact, we find that a 

curvilinear function (quadratic regression) fits the data significantly better (R
2
 = 0.90 [0.80, 0.95]) than a 

linear regression (LRT linear vs quadratic regression P-value < 0.01). This result is not observed in the 

simulated data sets (Supplementary Analyses) and it suggests that other forces beyond genetic drift can 

modulate the strength of purifying selection in the smallest great ape populations (see Discussion).  

 

One can argue that our sample sizes are too small to estimate Sd with precision and that the 

findings commented above are merely driven by noise or by some particular demography biasing the 

estimates of the DFE parameters inferred using polyDFE. However, estimates of the proportion of 

mutations in a given Sd range from the DFE are often less noisy than mean Sd estimates (Keightley and 

Eyre-Walker 2007; Eyre-Walker and Keightley 2009). We demonstrate with our simulations that when 

https://paperpile.com/c/QqEYxu/RV2Ec+7KwQ0
https://paperpile.com/c/QqEYxu/RV2Ec+7KwQ0
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the shape parameter is co-estimated across species, not only these proportions can be reliably estimated 

using a small sample size, but also Sd (Supplementary Analyses). We find that the fraction of strongly 

deleterious mutations (Sd ≤ -10) is positively correlated to Ne (Figure 3 C, Table 4). There is a negative 

correlation between the fraction of effectively neutral mutations (-1 < Sd ≤ 0) and Ne (Figure 3 E, Table 4) 

as predicted by the Nearly Neutral Theory (Ohta 1992). Interestingly, there is a negative, but very 

shallow, correlation between the fraction of weakly deleterious mutations (-10 < Sd ≤ -1) and Ne (Figure 3 

D, Table 4). This is consistent with a recent work that found that the impact of linked selection (mainly 

background selection) on genetic diversity is very similar along the genomes of great apes (Castellano et 

al. 2018b).  

 

Model DFE parameters All GC-conservative 

M3S 

|Sd| 0.91 (0.88, 0.93) 0.75 (0.88, 0.56) 

|sd| 0.76 (0.66, 0.85) 0.44 (0.04, 0.77) 

% Sd ≤ -10 0.88 (0.82, 0.93) 0.67 (0.50, 0.83) 

% -10 < Sd ≤ -1 -0.88 (-0.93, -0.82) -0.68 (-0.83, -0.50) 

% -1 < Sd ≤ 0 -0.88 (-0.93, -0.82) -0.67 (-0.83, -0.50) 

Model average 

(M3I, M3S, M2I, 

M2S) 

pb -0.18 ( -0.48, 0.20) -0.32 (-0.68, 0.10) 

Sb -0.07 (-0.48, 0.28) -0.35 (-0.52, 0.06) 

pb x Sb -0.14 ( -0.48, 0.16) -0.32 (-0.51, 0.12) 

 

Table 4. Pearson correlation coefficient between the parameters describing the full DFE and Ne for all 

amino acid changing mutations and GC-conservative mutations. In parentheses the 95% confidence interval based 

on 100 bootstrap replicates. All these correlations have been cross-validated using a phylogenetically aware 

regression analysis. 

 

To further assess whether there is systematic variation in Sd across great apes, we compare a 

https://paperpile.com/c/QqEYxu/tYRj3
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purely deleterious model where both b and Sd are shared across all species (M3SS) against a model where 

only b is shared between species (M3S). In both models, the ri and the population scaled mutation rate 

parameters are estimated independently for each species. The model with variation in the mean Sd across 

great apes fits the data significantly better than the model where the mean Sd is the same across species 

(M3S vs M3SS: LRT P-value = 5.9e
-40

) (Supplementary Table 5 E). This result strongly supports the fact 

that there is systematic variation in the strength of purifying selection across the great apes. 

 

The selective effect, Sb, of new beneficial mutations might also depend on Ne. For instance, some 

authors have reported that species with a larger Ne tend to have higher rates of beneficial substitutions 

(Strasburg et al. 2011; Gossmann et al. 2012). This is because large populations will have to wait less 

time for the appearance of new beneficial mutations. Once the beneficial mutation has appeared, natural 

selection will be more effective in populations with large Ne. In contrast, other studies have reported that 

proxies for Ne and the rate of beneficial substitutions are poorly correlated (Galtier 2016). This is 

expected if small Ne populations have higher rates of new beneficial mutations, pb, because they are 

further away from their fitness optimum due to  fixed  or segregating deleterious mutations (Hartl and 

Taubes 1996; Poon and Otto 2000).  

 

To test whether our data supports any of those opposing views we use a model averaging 

approach to estimate the effect and proportion of new beneficial mutations (Tataru and Bataillon 2019). 

This allows us to factor in the fact that, as measured via LRT, there is only very weak (statistically non-

significant) evidence for the presence of beneficial mutations in the polymorphism data. We consider a 

set of four competing models (M3I, M3S, M2I and M2S) and weight them by their AIC. Supplementary 

Figure 1 shows the weight of each model per species. This approach has been applied before in the 

context of detection of adaptive molecular evolution (Kjeldsen et al. 2012; Rousselle et al. 2019). We 

find a non-significant negative correlation between the model-averaged rate of new beneficial mutations, 

pb, and Ne (Table 4, Supplementary Figure 2 A). There is no correlation between the model-averaged Sb 

and Ne (Table 4, Supplementary Figure 2 B). The expected rate of beneficial non-synonymous 
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substitutions (the product of rate of new beneficial mutations, pb, and the mean strength of positive 

selection, Sb) is also uncorrelated to Ne (Table 4, Supplementary Figure 2 C). Model-averaged estimates 

of the proportion of beneficial mutations, pb, suggest that beneficial mutations remain very rare 

(Supplementary Figure 3) and Sb estimates are always small (Sb << 1) and similar across great apes 

(Supplementary Figure 4). Nevertheless, it is also worth mentioning that one of the two smallest 

populations of great apes, bonobos, show a substantial proportion (1-2%) of new beneficial mutations 

(Table 5; Supplementary Figure 3). Larger sample sizes will be required to quantify this interesting class 

of effectively neutral beneficial mutations more precisely.  

 

 pb Sb 

Bonobos 1.7e-2 (7.3e-5, 1.2e-1) 0.0760 (0.0008, 27.8058) 

Central Chimpanzees 9.0e-3 (1.7e-5, 1.2e-1) 0.0673 (0.0023, 3.4063) 

Gorillas 1.3e-3 (7.1e-6, 3.0e-2) 0.0091 (0.0008, 0.2291) 

Eastern Chimpanzees 4.8e-4 (1.6e-5, 8.7e-2) 0.1830 (0.0102, 8.3537) 

Sumatran Orangutans 7.2e-5 (2.2e-6, 6.8e-3) 0.0080 (0.0010, 0.4206) 

Bornean Orangutans 7.0e-5 (3.1e-6, 2.3e-2) 0.0087 (0.0010, 0.1481) 

Western Chimpanzees 2.9e-5 (3.2e-6, 1.0e-2) 0.0081 (0.0007, 0.0911)  

Humans 2.3e-5 (2.2e-6, 7.6e-3) 0.0064 (0.0007, 0.1084) 

Nigeria-Cameroon 

Chimpanzees 
1.6e-5 (3.0e-6, 2.6e-3) 0.0104 (0.0017, 0.1382) 

 

Table 5. pb and Sb mean and 95% empirical confidence interval across 100 bootstrap replicates. pb and Sb 
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estimated weighting models M2I, M3I, M2S and M3S for each species. Species are ordered by mean pb.  

 

 

Accounting for gBGC  

GC-biased gene conversion (gBGC) can distort the uSFS of synonymous and non-synonymous 

mutations differently due to differences in their GC-content (Bolívar et al. 2018). Furthermore, larger 

populations are expected to be more affected by gBGC due to higher effective rates of recombination and 

gene conversion. Thus, the degree of bias will also scale with Ne. To check that our findings are not 

merely driven by differences in the intensity of gBGC, we repeated our analysis using GC-conservative 

mutations (A<->T and C<->G), which are unaffected by gBGC. Supplementary Table 6 shows the 

estimated parameters of the DFE for GC-conservative mutations for each species and model. We also find 

that the model where a single shape b is shared across species is preferred over the model with a separate 

shape parameter for each species (shared b = 0.1694 [0.1123, 0.2176]) (M3S vs M3I: LRT P-value = 

0.63) (Supplementary Figure 5). This is also true when beneficial mutations are included (shared b = 

0.2789 [0.2014, 0.9997]) (M2S vs M2I: LRT P-value = 0.70). We also find evidence of systematic 

variation in the strength of negative selection for GC-conservative mutations across species. A model 

where the shape is shared but the mean Sd is estimated independently is preferred over a model where 

both the shape and the mean Sd are shared (M3S vs M3SS: LRT P-value = 4.4e
-6

).  

 

We confirm that sd co-varies with Ne (Table 4) and that the strength of purifying selection in 

bonobos and western chimpanzees is higher than expected given their Ne (Supplementary Figure 6). The 

correlation between Ne and the summary statistics of the DFE also persist when considering only non-

synonymous GC-conservative mutations (Table 4; Supplementary Figure 6-8; Supplementary Table 7). 

The goodness-of-fit analysis for GC-conservative mutations is presented in Supplementary Figure 9.  
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Discussion 

In this work, we have inferred and compared the full distribution of fitness effects (DFE) of new 

heterozygous mutations between humans and their closest living relatives. To estimate the DFE we used 

only allele frequency distributions for 4-fold synonymous and 0-fold non-synonymous changes. We 

found that the shape of the deleterious DFE is remarkably constant across great apes, b = 0.16 (0.13, 

0.17). This result is robust to gBGC, polarization errors and proportions and effect of new beneficial 

mutations. Our estimate of the shape parameter in humans is consistent with older reports (b = 0.18-0.20) 

(Eyre-Walker et al. 2006; Keightley and Eyre-Walker 2007; Boyko et al. 2008) and recent estimates 

where thousands of human chromosomes are re-analyzed under a complex human demography (b = 0.17-

0.21) (Kim et al. 2017). While our analysis did not infer specific demographic parameters, co-estimating 

nuisance parameters for the different uSFS classes does capture the effects of demography and allows us 

to recover the underlying DFE. We confirmed the robustness of our approach by running forward 

simulations with demographic histories relevant for great apes (Supplementary Analyses).  

 

If we assume that within the great apes, not only recombination rate, mutation rate, gene density 

or gene expression levels are conserved but also protein function and regulatory and metabolic networks 

are equivalent, then it may be possible to explain the differences in the DFE between species by 

differences in their effective population size. Hence, here we ask: Does Ne affect the DFE all else being 

equal? We found evidence for systematic variation in the strength of negative selection (Sd = 2Nesd) 

across great apes. The correlation between our estimate of the species effective population size (Ne), 

based on the current levels of diversity at 4-fold synonymous sites (θS), and the estimated strength of 

negative selection (Sd) is very strong for all mutations and GC-conservative mutations (explaining ~80% 

and ~60% of the variance in the strength of purifying selection, respectively). This result is consistent 

with the Nearly Neutral Theory (Ohta 1992) assuming that the deleterious DFE (in sd units) is constant 

over evolutionary time. This constancy is expected under a model where protein function is the main 

driver of fitness effects of mutations, and where protein function hardly changes between species (at the 

evolutionary time scale spanning great apes). However, we also found evidence that suggests that sd has 
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not remained constant across great apes. We expect that Sd scales proportionally with Ne. However, we 

found more pronounced differences in Sd than expected given our estimates of the effective population 

size . In other words, we find that the mean absolute effect size of deleterious mutations (sd) is also 

correlated to Ne. Using data simulated with a constant sd, we show that our estimation procedure does not 

drive the co-variation between Ne and sd estimates. Interestingly, this result is consistent with positive 

epistasis. Under positive epistasis |sd| will decrease as fitness (and probably Ne) decreases (Silander et al. 

2007). This is because new deleterious mutations will be less detrimental in a genetic background that 

already contains deleterious variants than in a genetic background free of deleterious mutations. 

Population genetics theory predicts that in small populations drift can overwhelm selection. Slightly 

deleterious mutations may thus reach higher frequencies and even reach fixation causing fitness to decline 

(Kimura et al. 1963; Bataillon and Kirkpatrick 2000). This means that new deleterious mutations will 

have a higher chance of interacting with other pre-existing deleterious variants in a small population than 

in a large population. The prevalence of epistasis between old and new deleterious mutations is thus 

expected to increase when Ne decreases and we believe this is reflected in our estimates of the DFE 

(Figure 4). We propose that the variation in the strength of purifying selection across great apes is doubly 

affected by Ne. First, for a given selection coefficient, Ne determines the efficiency of purifying selection 

(Ohta 1992) and second, Ne determines the amount of potential epistatic interactions occurring in a given 

individual, which, in turn, will modulate the effect of new deleterious mutations (Poon and Otto 2000). 

This is an exciting result that deserves further theoretical exploration and empirical validation. 
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Figure 4. Schematic representation of the potential number of epistatic interactions between old (in grey) 

and  new (in red) deleterious variants as a function of Ne. Each grey horizontal line represents a chromosome, while 

empty circles represent deleterious mutations. 

 

Moreover, for additive mutations, the effect of deleterious mutations should decrease with 

decreasing Ne. Surprisingly, we find that in bonobos and western chimpanzees, the two smallest great ape 

populations, the mean effect size of deleterious mutations increases. We do not see this overestimation of 

Sd in our forward simulations of the bonobo and western chimpanzee demographic histories. Note that in 

our simulations all mutations are codominant. We hypothesize that the efficient purging of strongly 

deleterious recessive variants in bonobos and western chimpanzees might explain this result (Barrett and 

Charlesworth 1991; Glémin 2003). Bonobos and eastern lowland gorillas (not analyzed in this study) 

show an excess of inbreeding compared to the other great apes, suggesting small population sizes or a 

fragmented population (Prado-Martinez et al. 2013). Similarly, the western chimpanzees are thought to 

have spread from a very small ancestral population (Prado-Martinez et al. 2013; de Manuel et al. 2016) 

and show, as expected by theory, a higher proportion of putatively deleterious variants compared to 

central chimpanzees (Han et al. 2019). Recent work in Ibex and wolves suggests that bottlenecks can 

indeed favor the purging of strongly deleterious recessive mutations while allowing the accumulation of 

weakly deleterious additive mutations (Grossen et al. 2019; Robinson et al. 2019). Note, however, that 

our estimates assume that all mutations segregating and affecting fitness are codominant (h = 0.5). 
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Whether the estimation of DFE parameters is robust to variation in the joint effects of the dominance of 

mutations, inbreeding and demography remains an open question. 

 

Regarding the beneficial portion of the DFE, we do not find any statistically significant 

contribution of beneficial mutations to the uSFS counts. Thus, we are unable to support an increase in the 

strength of positive selection (Sb) with Ne (Nam et al. 2017), as well as  an increase in the expected rate of 

beneficial substitutions (pb x Sb) with Ne (Eyre-Walker 2006). Note, however, that in this work we do not 

use substitution data, only polymorphisms. Rare and strongly beneficial mutations will fix quickly and 

contribute relatively more to divergence counts than to uSFS counts (Eyre-Walker and Keightley 2007). 

Hence, our results are still compatible with the view that a sizeable amount of divergence at the amino 

acid level is driven by relatively rare but strongly beneficial mutations in the great apes (Nam et al. 2017). 

Our choice was to avoid using divergence data to estimate the full DFE. The reason for doing so is that 

fixed mutations may introduce biases in the estimation of the full DFE if ancient fluctuations in the 

effective population size are not properly modelled (Tataru et al. 2017; Rousselle et al. 2018; Zhen et al. 

2018). A second explanation to the apparent lack of beneficial mutations is our modest sample size (n = 8 

haploid chromosomes per population). Thus, although most adaptive substitutions seem to be weakly 

beneficial in humans (Uricchio et al. 2019), we might need very large sample sizes to quantify accurately 

the DFE of new beneficial mutations because new beneficial mutations are still very rare relative to 

deleterious ones. 

 

Using a model averaging framework where the different competing models are weighted by their 

AIC, we find that between 1-2% of new mutations are mildly beneficial in bonobos. However, the 

estimated population scaled effect size of beneficial mutations is below one in all great apes. Small 

populations tend to be further away from their fitness optimum due to a higher genetic load and/or 

fixation of slightly deleterious mutations. As a consequence, a new mutation has a higher probability of 

being beneficial in a small than in a large population (Hartl and Taubes 1996; Poon and Otto 2000; 

Silander et al. 2007). The interactions within and among genes will allow new mutations to 
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compensate/restore for the fitness effects of other, fixed or polymorphic, slightly deleterious mutations. 

Hence, there is no need for very unlikely back-mutations to restore the fitness losses incurred by previous 

mutations (Charlesworth and Eyre-Walker 2007). An interesting implication of such mode of evolution is 

that rates of adaptive substitutions may not be driven only by external conditions (such as viruses, see 

Enard et al. 2016; Castellano et al. 2019; Uricchio et al. 2019) but also by the amount of deleterious 

mutations already present in the genome as this mutation load conditions the current level of adaptation in 

a population. This mechanism is not often invoked to explain Darwinian adaptation (due to environmental 

changes), yet a small pool of compensatory mutations will contribute to the amino acid differences 

between species in the long-term (Hartl and Taubes 1996). The induced epistasis imply that mutations are 

only conditionally beneficial or deleterious and that the DFE and Ne might not be independent as 

commonly assumed.  

 

Finally, we discuss some limitations of our study. We have assumed the same mutation rate in all 

populations to estimate Ne based on current levels of synonymous diversity, θS. Synonymous diversity has 

been used repeatedly in several related studies as a proxy for Ne (Gossmann et al. 2010; Strasburg et al. 

2011; Phifer-Rixey et al. 2012; Galtier 2016). This might be a problem because θS is jointly influenced by 

variation in Ne and  the mutation rate. In this work we have assumed the same mutation rate per site and 

generation across all great apes. However, there is evidence that both the generation time and the 

mutation rate per year vary across great apes (Amster and Sella 2016; Jónsson et al. 2017; Thomas et al. 

2018; Besenbacher et al. 2019). We checked how more realistic estimates of mutation rate per generation 

could affect our results. With data retrieved from Besenbacher et al. (2019) we find that the mutation rate 

per generation is ~23% higher in chimpanzees, bonobos and orangutans than in humans. Gorillas and 

humans have a very similar mutation rate per generation despite having the shortest and longest 

generation times across great apes, respectively. We show that our results, including the correlation 

between sd and Ne, remain robust to the variation in the mutation rate per generation across great apes 

(Supplementary Figure 10; Supplementary Table 8). We emphasize that estimates of mutation rate per 

generation are prone to much uncertainty due to our limited knowledge about generation times in nature. 
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Second, synonymous diversity is a poor proxy for Ne if there is widespread selection on codon usage or 

other kinds of selection on synonymous changes due to, for example, the regulation of splicing or gene 

expression. However, this is unlikely to affect some great apes more than others or to affect more 

synonymous than non-synonymous changes. Selection on codon usage is a weak force and great apes are 

in general not highly populous species. The robustness of our results to gBGC, which is typically 

correlated to GC-content and codon usage bias, does not suggest that this is a major issue with this 

analysis. Furthermore, the fact that all our results have been replicated using GC-conservative mutations 

indicates that gBGC is not likely affecting our conclusions. Third, we cannot explain why we do not 

observe signals of mildly beneficial mutations in western chimpanzees, a population with a level of 

genetic diversity equivalent to that found in bonobos. Other factors beyond the genome-wide amount of 

DNA diversity, such as the rate of change of the environment (Lourenço et al. 2013), inbreeding or 

population structure, might be triggering the emergence of those weakly beneficial mutations specifically 

in bonobos. Fourth, fluctuations in the effective population size (along time or the genome) might affect 

neutral and selected mutations differently (Gordo and Dionisio 2005; Brandvain and Wright 2016; 

Castellano et al. 2018c; Torres et al. 2019). In other words, the Ne that better describes the population 

dynamics of neutral mutations might be different from the Ne that better describes the population 

dynamics of weakly selected mutations or strongly selected mutations (Messer and Petrov 2013; 

Rousselle et al. 2018). These de-couplings in the Ne of neutral and selected mutations can affect our 

results and interpretations. However, the high inference accuracy of polyDFE under background selection 

and the complex demographic histories of great apes should make our inference robust to such non-

equilibrium dynamics.   
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Conclusions 

We have made the first comparison of the full distribution of fitness effects of new amino acid 

mutations across great apes. By comparing the fit of a series of nested models to polymorphism data, we 

have identified which aspects of the DFE are shared between humans and their closest living relatives. 

Our analysis shows that the shape of the deleterious DFE is shared across these species. Consistent with 

the Nearly Neutral Theory we have found that the average population scaled effect size of new 

deleterious mutations (Sd) is strongly correlated to our estimate of Ne. Interestingly, there is also co-

variation between the average effect size of new deleterious mutations (sd) and Ne suggesting a role for 

positive epistasis. We further find that the two smallest great ape populations, western chimpanzees and 

bonobos, show a comparatively larger strength of purifying selection, which is compatible with the 

efficient purging of deleterious recessive variants in small populations. The LRT does not favor a richer 

DFE model including beneficial mutations over models considering only deleterious mutations. However, 

when we use a model averaging approach, we estimate a small proportion of mildly beneficial mutations 

only in bonobos. This finding is consistent with compensatory epistasis, which predicts a larger rate of 

beneficial mutations in small populations. This work invites further investigation of the relationship 

between epistasis and Ne. Our study demonstrates the simple but perhaps underappreciated fact, that the 

effect of mutations is dynamic, even between closely related species, and may depend on the genetic 

background on which they arise.  
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