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Abstract 
Purifying selection is the most pervasive type of selection, as it constantly removes deleterious mutations arising in populations, directly scaling 
with population size. Highly expressed genes appear to accumulate fewer nonsynonymous mutations between divergent species’ lineages 
(known as E–R anticorrelation), pointing toward gene expression as an additional component modulating the selection coefficient of protein- 
coding mutations. However, estimates of the effect of gene expression on segregating deleterious variants in natural populations are scarce, 
as is an understanding of the relative contribution of population size and gene expression to purifying selection. Here, we analyze genomic 
and transcriptomic data from two natural populations of closely related sister species with different demographic histories, the Emperor 
penguin (Aptenodytes forsteri) and the King penguin (Aptenodytes patagonicus), and show that purifying selection at the population level 
depends on gene expression rate, resulting in very high selection coefficients at highly expressed genes. Leveraging realistic forward 
simulations, we estimate that the top 10% of the most highly expressed genes in a genome experience a selection pressure corresponding 
to an average selection coefficient of −0.1, which decreases to a selection coefficient of −0.01 for the top 50%. Gene expression rate can be 
regarded as a fundamental parameter of protein evolution in natural populations, maintaining selection effective even at small population size. 
We suggest gene expression could be considered as a major component of gene-specific selection coefficients, which are notoriously 
difficult to derive in nonmodel species under real-world conditions.
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Introduction
Protein evolution is constrained by purifying selection, which 
prevents changes in the underlying gene sequence with a deleteri
ous effect on organismal fitness from spreading in natural pop
ulations. The intensity of purifying selection on deleterious 
mutations is directly correlated with the effective size of a popu
lation (Ne; Charlesworth 2009; Akashi et al. 2012), determined 
by species-specific life history traits and population-specific 
demographic trajectories (Figuet et al. 2016 ; Chen et al. 
2017), and with the selection coefficient (s) of each mutation. 
However, genes with a globally high expression rate across tis
sues show a slow rate of accumulation of deleterious substitu
tions (Duret and Mouchiroud 2000; Pál et al. 2001 ; Zhang 
and Yang 2015), suggesting high selection coefficients on any 
mutation appearing therein. Such an inverse correlation between 
the rate of evolution and gene expression (so-called E–R 

anticorrelation) could be caused by the strong selection acting 
against the toxic accumulation of misfolded or misinteracting 
proteins in cells (Yang et al. 2012; Park et al. 2013; Wu et al. 
2022, but see Pritykin et al. 2015 and Bédard et al. 2022 for 
more hypotheses about the causes of E–R anticorrelation). 
Assuming that proteins are also selected for their conformational 
stability (i.e. the protein is folded or not) or for protein–protein 
interaction (i.e. the protein is bounded or not to other proteins), 
for each novel mutation altering the protein thermodynamic sta
bility, we can foresee a component of the coefficient of selection 
which depends on the amount of protein product or, simplify
ing, on gene expression. The probability of fixation of a new mu
tation can then be theoretically derived as a function of both 
gene expression and effective population size (Latrille and 
Lartillot 2021), but so far the predictions of these models have 
not been tested empirically in an integrated dataset.
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Evidence for E–R anticorrelation has been found in several 
interspecific comparisons by estimating fixation rates (d) of 
nonsynonymous (N) over synonymous (S) mutations (i.e. 
dN/dS) in genes with different expression rates (Slotte et al. 
2011; Zhang and Yang 2015; Joseph et al. 2017). 
Considering diversity at the population level, E–R anticorrela
tion should explain differences in nonsynonymous and syn
onymous segregating polymorphisms (p) across genes (i.e. 
pN/pS or as the corrected estimate πN/πS). Although consistent 
patterns have been observed in a few wild populations 
(Carneiro et al. 2012; Williamson et al. 2014; Hodgins et al. 
2016; Galtier 2016) and direct competition experiments in 
Saccharomyces cerevisiae show the dependence of the distri
bution of fitness effects on gene expression level (Wu et al. 
2022), other laboratory experiments measuring E–R anticorre
lation of de novo mutations in E. coli provided not fully conclu
sive results (Shibai et al. 2022). But note that most 
laboratory-based evolution experiments have a resolution 
only for mutations with a selection coefficient ≥ 0.005 (Kofler 
and Schlötterer 2014). More importantly, the relative contribu
tion of gene expression and effective population size to purify
ing selection has not been empirically explored. Theory predicts 
that the efficiency of purifying selection depends on the product 
of effective population size and selection coefficient to be much 
larger than 1. We can therefore ask whether genes with high ex
pression levels are characterized by large enough selection coef
ficients so that purifying selection still exerts its effect even 
when populations are small. On the contrary, understanding 
the range of selection coefficients across genes would help iden
tify those genes which are more sensitive to increasing drift ef
fects in case of decreasing population size.

Here, we use two natural populations of closely related sis
ter species, the Emperor and the King penguins (Aptenodytes 
forsteri and Aptenodytes patagonicus), with different demo
graphic histories (Trucchi et al. 2014; Cristofari et al. 2016, 

2018), to test the following hypotheses. First, if the selection 
coefficient of a gene is also dependent on its expression rate, 
we should observe a decline in the effect of purifying selection 
(e.g. πN/πS) with increasing expression rate and such decline 
should be determined by a corresponding decline in nonsynon
ymous polymorphism only. Our second question concerns the 
relative weight of population size and gene expression in 
modulating purifying selection. When comparing populations 
of different sizes, smaller populations show lower diversity at 
both synonymous and nonsynonymous sites (Fig. 1), but pre
dicted higher πN/πS because of larger drift which reduces the 
efficacy of purifying selection. One possible explanation of 
the E–R anticorrelation is that, beside their specific function 
in the cell/organism, proteins can also be selected for their con
formational stability. In this model, the selection coefficient of 
a novel mutation can be decomposed as s = (sy f(y)) + sX, where 
sy is the component of the selection coefficient deriving by the 
changes in the thermodynamic stability of the protein product 
which can be modified by some monotonic function of gene 
expression, f(y), and sX denotes the component of the selection 
coefficient depending on the actual function of the protein in 
the cell/organism (of note, y may also have an effect on sX, 
which is not included in our simplified formulation). 
Considering that the population-size-scaled selection coeffi
cient |Ne s| has to be >>1 for selection to be effective over gen
etic drift, in the E–R model, the larger the gene expression (y) 
the higher the contribution of sy to the overall s. If the contri
bution of sy f(y) is negligible with respect to the Ne difference 
between the two penguin species compared here, we predict a 
linear decline of nonsynonymous diversity in genes with in
creasing expression level (Fig. 1, top). However, if the contri
bution of gene expression becomes much larger than Ne, via its 
contribution to the subterm sy f(y), nonsynonymous diversity 
should decline to the same level at highly expressed genes re
gardless of the population size differences (Fig. 1, bottom). 
Finally, we use realistic forward simulations of evolving pop
ulations to estimate the range of selection coefficients produ
cing the same effects of purifying selection as observed in 
natural populations of Emperor and King penguins.

Results and Discussion
We use high-coverage whole-genome data of 24 individuals per 
species to estimate patterns of genetic diversity, and whole 
transcriptome data of five tissues from three young individuals 
per species to estimate global mRNA expression levels. Young 
age class was chosen for this study as genes broadly expressed 
in early life stages have been shown to be the most affected by 
purifying selection (Cheng and Kirkpatrick 2021). Both 
Emperor and King penguins feature single, large, and quasi
panmictic populations (Cristofari et al. 2016, 2018), but they 
show different levels of genetic diversity (Kolmogorov– 
Smirnov [KS] test P-value <<0.001; Fig. 2a), corresponding 
to their different ecological adaptations and past demographic 
dynamics after divergence (Cristofari et al. 2016, 2018; Vianna 
et al. 2020; Cole et al. 2022; Pirri et al. 2022). As a consequence 
of the historically larger effective population size in the 
Emperor penguin, this species has a higher proportion of segre
gating variants, a lower proportion of fixed derived variants, 
and a lower proportion of segregating nonsynonymous over 
synonymous variants (KS test P-value <<0.001; Fig. 2b); how
ever, the two sister species show a minor difference in the pro
portion of fixed nonsynonymous over synonymous differences, 
given their relatively short time since species divergence (KS 

Fig. 1. Sketched diagram of the predicted effects of gene expression on 
genetic diversity (synonymous and nonsynonymous) under the E–R 
anticorrelation model. If the difference in population size (Ne) is much 
larger than the variation in gene expression (y), we expect that the 
difference in genetic diversity at nonsynonymous sites will remain the 
same across the whole range of expression rate (top); if variation in y is 
instead larger than the difference in Ne, we predict the difference in 
nonsynonymous genetic diversity to decline with increasing gene 
expression (bottom). Note that the nonlinear decline in the bottom-right 
plot is purely descriptive of a generic monotonic function of gene 
expression (f(y)).
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test P-value = 0.016). Both gene-by-gene estimates of diversity 
(nucleotide diversity: π) and expression rate (normalized as 
transcripts per million [TPM]) are highly correlated between 
the two species (Fig. 2c and d), thus minimizing any confound
ing effect of sequence and expression divergence in our down
stream analyses.

Purifying selection more efficiently removes 
nonsynonymous segregating variants in genes 
while expression rate increases
Corrected estimate of purifying selection on segregating variants 
per gene, πN/πS, clearly declines with increasing gene expression 
rate (Fig. 3a), dropping by 70% to 80% across the whole range 
of gene expression in both species. These results hold regardless 
of binning or not the genes in percentiles of expression rate 
(supplementary fig. S6, Supplementary Material online) and 
are consistent with the E–R anticorrelation found in several 
taxa at the interspecific divergence level as shown in Zhang 
and Yang (2015) (supplementary fig. S7, Supplementary 
Material online). As expected, also the rate of fixation of nonsy
nonymous over synonymous mutations (dN/dS) declines with 
gene expression rate in both species, even if divergence estimates 
are null for many genes given the shallow split time between two 
penguin species (supplementary figs. S6 and S7, Supplementary 
Material online). E–R anticorrelation appears also if we analyze 
the expression rate of segregating sites across all genes together 
(mRNA sequencing coverage per site normalized as count per 
million reads [CPM]) in order to take into account 

heterogeneous expression rate among exons: again, counts of 
nonsynonymous over synonymous variants in bins of 0.05 
CPM, from 0 to 5 CPM, are inversely correlated with expression 
rate (supplementary fig. S9, Supplementary Material online). 
The decline of πN/πS with increasing gene expression rate is 
due to the decreasing count of nonsynonymous variants in high
ly expressed genes, whereas the count of synonymous variants is 
stable across the whole gene expression range in both species 
(Fig. 3b and c). More importantly, the difference in the counts 
of synonymous variants between the two penguin populations 
is also stable and always significant (KS test P-value <<0.005), 
whereas the difference in the counts of nonsynonymous variants 
decreases with increasing gene expression, with this difference 
disappearing in the upper 50% to 60% of gene expression 
rate (Fig. 3c). This result supports the hypothesis that gene ex
pression variation has a larger contribution than population 
size difference to purifying selection (see Fig. 1, bottom panels). 
Highly expressed genes are then expected to show very large se
lection coefficients (s >> 1/Ne). As theoretically predicted 
(Latrille and Lartillot 2021), the rate of purifying selection ap
pears to linearly decrease with the logarithm of the expression 
rate (Fig. 3a). After estimating the change in rate of purifying se
lection (πN/πS) as a function of the effective population size of the 
two penguin species in log scale, we show that all estimated 
slopes are statistically different from zero and negative 
(supplementary fig. S8, Supplementary Material online). 
However, the slope estimates are not significantly different 
from each other and their CIs overlap (supplementary fig. S8, 
Supplementary Material online). Compatible with the 

(a) (b)

(c) (d)

Fig. 2. Patterns of genetic diversity and gene expression in Emperor (teal) and King (gold) penguins. a) Distribution of nucleotide diversity (π) and Tajima’s 
D in 50 kb genomic windows (statistical differentiation assessed via KS test: * < 0.05, ** < 0.01, *** < 0.001); b) block bootstrap (see supplementary 
methods S3.2, Supplementary Material online) proportion of segregating variants (p) over total segregating and fixed differences (d ) at synonymous (S) 
and nonsynonymous (N) sites (left panel) and estimates of pN/pS and dN/dS (right panel); statistical differentiation assessed via KS test; c) per gene 
comparison of nucleotide diversity between King and Emperor penguins (Pearson’s r: 0.84, P-value < 1E−10); d) per gene comparison of expression rate 
between King and Emperor penguins (Pearson’s r: 0.70, P-value < 1E−10), quantified as TPM (up to TPM = 1,100; see supplementary fig. S5, 
Supplementary Material online for whole expression range).

Gene Expression vs. Deleterious Genetic Diversity Anticorrelation in Penguins · https://doi.org/10.1093/molbev/msaf146                       3
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/42/6/m

saf146/8159898 by guest on 09 June 2026

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf146#supplementary-data


assumptions that proteins are selected for their conformational 
stability or for protein–protein interaction, these results suggest 
that both the effects of effective population size and gene expres
sion can be considered together in integrated models of evolu
tion. However, they should be assessed more thoroughly, by 

comparing more population sizes. On a different note, even if 
gene expression has been suggested to be one of the causes of 
nonneutrality in synonymous variants in yeast (Shen et al. 
2022), or that codon usage bias is more intense in highly ex
pressed genes (Frumkin et al. 2018), gene expression rate does 

(b)(a)

(d)

(c)

Fig. 3. Increasing purifying selection with gene expression in Emperor (teal) and King (gold) penguins. Estimates of πN/πS (a, b), and average number of 
nonsynonymous (c) and synonymous (d) segregating variants (normalized per 1,000 bp of coding sequence) in genes binned by 5% percentiles of 
expression rate (normalized as TPM). Slope of the linear regression (Emperor penguin: χ= −0.058, R2 = 0.848; King penguin: χ= −0.066, R2 = 0.877) is 
shown as a solid red line, and values of πN/πS for the top 50% (small dashes) and 10% (large dashes) of the most highly expressed genes are indicated by a 
dashed gray line in a) and b). Median (solid white line) and mean (white triangle) are shown in each boxplot in c) and d). Linear regression of the number of 
variants as a function of gene expression, as log(TPM), was fitted independently for each penguin species and each type of segregating variant (regression 
lines not shown): Emperor penguin synonymous (χ= −0.01722, R2 = 0.07682) and nonsynonymous (χ= −0.28309; R2 = 0.9427) and King penguin 
synonymous (χ= −0.006407; R2 = 0.01836) and nonsynonymous (χ= −0.18945; R2 = 0.9212). Statistical significance for the difference in the distribution 
of synonymous and nonsynonymous variants per percentile between the two species is shown (KS test: * < 0.05, ** < 0.01, *** < 0.001) in b) and c).
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not appear to perturb synonymous variation in our datasets 
from two vertebrate species (Fig. 3d).

Purifying selection more efficiently prevents 
nonsynonymous segregating variants from 
increasing in frequency in genes with higher 
expression rate
The derived allele frequency spectrum of nonsynonymous var
iants with expression rate higher than 0.3 CPM is depleted in 
medium–high-frequency categories, while there is no differ
ence in the derived allele frequency spectrum of synonymous 
variants across the whole expression range in both species: 
the fitted smoothing splines, which describe the pattern of 
the derived allele frequencies along the count classes, signifi
cantly differ between highly and lowly expressed genes only 
for nonsynonymous variants (Fig. 4). As predicted by theoret
ical models (Nielsen 2005; Lawrie and Petrov 2014) and em
pirical results (Paape et al. 2018; Han et al. 2019), the 
skewness to the left of the nonsynonymous variants site fre
quency spectrum demonstrates more intense purifying selec
tion in genes with higher expression rate. Changing the 
arbitrary threshold to discriminate between low and high ex
pression rate, or using more than two categories of expression 
rate (low: < 0.3 CPM, medium: 0.3 to 2 CPM, high: > 2 CPM) 
does not change the observed pattern (supplementary fig. S10, 
Supplementary Material online). The pattern holds when all 
nonsynonymous and synonymous variants are used in the al
lele frequency spectrum estimate (supplementary fig. S10, 
Supplementary Material online) as well as when one nonsy
nonymous and one synonymous variant are randomly 
sampled from each gene (Fig. 4), thus excluding the possibility 
that few genes with many variants (i.e. pseudoreplication) 
drive our observation.

Purifying selection in the top 10% of highly 
expressed genes largely exceeds the effect of 
100,000 individuals’ effective population size
In simulated populations, under either Wright–Fisher or more 
realistic non-Wright–Fisher models, median uncorrected pN/ 
pS across genes declines from 1.8 to 0.9, while population 
size increases from 1,000 to 100,000 individuals (Fig. 5). 
Such values of pN/pS are much higher than the values observed 
in penguin populations for genes in the top 50% or top 10% of 
expression rate (Fig. 5 and supplementary fig. S6, 
Supplementary Material online). In these models, the effect 
of population size on purifying selection was explored by 
simulating a set of realistic values for mutation and recombin
ation rate, synonymous to nonsynonymous ratio, selection 
and dominance coefficient distributions, coding sequence 
length, and gene numbers. In particular, new mutations were 
given a selection and dominance coefficient (h-mix) based on 
a commonly used fitness effects distribution (Kim et al. 
2017; Kyriazis et al. 2021), where most of the mutations are 
weakly deleterious. To reproduce pN/pS values as those ob
served in highly expressed genes in both penguin species, we 
designed a more extreme selection scenario: all nonsynony
mous mutations appearing in a gene were given a fixed selec
tion coefficient of −0.1, −0.01, or −0.001 (100 replicated 
genes per selection coefficient) and a dominance coefficient de
rived from the hs relationship (Henn et al. 2016). In realistic 
non-Wright–Fisher models with a selection coefficient of 
−0.01, pN/pS decreases below 0.4 (Fig. 5), while a selection co
efficient of −0.1 results in pN/pS below 0.3, as observed in 
genes in the top 50% and 10% of expression rate, respectively 
(Fig. 3a and supplementary fig. S6, Supplementary Material
online). Such high selection coefficients are then expected to 
be effective even when the population size is small (i.e. s >> 
1/Ne, per n = 1,000), thus buffering the effects of changing 

Fig. 4. Site frequency spectra significantly differ for nonsynonymous variants between highly and lowly expressed genes. Overlapping 95% CIs of the 
differences between fitted smoothing splines of the derived allele frequency spectra of nonsynonymous and synonymous variants at low (<0.3 CPM) and 
high (>0.3 CPM) expression levels in Emperor (teal) and King (gold) penguins. Each shaded polygon represents the 95% CI of the pairwise difference 
between the high- and the low-expression smoothing splines obtained by fitting a generalized additive mixed-effects model on a random subsample of the 
data (for a total of 100 subsamples). Intervals overlapping with the dashed gray line at zero indicate no significant difference between the two smoothing 
splines.
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population size as it was also suggested for the vast majority of 
X-linked genes in Drosophila (Andolfatto et al. 2011). 
However, we also observe more variance in simulations with 
smaller population sizes (supplementary fig. S11, 
Supplementary Material online). Of note, the effects of strong
ly deleterious mutations are difficult to estimate as few muta
tions actually segregate in a sample of haplotypes (Charmouh 
et al. 2023; Zeng et al. 2024 ). However, consistently with our 
results, joint inference of mean population-size-scaled selec
tion coefficients (Ne s) in some humans and Drosophila sam
ples have been estimated between 2,500 and 14,000 
(Keightley and Eyre-Walker 2007).

Gene expression can be used as a proxy of the 
distribution of gene selection coefficients in natural 
populations of nonmodel species
Variants with highly deleterious effects on individual fitness 
are expected to be immediately lost in natural populations. 
Consistent with this expectation, the highly deleterious var
iants (<1,000 HIGH effect SNPs per species) predicted by 
SNPeff (Cingolani et al. 2012) in each penguin population 
show a much lower average expression level than weakly dele
terious (MODERATE effect) and nearly-neutral (LOW effect 
and synonymous) variants (Table 1). This observation means 
that HIGH effect variants are mainly present in lowly ex
pressed genes with limited impact on fitness. Expression level 

is even lower in the very few fixed differences with HIGH ef
fect (Table 1), thus supporting our hypothesis. As site-specific 
expression of highly deleterious variants (mainly start/stop 
codons loss/gain and splice acceptor/donor variants) could 
be biassed in mature mRNA sequencing, we also estimated 
the expression of highly deleterious variants as the expression 
of the gene they belong to. Even applying a rather conserva
tive test, the expression of genes with predicted highly dele
terious variants is on average three times lower than all 
genes (KS test P-value = 0.00095) in the King penguin and 
slightly lower, even if not significant, in the Emperor penguin. 
As previously suggested for the distribution of dominance co
efficients in a model plant species (Huber et al. 2018), gene 
expression should be taken into account when using predic
tions of fitness effects and, more generally, when using such 
predictions to calculate the genetic load in populations of 
conservation concern (Bertorelle et al. 2022). In fact, pre
dicted highly deleterious variants could be in lowly expressed 
genes, thus with little contribution to individual or popula
tion fitness.

Conclusion
Overall, our study provides evidence that gene expression can 
have a major impact on purifying selection in natural popula
tions and to a higher extent than 100,000 individuals’ popula
tion size for highly expressed genes. About half of the genes in 

Fig. 5. Population size and gene-specific extreme selection coefficients explain low observed pN/pS values in simulations. Distribution of uncorrected pN/ 
pS (2.3 expected under neutrality) across 1,000 genes simulated under non-WrightFisher (non-WF, left, solid border) and WrightFisher (WF, right, dashed 
border) models with effective population size from 1,000 to 100,000 (darker gray background) and across 100 genes with selection coefficient from 
−0.001 to −0.1 (lighter gray background). Note that the dominance coefficient is set according to the h-mix or hs models in simulations testing different 
population sizes or selection coefficients, respectively. More efficient purifying selection in nonWF models, where effective population size tends to be 
lower than in WF models, can be explained by the fact that, in such models, individuals with high fitness can survive and reproduce for multiple 
generations. OBS: observed uncorrected pN/pS in three selected bins of gene expression (TPM percentile as in Fig. 3); Emperor penguin: teal; King 
penguin: gold; solid white line: median; white triangle: mean.

Table 1 Expression rate by predicted fitness effect

Predicted fitness effect LOWsyn MDR HIGH

Species Emperor King Emperor King Emperor King
Total number of variants 73501 57088 47183 41352 934 840
Expression rate of all variants 1.50 (5.02) 1.30 (4.56) 0.78 (2.85) 0.78 (2.86) 0.24 (1.97) 0.14 (0.88)
Number of fixed differences 1846 3500 1166 2229 16 44
Expression rate of fixed differences 1.41 (4.12) 1.22 (4.14) 1.40 (6.31) 0.93 (3.39) 0.08 (0.54) 0.02 (0.57)
Average count of derived alleles in segregating variants 6.17 6.25 4.75 4.73 5.14 5.48

LOWsyn, low effect and synonymous; MDR, moderate effect; HIGH, high effect. Expression rate is shown as average (and SD) Z-normalized CPM.
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a genome, which are likely responsible for basic cellular and 
molecular functions (Boyle et al. 2017), are under a strong se
lective constraint preventing deleterious sequence changes 
even when population size declines to about 1,000 individuals. 
Indeed, for selection to be effective the ratio Ne s has to be >1. 
Selection coefficients on the top 10% of the expressed genes 
could be so high (s up to 0.1) to prevent fixation of deleterious 
mutations even at smaller population size (<100 individuals). 
However, below this order of magnitude, random effects 
would necessarily prevail in the proteins’ evolutionary trajec
tories. Together with the effect on cell and organism function, 
the probability of fixation of a new mutation appears as also 
determined by an additional component of selection which 
scales with gene expression. One of the possible explanations 
is that novel mutations could result in increased cellular tox
icity due to protein misfolding or protein–protein misinterac
tions and that such toxicity increases with the amount of the 
produced protein (Zhang and Yang 2015), which is approxi
mated by gene expression. However, gene expression is cor
related with gene multifunctionality, centrality in regulatory 
and genetic interactions network, and essentiality for cell 
basal functioning (Pritykin et al. 2015). Therefore, the ob
served relationship between gene expression and purifying 
selection could be a covariate of other gene features. On a 
practical note, gene expression should be integrated in esti
mates of gene selection coefficients, which are notoriously 
difficult to study in natural populations of nonmodel species 
(Huber et al. 2017), or when accurate estimates of πN/πS are 
hampered by low levels of segregating variants as in very 
small populations (Benazzo et al. 2017). Gene expression 
data are easier to collect than selection coefficients and are 
usually highly conserved across closely related species 
(Fig. 2d), so that they can be used to refine estimates of gen
etic load (Bertorelle et al. 2022) in natural populations of 
conservation concern.

Supplementary Material
Supplementary material is available at Molecular Biology and 
Evolution online.
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