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Genes and sites under adaptation at the phylogenetic scale
also exhibit adaptation at the population-genetic scale
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Adaptation in protein-coding sequences can be detected from multiple sequence
alignments across species or alternatively by leveraging polymorphism data within
a population. Across species, quantification of the adaptive rate relies on phylogenetic
codon models, classically formulated in terms of the ratio of nonsynonymous
over synonymous substitution rates. Evidence of an accelerated nonsynonymous
substitution rate is considered a signature of pervasive adaptation. However, because
of the background of purifying selection, these models are potentially limited in
their sensitivity. Recent developments have led to more sophisticated mutation–
selection codon models aimed at making a more detailed quantitative assessment of
the interplay between mutation, purifying, and positive selection. In this study, we
conducted a large-scale exome-wide analysis of placental mammals with mutation–
selection models, assessing their performance at detecting proteins and sites under
adaptation. Importantly, mutation–selection codon models are based on a population-
genetic formalism and thus are directly comparable to theMcDonald andKreitman test
at the population level to quantify adaptation. Taking advantage of this relationship
between phylogenetic and population genetics analyses, we integrated divergence and
polymorphism data across the entire exome for 29 populations across 7 genera and
showed that proteins and sites detected to be under adaptation at the phylogenetic scale
are also under adaptation at the population-genetic scale. Altogether, our exome-wide
analysis shows that phylogeneticmutation–selection codonmodels and the population-
genetic test of adaptation can be reconciled and are congruent, paving the way for
integrative models and analyses across individuals and populations.

adaptation | phylogenetic | population genetics | codon models

Present-day genetic sequences are informative of populations’ past evolutionary history
and can carry signatures of selection at different scales. One main goal in the study of
molecular evolution is to disentangle and quantify the intensity of neutral, adaptive, and
purifying evolution acting on sequences, leveraging variations in sequences between and
within species. Theoretically, in order to detect adaptive evolution, one must have data
where part of the sequence is known to be under a neutral regime, which can be used as a
null model. In the case of protein-coding DNA sequences, synonymous sites are usually
taken as proxies for neutral sites, although there are instances where they are indeed
under selection (1–3). Nonsynonymous mutations, on the other hand, might be under a
mixture of varying degrees of adaptive and purifying selection. Contrasting synonymous
and nonsynonymous changes, two different types of methods have emerged to quantify
both positive and purifying selection acting on protein-coding sequences. One method,
stemming from phylogeny, uses a multiple sequence alignment comprising genes from
different species and relies on codon models to deduce the selective regime from the
patterns of nonsynonymous versus synonymous substitutions (4, 5). Starting with the
work of McDonald and Kreitman (6), another method, stemming from population
genetics, contrasts polymorphism within a population and divergence to a closely related
species.

At the population-genetic scale, one of the most widely used tests for adaptation
relies on the substitutions between two closely related species and polymorphism within
one population (6). Under a strict neutral model (i.e., assuming that nonsynonymous
mutations are either neutral or strongly selected), the ratios of nonsynonymous polymor-
phisms over synonymous polymorphisms (πN /πS) and of nonsynonymous substitutions
over synonymous substitutions (dN /dS) are expected to be equal. If, in addition, strongly
advantageous mutations occur, they are fixed rapidly in the population, thus contributing
solely to divergence but not to polymorphism. As a result, the positive difference between
dN /dS and πN /πS gives an estimate of the adaptive rate ωA = dN /dS − πN /πS (7).
This simple argument is not strictly valid in the presence of moderately deleterious
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Abstract Evolution is, fundamentally, a tug-of-war around biological diver-
sity in which two main types of opposing processes are involved. Diversity is
generated by means of mutation, migration, and recombination; diversity is
reduced by natural selection of fitter individuals over less-fit ones among a
population. An additional component, known as genetic drift, is commonly
acknowledged as the main random force in evolution. The diversity resulting
from this tug-of-war can be observed at two different time and biological
scales: between individuals of the same species at the population-genetic
scale and between different species at the phylogenetic scale. The goal of this
chapter is to formally describe the bridge between these two biological scales
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a b s t r a c t

Molecular sequences are shaped by selection, where the strength of selection relative to drift is
determined by effective population size (Ne). Populations with high Ne are expected to undergo
stronger purifying selection, and consequently to show a lower substitution rate for selected mutations
relative to the substitution rate for neutral mutations (ω). However, computational models based on
biophysics of protein stability have suggested that ω can also be independent of Ne. Together, the
response of ω to changes in Ne depends on the specific mapping from sequence to fitness. Importantly,
an increase in protein expression level has been found empirically to result in decrease of ω, an
observation predicted by theoretical models assuming selection for protein stability. Here, we derive a
theoretical approximation for the response of ω to changes in Ne and expression level, under an explicit
genotype-phenotype-fitness map. The method is generally valid for additive traits and log-concave
fitness functions. We applied these results to protein undergoing selection for their conformational
stability and corroborate out findings with simulations under more complex models. We predict a
weak response of ω to changes in either Ne or expression level, which are interchangeable. Based on
empirical data, we propose that fitness based on the conformational stability may not be a sufficient
mechanism to explain the empirically observed variation in ω across species. Other aspects of protein
biophysics might be explored, such as protein–protein interactions, which can lead to a stronger
response of ω to changes in Ne.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Molecular sequences differ across species due to the particular
history of nucleotide substitutions along their respective lineages.
These substitutions in turn are the result of the interplay between
evolutionary forces such as mutation and selection, whose rela-
tive forces are determined by the amount of random genetic drift.
These forces have effects at different levels: mutations are carried
by molecular sequences, selection is mediated at the level of
individuals, while random genetic drift is a population sampling
effect. Yet, they jointly contribute to the long-term molecular
evolutionary process. Thus, the challenge of the study of molecu-
lar evolution is to tease out their respective contributions, based
on comparative analyses.

One main aspect of this challenge is to correctly evaluate the
role of random drift in the long term evolutionary process. Popu-
lation genetics theory implies that the strength of drift, due to the

∗ Corresponding author at: Université de Lyon, Université Lyon 1, CNRS,
Laboratoire de Biométrie et Biologie Évolutive UMR 5558, F-69622 Villeurbanne,
France.

E-mail address: thibault.latrille@ens-lyon.org (T. Latrille).

stochastic sampling of mutations, is less pronounced in lineages
with large effective population size (Ne), and as a consequence,
the purification by selection of weakly deleterious mutations is
more effective in large populations. This fundamental idea is at
the core of the nearly-neutral theory of evolution. This theory
posits that a substantial fraction of mutations are deleterious or
weakly deleterious, and as a result, predicts that the substitution
rate (relative to the neutral expectation), called ω, decreases
along lineages with higher Ne (Ohta, 1972, 1992).

This prediction has been more quantitatively examined under
the assumption that the selective effects of mutations are drawn
from a fixed distribution of fitness effects (DFE) (Kimura, 1979;
Welch et al., 2008). Assuming a gamma distribution for the DFE, a
key result obtained in this context is an approximate scaling of ω

as a function of Ne (i.e. ω ∼ N−k
e ), where k is the shape parameter

of the DFE. In practice, DFEs are strongly leptokurtic, which thus
predicts a weak negative relation between ω and Ne.

However, the DFE may not be fixed a priori, instead it may
naturally emerge from an underlying fitness landscape and thus
vary depending on the position of the population in the fitness
landscape (Lourenço et al., 2013). In an alternative approach,
based on genotype-fitness maps modelling the underlying fitness

https://doi.org/10.1016/j.tpb.2021.09.005
0040-5809/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

What tools to bridge evolutionary scales?
A combination of theoretical models and empirical studies. 
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Abstract

Phylogenetic codon models are routinely used to characterize selective regimes in coding sequences. Their parametric
design, however, is still a matter of debate, in particular concerning the question of how to account for differing
nucleotide frequencies and substitution rates. This problem relates to the fact that nucleotide composition in
protein-coding sequences is the result of the interactions between mutation and selection. In particular, because of
the structure of the genetic code, the nucleotide composition differs between the three coding positions, with the third
position showing a more extreme composition. Yet, phylogenetic codon models do not correctly capture this phenom-
enon and instead predict that the nucleotide composition should be the same for all three positions. Alternatively, some
models allow for different nucleotide rates at the three positions, an approach conflating the effects of mutation and
selection on nucleotide composition. In practice, it results in inaccurate estimation of the strength of selection.
Conceptually, the problem comes from the fact that phylogenetic codon models do not correctly capture the fixation
bias acting against the mutational pressure at the mutation–selection equilibrium. To address this problem and to more
accurately identify mutation rates and selection strength, we present an improved codon modeling approach where the
fixation rate is not seen as a scalar, but as a tensor. This approach gives an accurate representation of how mutation and
selection oppose each other at equilibrium and yields a reliable estimate of the mutational process, while disentangling
the mean fixation probabilities prevailing in different mutational directions.

Key words: codon models, phylogenetics, nucleotide bias, mutation–selection models.

Introduction
Phylogenetic codon models are now routinely used in many
domains of bioinformatics and molecular evolutionary stud-
ies. One of their main applications has been to characterize
the genes, sites (Nielsen and Yang 1998; Yang et al. 2005;
Murrell et al. 2012), or lineages (Zhang et al. 2005;
Kosakovsky Pond et al. 2011) having experienced positive
selection (Murrell et al. 2015; Enard et al. 2016). More gener-
ally, these models highlight the respective contributions of
mutation, selection, genetic drift (Teufel et al. 2018), and bi-
ased gene conversion (Kosiol and Anisimova 2019; Pouyet
and Gilbert 2021), and the causes of their variation between
genes (Zhang and Yang 2015) or across species (Seo et al.
2004; Popadin et al. 2007; Lartillot and Poujol 2011).

Conceptually, codon models take advantage of the fact
that synonymous and nonsynonymous substitutions are dif-
ferentially impacted by selection. Assuming synonymous
mutations are neutral, the synonymous substitution rate is
equal to the underlying mutation rate (Kimura 1983).
Nonsynonymous substitutions, on the other hand, reflect
the combined effect of mutation and selection (Ohta
1995). Phenomenological codon models formalize this idea

by invoking a parameter x, acting multiplicatively on non-
synonymous substitutions rates (Goldman and Yang 1994;
Muse and Gaut 1994). Using a parametric model automati-
cally corrects for the multiplicity issues created by the com-
plex structure of the genetic code and by uneven mutation
rates between nucleotides. As a result, x captures the net, or
aggregate, effect of selection on nonsynonymous mutations,
also called dN=dS (Dos Reis 2015; Spielman and Wilke 2015).

In reality, the selective effects associated with nonsynon-
ymous mutations depends on the context (site-specificity)
and the amino acids involved in the transition (Kosiol et al.
2007). Attempts at an explicit modeling of these complex
selective landscapes have also been done, leading to mecha-
nistic codon models, based on the mutation–selection for-
malism (Halpern and Bruno 1998). These models, further
developed in multiple inference frameworks (Rodrigue et al.
2010; Tamuri et al. 2012), sometimes using empirically in-
formed fitness landscapes (Bloom 2014), could have many
interesting applications, such as inferring the distribution of
fitness effects (Tamuri et al. 2012) or detecting genes under
adaptation (Rodrigue and Lartillot 2017; Rodrigue et al. 2021),
or even phylogenetic inference (Ren et al. 2005). However,
they are computationally complex and potentially sensitive
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Abstract

Mutation–selection phylogenetic codon models are grounded on population genetics first principles and represent a
principled approach for investigating the intricate interplay betweenmutation, selection, and drift. In their current form,
mutation–selection codon models are entirely characterized by the collection of site-specific amino-acid fitness profiles.
However, thus far, they have relied on the assumption of a constant genetic drift, translating into a unique effective
population size (Ne) across the phylogeny, clearly an unrealistic assumption. This assumption can be alleviated by
introducing variation in Ne between lineages. In addition to Ne, the mutation rate (l) is susceptible to vary between
lineages, and both should covary with life-history traits (LHTs). This suggests that the model should more globally
account for the joint evolutionary process followed by all of these lineage-specific variables (Ne, l, and LHTs). In this
direction, we introduce an extended mutation–selection model jointly reconstructing in a Bayesian Monte Carlo frame-
work the fitness landscape across sites and long-term trends in Ne, l, and LHTs along the phylogeny, from an alignment
of DNA coding sequences and a matrix of observed LHTs in extant species. The model was tested against simulated data
and applied to empirical data in mammals, isopods, and primates. The reconstructed history of Ne in these groups
appears to correlate with LHTs or ecological variables in a way that suggests that the reconstruction is reasonable, at least
in its global trends. On the other hand, the range of variation inNe inferred across species is surprisingly narrow. This last
point suggests that some of the assumptions of the model, in particular concerning the assumed absence of epistatic
interactions between sites, are potentially problematic.

Key words: phylogenetic, codon models, mutation–selection models, population genetic, population size, mutation
rate, life-history traits.

Introduction
Since the realization by Zuckerkandl and Pauling (1965) that
genetic sequences are informative about the evolutionary
history of the species, molecular phylogenetics has developed
into a mature and very active field. A broad array of models
and inference methods have been developed, using DNA
sequences for reconstructing the phylogenetic relationships
among species (Felsenstein 1981), for estimating divergence
times (Thorne and Kishino 2002), or for reconstructing the
genetic sequences of remote ancestors (Liberles 2007).
However, genetic sequences might contain information
about other aspects of the evolutionary history and, in par-
ticular, about past population-genetic regimes.

Interspecific divergence is the long-term outcome of
population-genetic processes, in which point mutations at
the level of individuals are then subjected to selection and
genetic drift, leading to substitutions at the level of the pop-
ulation. As a result, the substitution patterns that can be
reconstructed along phylogenies are modulated by the

underlying population-genetic parameters (mutation biases,
selective landscapes, effective population size), suggesting the
possibility to infer the past variation of these parameters over
the phylogeny. Independently, ecological properties, such as
phenotypic characters or life-history traits (LHTs) can be ob-
served in extinct or in present-day species. Using the com-
parative method (Felsenstein 1985), these traits can be
reconstructed for the unobserved ancestral species.
Combined together, genetic and phenotypic ancestral recon-
structions can then be used to unravel the interplay between
evolutionary and ecological mechanisms.

Practically, in order to disentangle mutation, selection and
genetic drift, we need to classify individual substitutions into
different categories, differing in the strength of mutation, se-
lection or genetic drift. In protein-coding DNA sequences, the
mutational process occurs at the nucleotide level. Assuming
that synonymous mutations are selectively neutral and that
selection mostly acts at the protein level, synonymous sub-
stitutions can be used to infer the patterns of mutation,
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• Non-synonymous substitutions are reflecting the effect of mutation,  
selection and drift.

• Synonymous substitutions are considered selectively neutral, reflecting 
the mutational processes.

Species tree

Protein coding DNA alignmentNon-synonymous substitution
Synonymous substitution

King & Jukes (1969); Kimura (1983); Goldman & Yang (1994); Muse & Gaut (1994).

How to quantify changes in protein evolution? 
With both synonymous and non-synonymous substitutions.  



Latrille Thibault Contrast Across Evolutionary ScalesAmbizione proposal

LatrilleThibaultContrast Across Evolutionary Scales Ambizione proposal

p. 6

ω>1 ω<1Non-synonymous
substitution

Synonymous
substitution

ω
Scaling factor exerced on

non-synonymous mutations

Protein is under adaptation Protein is constrained

A C G T

A

C

G

T

Mutation rates
between

nucleotides

dS = μ for synonymous substitutions.
dN = ω×μ for non-synonymous substitutions.

dN/dS=ω×μ/μ=ω μ

How to measure the rate of protein evolution? 
dN/dS=ω as the rate of protein evolution. 

ω can be interpreted as the 
average fixation probability of 
non-synonymous mutations, 
relative to neutral mutations.
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ω>1 ω<1Non-synonymous
substitution

Synonymous
substitution

ω
Scaling factor exerced on

non-synonymous mutations

Protein is under adaptation Protein is constrained
• A very few genes have ω>1.
	 Kosiol et al (2008).
• But we can detect sites with ω>1.
	 Nieslen & Yang (1998); Enard et al (2016).
• Some branches can have a transient ω>1.
	 Yang & Nielsen (1998); Zhang & Nielsen (2005).

• Lower ω for highly expressed proteins. 
	 Drummond (2005); Zhang & Yang (2015).
• Lower ω for buried sites inside a protein.
	 Ramsey et al (2011); Echave et al (2016).
• Lower ω for short-lived and smaller species.
	 Popadin et al (2007); Lanfear et al (2010).

What are the predictors of ω?
Few genes/sites under adaptation (ω>1), a majority are constrained (ω<1). 
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Is effective population size (Ne) predicting ω? 
Higher Ne results in lower ω due to better efficacy of selection (r=-0.58).
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Figure S2. Reconstructed phylogenetic history of dN/dS (posterior median estimate) under the

phenomenological model.
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anistic model, without ancestral polymorphism.
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Brevet & Lartillot (2021)
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Can we theoretically use ω to predict Ne?
Not directly because the relationship depends on the model of protein evolution.
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What is the expected relationship between ω and Ne? (1/4)
We first need to define a genotype-phenotype-fitness relationship.

Miyazawa and Jernigan (1985), Williams et al (2006), Goldstein (2011), Pollock et al (2012)
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Taverna & Goldstein (2002)

• The optimal stability of proteins is never achieved.

• Marginal stability is the default expectation of the mutation-selection 
balance even under directional selection for stability.
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What is the expected relationship between ω and Ne? (2/4)
Then we need to find the equilibrium and ω at this equilibrium.
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Cherry (1998); Goldstein (2013).

• Selection coefficient is dependent on the position in the fitness landscape.

• We can then derive the relationship between Ne and ω as a function of the
microscopic molecular parameters of the model.
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What is the expected relationship between ω and Ne? (3/4)
Then we derive how changes in Ne shift the equilibrium.
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What is the expected relationship between ω and Ne? (4/4)
Negative linear relationship between ω and log(Ne).

103 104 105 106
0.30

0.35

0.40

0.45

R
at

e 
of

 p
ro

te
in

 e
vo

lu
tio

n

Linear
relationship 

Simulations
Theory

Effective population size

Given:

• T the temperature.

• n the number of sites in the protein.

• ∆∆G > 0 the destabilizing effect of a mutation.

• x the proportion of destabilizing sites (phenotype).

• f(x) the phenotype-fitness map.

• x∗ the equilibrium of x .

The response in ω after a change in Ne is:

dω

d ln(Ne)
≃ −

∂ ln f(x∗)

∂x∗

∂2 ln f(x∗)

∂x∗2

≃ − T

n×∆∆G
. (1)

1

Given:

• T the temperature.

• n the number of sites in the protein.

• ∆∆G > 0 the destabilizing effect of a mutation.

• x the proportion of destabilizing sites (phenotype).

• f(x) the phenotype-fitness map.

• x∗ the equilibrium of x .

The response in ω after a change in Ne is:

dω

d ln(Ne)
≃ −

∂ ln f(x∗)

∂x∗

∂2 ln f(x∗)

∂x∗2

≃ − T

n×∆∆G
. (1)

1
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What is the relationship between ω and expression level?
Negative linear relationship between ω and log of expression level.
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Given:

• T the temperature.

• n the number of sites in the protein.

• ∆∆G > 0 the destabilizing effect of a mutation.

• x the proportion of destabilizing sites (phenotype).

• f(x) the phenotype-fitness map.

• x∗ the equilibrium of x .

The response in ω after a change in protein expression level (y) is:

dω

d ln(y)
≃ −

∂ ln f(x∗)

∂x∗

∂2 ln f(x∗)

∂x∗2

≃ − T

n×∆∆G
. (2)

2

Given:

• T the temperature.

• n the number of sites in the protein.

• ∆∆G > 0 the destabilizing effect of a mutation.

• x the proportion of destabilizing sites (phenotype).

• f(x) the phenotype-fitness map.

• x∗ the equilibrium of x .

The response in ω after a change in protein expression level (y) is:

dω

d ln(y)
≃ −

∂ ln f(x∗)

∂x∗

∂2 ln f(x∗)

∂x∗2

≃ − T

n×∆∆G
. (2)

2

If misfolded proteins are toxic, the decrease in fitness is proportional to protein expression level.
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Can theoretical models of protein folding predict rate of evolution? 
Models form a bridge across different scales and can be tested.
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Can we predict the rate of protein evolution (ω)?

• With a theoretical model for selection on protein folding,  
ω is linearly decreasing with Ne and expression level (on log scale).

• This model forms a bridge across different scales and can be tested.

• In our model, there is no adaptation possible, ω is alway <1. 

• How to detect adaptation when proteins are generally constrained?
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a b s t r a c t

Molecular sequences are shaped by selection, where the strength of selection relative to drift is
determined by effective population size (Ne). Populations with high Ne are expected to undergo
stronger purifying selection, and consequently to show a lower substitution rate for selected mutations
relative to the substitution rate for neutral mutations (ω). However, computational models based on
biophysics of protein stability have suggested that ω can also be independent of Ne. Together, the
response of ω to changes in Ne depends on the specific mapping from sequence to fitness. Importantly,
an increase in protein expression level has been found empirically to result in decrease of ω, an
observation predicted by theoretical models assuming selection for protein stability. Here, we derive a
theoretical approximation for the response of ω to changes in Ne and expression level, under an explicit
genotype-phenotype-fitness map. The method is generally valid for additive traits and log-concave
fitness functions. We applied these results to protein undergoing selection for their conformational
stability and corroborate out findings with simulations under more complex models. We predict a
weak response of ω to changes in either Ne or expression level, which are interchangeable. Based on
empirical data, we propose that fitness based on the conformational stability may not be a sufficient
mechanism to explain the empirically observed variation in ω across species. Other aspects of protein
biophysics might be explored, such as protein–protein interactions, which can lead to a stronger
response of ω to changes in Ne.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Molecular sequences differ across species due to the particular
history of nucleotide substitutions along their respective lineages.
These substitutions in turn are the result of the interplay between
evolutionary forces such as mutation and selection, whose rela-
tive forces are determined by the amount of random genetic drift.
These forces have effects at different levels: mutations are carried
by molecular sequences, selection is mediated at the level of
individuals, while random genetic drift is a population sampling
effect. Yet, they jointly contribute to the long-term molecular
evolutionary process. Thus, the challenge of the study of molecu-
lar evolution is to tease out their respective contributions, based
on comparative analyses.

One main aspect of this challenge is to correctly evaluate the
role of random drift in the long term evolutionary process. Popu-
lation genetics theory implies that the strength of drift, due to the

∗ Corresponding author at: Université de Lyon, Université Lyon 1, CNRS,
Laboratoire de Biométrie et Biologie Évolutive UMR 5558, F-69622 Villeurbanne,
France.

E-mail address: thibault.latrille@ens-lyon.org (T. Latrille).

stochastic sampling of mutations, is less pronounced in lineages
with large effective population size (Ne), and as a consequence,
the purification by selection of weakly deleterious mutations is
more effective in large populations. This fundamental idea is at
the core of the nearly-neutral theory of evolution. This theory
posits that a substantial fraction of mutations are deleterious or
weakly deleterious, and as a result, predicts that the substitution
rate (relative to the neutral expectation), called ω, decreases
along lineages with higher Ne (Ohta, 1972, 1992).

This prediction has been more quantitatively examined under
the assumption that the selective effects of mutations are drawn
from a fixed distribution of fitness effects (DFE) (Kimura, 1979;
Welch et al., 2008). Assuming a gamma distribution for the DFE, a
key result obtained in this context is an approximate scaling of ω

as a function of Ne (i.e. ω ∼ N−k
e ), where k is the shape parameter

of the DFE. In practice, DFEs are strongly leptokurtic, which thus
predicts a weak negative relation between ω and Ne.

However, the DFE may not be fixed a priori, instead it may
naturally emerge from an underlying fitness landscape and thus
vary depending on the position of the population in the fitness
landscape (Lourenço et al., 2013). In an alternative approach,
based on genotype-fitness maps modelling the underlying fitness
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