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Evolution at different time scales

• Can we estimate the fitness effect of mutations from a mammalian DNA alignment? 
• Is selection estimated across mammals predictive of selection in a current population?

Protein coding DNA alignment for 14.509 conserved genes across mammals

Homo sapiens (5 populations - 2504 individuals) 

Bos taurus (2 populations - 34 individuals)

Ovis aries/orientalis/vignei (5 populations - 278 individuals)

Chlorocebus sabaeus (9 populations - 157 individuals)

Capra hircus/aegagrus (6 populations - 217 individuals)

Equus caballus (1 population - 6 individuals)

Phylogenetic scale Population scale

Scornavacca et al (2019); Howe et al (2021)
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Substitutions are mutations that reached fixation

Kimura (1969), Otha (1982)

DNA alignmentSubstitutions
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Substitution rate = Mutation rate x Probability of fixation

• q: substitution rate.
• µ: mutation rate.
• Pfix: probability of fixation.

q = µ × Pfix

• q: substitution rate.
• µ: mutation rate.
• Pfix: probability of fixation.

q = µ × Pfix
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Mutation-selection models applied to protein coding DNA sequences

• Input: alignment of protein-coding DNA sequences and phylogenetic tree. 
• Output: amino-acid fitness profiles estimated by mutation-selection models.

Halpern & Bruno (1998); Tamuri & Goldstein (2012); Rodrigue & Lartillot (2017); Rodrigue et al (2021) 

Gene tree

Mammalian gene tree and DNA alignment
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• µa→b: mutation rate from codon a to b.
• qa→b: substitution rate from codon a to b.
• Fa: scaled fitness of the amino-acid encoded

by codon a (Fb for codon b).{
qa→b = µa→b if synonymous,

qa→b = µa→b ×
Fb − Fa

1 − eFa−Fb
if non-synonymous.

• µa→b: mutation rate from codon a to b.
• qa→b: substitution rate from codon a to b.
• Fa: scaled fitness of the amino-acid encoded

by codon a (Fb for codon b).{
qa→b = µa→b if synonymous,

qa→b = µa→b ×
Fb − Fa

1 − eFa−Fb
if non-synonymous.
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Is a new mutation deleterious or beneficial?

• Deleterious mutations have negative fitness effects.
		  » They can however reach fixation due to genetic drift.
 
• Beneficial mutations have positive fitness effects.
		  » They bring an advantage to their bearer.

Sella & Hirsh (2005); Mustonen & Lässig (2009)
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What is the expected effect of a new mutation in H. sapiens?

• Are predicted deleterious mutations purified away in H. sapiens? 
	 » Mutations associated with clinical terms such as likely pathogenic & pathogenic. 

• Are predicted beneficial mutations advantageous in H. sapiens? 
	 » Substitutions in the terminal lineage with dN/dS=1.5.

• Is selection at the phylogenetic and population scale comparable?
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Is selection at the phylogenetic and population scale comparable?

Tataru & Bataillon (2020)

Count of derived allele in the population

Site frequency spectrum
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Is selection at the phylogenetic and population scale comparable?
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• Predicted deleterious mutations are effectively purified away in H. sapiens.
	 » 91% precision (false positives) and 97% recall (false negatives). 

• Predicted beneficial back-mutations are effectively beneficial in H. sapiens.
	 » 70% precision (false positives) and 35% recall (false negatives).
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Take home messages
@phylogenetrips thibault.latrille@unil.ch

Nicolas Salamin & his Group Julien Joseph & LBBE

Acknowledgements

• Theoretical evolution - Can we use phylogenetics to predict the selection coefficient of a mutation?
	 » Mutation-selection codon models formalize a bridge between phylogenetics and population genetics. 

• Evolutionary biology - Is the fitness landscape stable across the mammalian evolution?
	 » The fitness effects as estimated across mammals is predictive of selection in extant populations.

• Nearly-neutral theory - Are deleterious mutations reliably purged only when selection overpowers drift?
	 » Mutations with predicted to be nearly-neutral are equivalent to neutral mutations. 

mailto:thibault.latrille%40unil.ch?subject=
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Are our results replicable across populations?
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What is the proportion of beneficial mutations that are not adaptive?

Selection coefficient (S0)
at the phylogenetic scale
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Fitness landscapes and seascapes

• The mutation-selection model is null model of evolution without adaptation

Sella & Hirsh (2005); Mustonen & Lässig (2009)

Time

Fi
tn

es
s

Amino acids

P→T

T→K

K→E

Time

Fi
tn

es
s

Beneficial
mutation that

reached fixation

Amino acids

P→T

T→P

Deleterious mutation
that reached fixation

Fitness seascape Fitness landscape



Latrille Thibault phylogenetic mutation-selection model 13/9

Mutation-selection model tested against simulations

Rodrigue & Lartillot (2017) 

Latrille Thibault Adaptive and non-adaptive evolution 14/20

Can we detect adaptation with mutation-selection model?

• ω: estimated rate of evolution under classical codon model.
• ω0: predicted rate of evolution under the mutation-selection model.
• ωphy

A : rate of adaptation at the phylogenetic scale.

ωphy
A = ω − ω0.

•  ω > ω0 ⇒ the gene is evolving faster than expected  ⇒ adaptation.

ω / ω0

Adaptive
regime

Epistatic
regime

Nearly-neutral
regime
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Simulations

Rodrigue & Lartillot (2017).
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nonsynonymous mutations, which can segregate at a substantial
frequency in the population without reaching fixation, thus
contributing solely to polymorphism, and not to divergence,
potentially resulting in an underestimation of the rate of adaptive
evolution (6, 8). Subsequent developments have tried to correct
for this effect by relying on an explicit nearly neutral model
(9, 10), so as to estimate the rate of evolution expected in the
absence of adaptation (called ω0) based on polymorphism and
then to compare it with the rate of evolution, ω = dN /dS , to get
an estimate of the rate of adaptation as ωA = ω − ω0.

In their current formulation, phylogeny-based methods rely
on the ratio of nonsynonymous substitutions over synonymous
substitutions, calledω (4, 5). Since this ratio is a contrast between
the rates before and after the action of selection on the protein,
it thus provides an estimate of the strength of selection exerted
at the amino acid level, whether synonymous changes are driven
solely by mutation or by both mutation and selection (11). In
this context, an excess in nonsynonymous substitutions, leading
to ω > 1, indicates that the protein is undergoing recurrent
positive selection for amino acid changes, meaning that the
protein is putatively under adaptive evolution. Conversely, a
deficit in nonsynonymous substitutions, leading toω < 1,means
the protein is under purifying selection. In practice, proteins
are typically under a mix of adaptive and purifying selection
dominated by the latter, thus typically leading to an ω < 1
even in the presence of positive selection. At a finer scale, site
models can detect a specific site (i) of the sequence with a
ω(i) > 1 (12, 13). Site models have the advantage of greater
sensitivity and the ability to pinpoint where positive selection
acts on the protein. However, even at the level of a single site
under recurrent adaptation, not all amino acids are expected
to be adaptive, leading to ω(i) capturing a mix of adaptive
and purifying selection, reducing the sensitivity of the test.
An alternative approach to detect adaptation would be to rely
on an explicit nearly neutral model as the null against which
to detect deviations, similarly to the McDonald and Kreitman
test. As a recent development in this direction, the so-called
phylogenetic mutation–selection models provide a null model by
estimating the fitness landscape over amino acid sequences, for
each site of the sequence (11, 14, 15). At the mutation–selection
balance, the probability for a specific codon to be fixed in the
population is proportional to its fitness, and a mutation from a
high-fitness amino acid toward a low-fitness amino acid will have
a small probability of fixation, genuinely accounting for purifying
selection. Conversely, only nearly neutral mutations between
high-fitness amino acids will tend to be permitted by the model,
allowing for the explicit calculation of the nearly neutral rate
of nonsynonymous substitutions at mutation–selection balance,

called ω0 (16, 17). By contrasting ω estimated by ω-based codon
models and ω0 calculated from mutation–selection models, one
can hope to extract the rate of adaptation ω

phy
A = ω − ω0.

Interestingly, the rate of adaptation is directly comparable be-
tween phylogenetic and population-genetic methods since both
seek a deviation of ω from a nearly neutral null model, estimated
with mutation–selection models in a phylogenetic context (ω0)
or from standing polymorphism in a population-genetic context
(πN /πS). This raises the question of whether the two signals of
adaptation are correlated, thus representing a unique opportunity
to confront phylogeny-based and population-based methods.
These two methods work over very different time scales; for
that reason, they might be capturing different signals: long-term
evolutionary Red-Queen for phylogeny-based methods versus
events of adaptation in specific lineages for population-based
methods. Nonetheless, we expect sites and proteins under long-
term evolutionary Red-Queen regimes to maintain their signal
of adaptation in several independent lineages for which the
McDonald and Kreitman test is applied.

Accordingly, in this study, we first applied ω-based and
mutation–selection codon models to whole exome data from
placental mammals, so as to quantify the rate ω

phy
A for each site

and protein and detect signatures of adaptive evolution at the
phylogenetic scale. Then, we developed a pipeline integrating
(and aligning) divergence and polymorphism data across the
entire exome for 29 populations across 7 genera, namely, Equus,
Canis, Bos, Capra, Ovis, Chlorocebus, and Homo. Finally, using
this pipeline, we assessed the congruence between the phylogeny-
based and population-based approaches, by testing whether the
group of sequences detected with a high rate of adaptation in the
phylogeny-based method also displays a high rate of adaptation
according to the population-based method.

Results

DetectingGenes and Sites under Adaptation.We derived a two-
step approach (Methods), which we applied to a set of alignments
of orthologous genes at the scale of placental mammals. The
dN /dS estimated by the site model (ω) is plotted against the
dN /dS predicted by the nearly neutral mutation–selection model
(ω0) for genes (scatter plot in Fig. 1A) and sites (density plot in
Fig. 1B). An excess of ω relative to ω0 is a typical signature of
ongoing positive selection (17, 18). For such comparison to be
valid, both models estimatingω andω0 should have assumptions
as similar as possible regarding the underlying mutation process,
modeled as a Muse and Gaut (4, 16). As a control, we validated
our Bayesian estimates of ω against their maximum-likelihood
counterpart (Methods and SI Appendix, Fig. S1).

A CB

Fig. 1. Detection of protein-coding sequences ongoing adaptation at the phylogenetic scale. � estimated by the site model against �0 calculated by the
mutation–selectionmodel. Scatter plot of 14,509 genes in panel A, with a 95% Bayesian credible interval (� = 0.05). Density plot of sites in panels B and C. Genes
and sites are then classified as adaptive (� > �0 in red) or nearly neutral (� � �0 in green). In panel C, the set of sites detected exclusively by mutation–selection
codon models have a mean � < 1.

2 of 9 https://doi.org/10.1073/pnas.2214977120 pnas.org
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Mutation-selection model applied to mammalian genes

•  Genes predicted to be under adaptation at the phylogenetic scale are enriched in  
ontologies related to immunity, response to virus and external membrane.

Estimates with 95% posterior
credibility interval

14,509 genes - 87 species
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Is adaptation at different evolutionary scale comparable?

•  Genes predicted to be under adaptation at the phylogenetic scale are 
under adaptation at the population-genetic scale.
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14,509 genes - 87 species
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Replicability across different populations

• Genes predicted to be under adaptation at the phylogenetic scale are
under adaptation at the population-genetic scale.

• Replicable across populations and species.
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