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How selection shapes the short- and long-term dynamics

of molecular evolution
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The field of molecular evolution traditionally relies on com-
paring the genomes of a small number of related species.
These studies inform us of the driving evolutionary forces
that acted in the long term, during molecular divergence of
species. However, much less is known about how selection
acts within species and in the short term. With the advance
of high-throughput sequencing technologies, it has now
become feasible to study thousands of complete genomes
within species, offering new insights into recent genomic
evolution. In particular, with the growing interest in genomic
epidemiology, genomic data on clinical and natural isolates
of bacterial pathogens are growing at an accelerating rate.
This gives us an excellent opportunity to analyze how selec-
tion currently acts on bacterial pathogens, possibly as a result
of human interventions.

In this issue of PNAS, Vigué and Tenaillon present a new
bioinformatic method called GLASS that allows investigating
the short-term dynamics of selection within species at an
unprecedented resolution (1). Unlike most established meth-
ods that compare the frequencies of synonymous and non-
synonymous mutations, GLASS infers selection based on the
functional impact of nonsynonymous mutations. For this,
the method utilizes a recent computational framework to
predict the impact of amino acid changes on protein stability
and function (2, 3). The authors applied GLASS and other
established methods to the genomes of over 60,000
Escherichia coli strains and found marked differences in the
evolutionary forces driving the short- and long-term dynam-
ics of protein evolution (Fig. 1). In agreement with earlier
works (4, 5), they found that the long-term dynamics of pro-
tein evolution is governed by gene expression level: Highly
expressed genes generally evolve at lower rates. In the short
term, however, gene essentiality is also a major driver of
purifying selection, indicating especially efficient removal of
harmful variants in essential proteins from the population.
In sum, the overall functional importance of genes (widely
thought to reflect the level of functional constraint) contrib-
utes to within-species genetic polymorphism, but not to long-
term protein evolution. Why should it be so?

To answer this question, we first need to discuss why pro-
teins evolve at vastly different rates across species. Over 45
y ago, Zuckerkandl put forth the proposition that the primary
factor governing the evolutionary rate of a protein is its func-
tional density (6). In other words, the proportion of sites
within the protein that are involved in specific functions plays
a crucial role. To accurately predict the impact of selection
on the entire protein, we must not only consider the propor-
tion of sites affected by selection but also the distribution of
selection strength among these sites. If a protein's perfor-
mance is compromised in any way, the fitness effects will be
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Fig. 1. Short- and long-term evolution of protein coding genes follow different
rules. Schematic phylogenetic tree represents long (i.e., between-species) and
short (i.e., within-species) time scales. Many genes that are under purifying
selection over long time scales are recurrently lost in the short term as a result
of local adaptation to new niches.

more pronounced, particularly in proteins that make a sig-
nificant overall contribution to fitness. Such proteins are
often deemed essential as inactivating them experimentally
results in organism lethality. Hence, according to this theory,
the more important a protein is, the slower it should evolve.

Surprisingly, however, the overall importance of proteins
(estimated by systematic gene inactivation studies) seems
to be a relatively poor predictor of evolutionary rate. Studies
on a wide range of species indicate instead that the strong-
est predictor of evolutionary rate is the expression level of
a protein (5). The exact mechanisms underlying the low evo-
lutionary rate of highly expressed genes are still unclear.
One controversial hypothesis claims that it results from the
action of natural selection against nonheritable molecular
errors during translation and other cellular processes (7).
More specifically, selection against toxicity of misfolded pro-
teins generated by translational errors may be especially
strong in genes encoding highly abundant proteins. Others
suggested that highly expressed proteins are under a
stronger selection pressure to minimize gene expression
costs, avoid protein misinteractions, or enhance mRNA
folding (5). Put differently, mutations can have detrimental
effects when they disrupt cellular mechanisms or introduce
toxicity unrelated to the exact molecular function of the cor-
responding gene.
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Why is the correlation between protein functional impor-
tance and evolutionary rate weak during long-term evolu-
tion? Several ideas have been put forward, which operate
with confounding factors such as within-gene distribution of
deleterious mutations or differences in gene essentiality in
the wild and in the laboratory (8). However, as Vigué and
Tenaillon demonstrated, selection against deleterious muta-
tions within species is particularly strong in essential genes
(1). The contrasting effects of gene essentiality on the long
and short-term dynamics of molecular evolution could be
resolved by at least two considerations. First, harmful muta-
tions in essential genes are likely to impair fitness in most
environments. In contrast, nonessential genes may typically
have environment-specific functions that can be disrupted
transiently during adaptation to varying environments but
are maintained by selection over long time scales (see below).
Thus, itis the class of nonessential genes that exhibit distinct
evolutionary dynamics over short versus long time scales.
Second, gene essentiality is itself an evolving trait. As gene
essentiality can only be measured in extant species, these
values might not be representative of the long-term evolu-
tion of the protein.

In PNAS, Vigué and Tenaillon present a new
bioinformatic method called GLASS that allows

investigating the short-term dynamics of

selection within species at an unprecedented

resolution.

Empirical data support the evolutionary lability of gene
essentiality. The impact of gene inactivation on fitness shows
considerable variation among closely related species and
even between different isolates of the same unicellular spe-
cies (9, 10). This suggests the widespread presence of com-
pensatory mutations that can mitigate the effects of gene
loss in certain populations but not in others. Interestingly,
laboratory studies involving yeast and bacteria have demon-
strated that when an important gene is lost, it triggers adap-
tive genomic changes that swiftly restore fitness (11, 12).
Such compensatory mutations arise in other genes or regu-
latory regions, effectively compensating for the loss of the
inactivated gene. These compensatory mutations may
restore the normal function of the affected pathway or pro-
vide alternative mechanisms to maintain essential cellular
processes. The observed phenomenon appears general as
itis not limited to a single species or specific genes. It under-
scores the flexibility and adaptive potential of organisms to
overcome genetic perturbations and maintain their fitness
in the face of gene loss.

Another important finding of Vigué and Tenaillon is that
loss-of-function mutations frequently target transcription
factors (1). Although putatively deleterious loss-of-function
alleles are prevalent in microbial populations, the underlying
evolutionary mechanisms are far from being clear. There
are at least three possibilities. First, population bottlenecks
and genetic drift promote the accumulation of deleterious
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mutations, but this scenario may be unfeasible in microbes
with large effective population sizes. Second, compensatory
mutations may arise first in the population that later permit
the rise of loss-of-function mutations without serious fitness
consequences. This scenario is consistent with a recent sys-
tematic study showing that preexisting natural genetic vari-
ants frequently suppress deleterious mutations in specific
natural strains of baker's yeast (13). Third, loss-of-function
mutations could benefit the organism transiently when facing
new stressful environments, but they remain useful in the
long term. Indeed, antagonistic pleiotropy, i.e., when the same
mutation is beneficial in one environment but harmful in
another, is common in yeast strains with single gene deletions
(14). As suggested by Vigué and Tenaillon and others (15),
such loss-of-function mutations are very common and can
provide rapid adaptation to specific environmental niches.

Perhaps the best evidence of adaptive loss of transcription
factors comes from antibiotic adaptation studies (16). These
studies convincingly demonstrated that loss-of-function
mutations of specific transcriptional repressors are beneficial
in times of antibiotic stress, as they yield elevated activity
of multidrug efflux pumps. However, such mutations have
specific associated fitness costs in antibiotic-free
environments, hindering their long-term fixation
in nature.

In sum, the study conducted by Vigué and
Tenaillon offers new insights into the factors that
shape protein evolution within species. In the
future, it will be important to combine GLASS and
related computational tools with deep-scan tar-
geted mutagenesis and directed evolution. In recent years,
the advent of recombineering- and CRISPR-based technologies
has revolutionized the field by enabling highly efficient and
targeted mutagenesis at multiple specific locations within the
native genomic context (17). These groundbreaking technol-
ogies have dramatically accelerated and fine-tuned the pro-
cess of introducing mutations in desired genomic loci and
allow studying the phenotypic impact of mutations at unprec-
edented resolution.

By studying recent selection events using large genome
collections, the approach developed by Vigué and Tenaillon
can also be applied to infer signatures of selection in cancer
genomes. Cancer is an end product of somatic evolution
caused by the accumulation of specific driver mutations.
Accurate assessment of positive and purifying selection in
cancers is crucial to obtain a more complete catalogue of
driver genes as well as genes essential for cancer growth
(18). We anticipate that GLASS will complement existing tools
of molecular evolution to address such questions and will
yield new insights into the role of low-frequency polymor-
phisms in tumor formation.
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