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Abstract
The mutation rate is a fundamental force in evolution, modulating patterns of genetic

variation, adaptation, and genome evolution throughout the tree of life. As such, many
attempts have been made to explain its variation across species. Currently, the dominant
theory of mutation rate evolution is the drift-barrier hypothesis. However, although this
framework has received wide support across taxa, a substantial fraction of variation in
mutation rate remains unexplained, and a major challenge persists in ruling out confounding
factors in phylogenetic comparisons. In this review, we propose that transitions in
reproductive mode may also be a major factor governing the evolution of mutation rate,
through their effects on recombination rates, genetic linkage, and effective population size.
We synthesize theoretical predictions and empirical evidence bearing on these effects,
highlighting major gaps in our understanding of how reproductive mode influences mutation
rate evolution. We argue that progress in this area is now primarily constrained by the need
for more realistic theoretical modeling, experimental evolution work, and direct, comparable
empirical estimates of mutation rate across diverse taxa and reproductive strategies.
Expanding such estimates across taxa will be essential for testing theory and for

understanding the extent to which reproductive modes modulate mutation rate evolution.

Keywords
Drift-barrier hypothesis, Sexual reproduction, Asexual reproduction, Facultative sexuality, Self-

fertilization, Selfing, Outcrossing
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1 Introduction

Mutations are the ultimate source of all genetic variation. As such, the rate at which
mutations occur plays a central role in shaping evolutionary dynamics across the tree of life.
By controlling how many new variants enter populations each generation, the mutation rate—
here used in its broad sense as how frequently spontaneous genomic changes arise between
generations—determines the extent to which there is raw material upon which natural
selection, genetic drift, and other evolutionary forces can act. Accordingly, mutation rate
influences all evolutionary processes, from molecular evolution to macroevolutionary

patterns of diversification (Box 1).

The central role of mutation rate in evolution makes the wide taxonomic variation in
mutation rate at least superficially surprising. For example, the base-substitution mutation
rate (u) per site, per generation in an organism varies by more than three orders of magnitude
in eukaryotes. Indeed, we observe mutation rates of u = 1.2 X 1078 in humans (Kong et al.
2012; Lindsay et al. 2019; Bergeron et al. 2023), 7.4 X 10~% in the mustard-family plant
Arabidopsis thaliana (Yang et al. 2015), 9.6 X 1071% in the unicellular green alga
Chlamydomonas reinhardtii (Ness et al. 2015), and 7.6 X 1072 in the micronucleus of the

ciliate Tetrahymena thermophila (Long et al. 2016).

Understanding the evolutionary forces that drive variation in mutation rate is a
fundamental question in evolutionary biology that has been the subject of intense theoretical
and empirical investigation for decades. One of the most influential and far-reaching theories
for mutation rate evolution is the drift-barrier hypothesis (DBH, detailed in sections 4.1-4.2)
(Lynch 2010, 2011; Sung, Ackerman, et al. 2012). While this theory has received wide support
from diverse organisms, a substantial fraction of mutation rate variation is not explained by
this framework (Lynch 2010; Sung, Ackerman, et al. 2012; Lynch et al. 2016, 2023; Bergeron
et al. 2023; Wang and Obbard 2023; Weinstein and Roy 2026). There also remain important
concerns that factors other than the selection-drift balance central to the DBH may have
confounding effects, and that these could exert direct causal influences on mutation rate

(Weinstein and Roy 2026).
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Box 1. Evolutionary consequences of mutation rate variation.

The mutation rate governs the influx of new genetic variation into populations, providing the
raw material on which evolutionary processes can act. Higher mutation rates cause the
introduction of more mutations into populations each generation, increasing the supply of
variants that may contribute to standing polymorphisms within populations (Wright 1931;
Kimura and Ohta 1971b; Lande 1975). The direction and strength of selection acting on these
variants will vary depending on their effects on organismal fitness, which themselves can be
context-dependent. Ultimately, the interaction between mutation, genetic drift, and natural
selection can influence, in either direction, the total genetic variation within populations.

The mutation rate is thus a primary determinant of the rate of molecular evolution and
of patterns of genetic divergence between lineages. Classical work (Kimura and Ohta 1971a)
has shown that for effectively neutral mutations, whose fate is governed almost entirely by
genetic drift, the rate of substitution equals the mutation rate. Similarly, for adaptive
mutations, whose fate is determined in part by natural selection, the rate of substitution is
proportional to the mutation rate.

Given its central role in determining the supply of new mutations, the mutation rate
further interacts with processes like the mode of reproduction. Theory indeed predicts that
the long-term evolutionary benefits of sexual reproduction relative to asexual reproduction
can depend on the rate at which new deleterious mutations arise (Kondrashov 1988;
Charlesworth 1990).

While mutation rate is a crucial parameter in evolutionary biology, it is also a key factor
in human health. For example, cancer cells often display higher mutation rates than the
normal somatic cells from which they descend (Loeb et al. 1974; Bielas et al. 2006), and
elevated mutation rates appear to facilitate the evolution of resistance to antibiotic
combinations in bacteria (Gifford et al. 2023). Understanding the factors that influence
mutation rate evolution is, therefore, not only of fundamental interest but also has practical
implications for medicine and public health.

In this review, we propose that an important source of this unexplained variation may
be found in the diversity of reproductive modes that exist across and even within many
lineages (Barrett et al. 2007; Chen and Wiens 2021). We explore this hypothesis by reviewing
both theoretical predictions and preliminary empirical evidence on the effects of
reproductive modes on mutation rates and by discussing the implications of these findings

for understanding how and why mutation rate evolution varies so widely among species.
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2  Drivers of mutation rate evolution

2.1 Mutator and antimutator alleles

Because new mutations are more often deleterious than beneficial, DNA-based organisms
have evolved sophisticated mechanisms that reduce their mutation rate by ensuring DNA
replication fidelity and repairing DNA damage (Friedberg et al. 2006). Mutations in the genes
underlying these processes can result in either increases or reductions in mutation rate,
generating mutator and antimutator alleles, respectively (Drake et al. 1969; Miller 1996; Kunz
et al. 1998; Herr et al. 2011; Fijalkowska et al. 2012). Collectively, mutator and antimutator
alleles are often referred to as mutation-rate modifier alleles. While we focus primarily on
DNA-based organisms in this review, the general principles discussed here also extend to

RNA viruses.

Direct observations of mutation rate evolution have been reported in experimental
populations (Chao and Cox 1983; Mao et al. 1997; Giraud et al. 2001; Loh et al. 2010;
Wielgoss et al. 2013; Fitzsimmons et al. 2018; Liu and Zhang 2021). For example, a population
of Escherichia coli adapting to a constant environment evolved a frameshift mutation in the
mutT gene after ~25,000 generations that increased mutation rate 150-fold (i.e., a mutator
allele) (Barrick et al. 2009; Wielgoss et al. 2013). Then, within ~10,000 generations, the
population evolved two independent alleles in the mutY gene, each of which halved the
mutation rate (i.e., antimutator alleles) (Wielgoss et al. 2013). This example demonstrates
that both mutator and antimutator alleles can readily arise and spread in evolving

populations.

It is important to note that although much of the literature on mutation rate evolution
has focused on canonical mutation rate genes (e.g., those encoding DNA polymerases or
mismatch-repair proteins), many other genetic pathways can also influence mutation rates.
For example, in a mutation accumulation (MA) experiment in the budding yeast
Saccharomyces cerevisiae, many lines evolved either lower or higher mutation rates than
their progenitor (Liu and Zhang 2021). Among the mutations associated with this variability,
alterations in the PSP2 gene, a regulator of autophagy that promotes autophagy-related
protein translation (Yin et al. 2019), were found to be more frequent in MA lines that evolved

lower mutation rates. Furthermore, deleting PSP2 altogether caused a 42% reduction in
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mutation rate (Liu and Zhang 2021). This study also highlights that mutation rate evolution
encompasses a broad spectrum of mutational processes in addition to base substitutions,
including insertions, deletions, and structural mutations like inversions or translocations.
Indeed, in the ancestral strain of yeast used in the experiment, indels accounted for only 16%
of detected mutations, but that proportion rose to 2 80% in two MA lines that had evolved

higher mutation rates (Liu and Zhang 2021).

Transposable elements, along with the genes that regulate their activity, provide
another example of modifier alleles outside the spectrum of base-substitution mutation
(Chao et al. 1983). Transposable element insertions directly generate mutations and can
further promote genomic instability. Because transposable elements are regulated by
multiple silencing mechanisms like DNA methylation, histone modification, splicing
inhibition, and RNA-based pathways (reviewed in Almeida et al. 2022), mutations affecting
these pathways can indirectly increase or decrease mutation rates by altering transposable
element activity. However, such effects are comparatively difficult to measure, likely
contributing to the relative paucity of studies incorporating these mutation sources into
broader models of mutation rate evolution. Nevertheless, recent work suggests extensive
natural variation in the epigenetic silencing of transposable elements, with consequences for

rates of transposition and, thus, mutation rate evolution (Dubin et al. 2015; Sasaki 2022).

2.2 Evolutionary processes driving mutation rates

The genes that drive mutation rate evolution are, like all genes, shaped by both stochastic
and deterministic evolutionary processes. Sturtevant (Sturtevant 1937) was perhaps the first
to predict that multiple forms of natural selection are likely to act on mutation-rate modifier
alleles. The main processes currently proposed to underlie mutation rate evolution are
summarized in figure 1 and described in more detail in subsections (i)—(iv) below. While some
of these processes act directly on the mutation rate, others act indirectly through their effects

on other processes.
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Figure 1. Processes shaping mutation rate evolution within populations. Mutation rate is influenced
by multiple evolutionary processes acting within populations, including natural selection (i-ii) and
genetic drift (iii). Selection may either act directly on mutator and antimutator alleles (i) or indirectly
via linkage disequilibrium between a mutation-rate modifier allele and subsequent mutations
affecting fitness (ii; illustrated here using a mutator allele as an example). Direct selection is believed
to favor higher mutation rates because high fidelity of replication and repair efficiency are thought to
be physiologically costly, whereas indirect selection may favor either mutator or antimutator alleles
depending on the fitness consequences of the mutations they generate or prevent from occurring,
with upward and downward arrows denoting increases and decreases, respectively, in modifier allele
fitness. Similarly, because genetic drift (iii) acts stochastically, it may lead to either increases or
decreases in mutation rate. Another process influencing mutation rate is mutation bias (iv), expected
to act primarily to increase mutation rate. In this review, we consider the extent to which reproductive
modes (v) also influence the evolution of mutation rates. This effect is illustrated using sex and
outcrossing (in contrast to obligate asexuality), which are expected to weaken indirect selection by
reducing linkage disequilibrium. On the other hand, sex and outcrossing will decrease the effects of
genetic drift by alleviating the effects of selective interference, thereby increasing the efficacy of
selection indirectly. A fuller discussion of how reproductive modes—including facultative asexuality
and self-fertilization—influence these processes is provided in section 3. Selection acting at higher
levels of organization (vi) is not shown. Illustration: Joélle Lafond.

(i) Direct selection

Direct selection on mutator and antimutator alleles is believed to be an important contributor
to mutation rate evolution (figure 1-i). For example, DNA replication fidelity is thought to be
physiologically costly, for instance by requiring the production of additional repair proteins or

slowing the replication of DNA. Accordingly, mutator alleles might be favored if they lessen
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costs associated with mechanisms such as DNA replication fidelity, DNA repair efficiency, or
transposable element silencing (Kimura 1967; Dawson 1998; Sniegowski et al. 2000). One
empirical study has confirmed the existence of this trade-off between replication fidelity and
fitness among eight clones of vesicular stomatitis virus (an RNA virus) carrying single amino
acid substitutions in the RNA polymerase (Furio et al. 2005). Data on HIV-1 (another RNA
virus) revealed a trade-off between the accuracy of the reverse transcriptase and its
polymerization speed (Furié et al. 2006). However, empirical evidence for such costs of
fidelity or other forms of direct selection on modifiers of mutation rate remain limited, with
RNA viruses providing the only well-supported examples to date (Furié et al. 2005, 2006;
Fitzsimmons et al. 2018). There is therefore a clear need for more studies explicitly designed
to evaluate the direct fithness consequences of mutator and antimutator alleles in diverse

DNA-based organisms.

(i) Indirect selection

Mutation rates can also be shaped by indirect selection arising from linkage disequilibrium
(LD) between a mutation-rate modifier allele and subsequent mutations with effects on
fitness (figure 1-ii). LD measures the extent to which particular alleles at different loci are
found together more or less often than expected by chance in a population. If there is LD
between two loci in a population, selection acting on one locus can cause the frequency of an
allele at the other locus to increase, even if that allele is neutral or deleterious, a
phenomenon known as hitchhiking (Maynard Smith and Haigh 1974). If mutation-rate
modifier alleles are themselves neutral, and all mutations that influence fitness are
deleterious, then variation in mutation rate within a population will, over time, generate
negative LD between mutation-rate modifier loci and fitness loci. In other words, mutator
alleles will tend to co-occur with a greater deleterious mutation load than antimutator alleles.
This negative LD will cause indirect selection against mutator alleles and for antimutator
alleles (Sturtevant 1937; Kimura 1967; Leigh 1970, 1973; Dawson 1998; Johnson 1999b).
Conversely, beneficial mutations can create positive LD between mutation-rate modifier loci
and fitness loci, reversing the direction of selection on mutation-rate modifier alleles
(Sturtevant 1937; Johnson 1999a; Tenaillon et al. 1999; André and Godelle 2006; Raynes et al.
2018).
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The extent of LD is closely tied to the rate of recombination in an organism. Because
recombination breaks up associations between mutation-rate modifiers and the mutations
they generate, it reduces the opportunity for modifiers to hitchhike with beneficial mutations
or be selected against through their association with deleterious mutations. Therefore,
indirect selection on mutation-rate modifiers is expected to be weakest in organisms with

high recombination rates (Kimura 1967; Leigh 1970; Tenaillon et al. 2000).

(iii) Genetic drift

Mutation rates are also influenced by genetic drift, stochastic fluctuations in allele
frequencies caused by finite population size (figure 1-iii). The strength of genetic drift
depends on N,, the effective size of a population—that is, the number of individuals in an
idealized population evolving according to the Wright-Fisher model (Ewens 2004) that would
show the same rate of allele frequency change due to drift as the focal population (Wright
1931). As N, decreases, random sampling effects become stronger, and selection becomes
less effective at governing allele frequencies. Because the strength of selection—direct or
indirect—acting on mutation-rate modifier alleles is expected to be weak (Sturtevant 1937;
Kimura 1967), the evolution of mutation rate is likely to be strongly affected by genetic drift,

especially in small populations.

(iv) Mutation bias

Mutation rates may further be shaped by mutation bias towards either increasing or
decreasing mutation rate (figure 1-iv). Such biases could take one of two non-mutually
exclusive forms: mutator mutations could occur with either higher or lower probability than
antimutator mutations, or mutator mutations could have either larger or smaller effects on
average than antimutator mutations. While there is little evidence that either kind of bias in
either direction actually exists, there is likely an inherent asymmetry in the generation of
modifier alleles (i.e., a bias of the first type), whereby alterations that produce mutators arise
more readily than those that give rise to antimutators, for two reasons. First, mutator alleles
involve molecular disruptions such as loss-of-function mutations (Miller 1996; Kunz et al.
1998; Friedberg et al. 2006; Fijalkowska et al. 2012), which are thought to be more common
than other kinds of mutations because there are so many different ways to disrupt the

function of a gene (e.g., frameshifts, nonsense and missense mutations, deletions). Second,
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once a particular loss-of-function mutation has occurred, there are far fewer ways to reverse
its effect and restore function. Indeed, certain kinds of loss-of-function mutations, such as
whole-gene deletions, are unlikely to be reversible by a single mutation. This logic might
explain why theoretical analyses of the evolution of mutation rate often assume the operation
of a mutation bias towards increased mutation rate (Taddei et al. 1997; Tenaillon et al. 1999;
Tenaillon et al. 2000; Gerrish et al. 2007; Sloan and Panjeti 2010; Desai and Fisher 2011;
Lynch 2011; Jain and Nagar 2013). On the other hand, many antimutator mutations have been
isolated even though antimutators are believed to be more difficult to detect than mutators

(Schaaper 1998; Kunz et al. 1998; Herr et al. 2011; Liu and Zhang 2021).

(v) Reproductive modes

The preceding paragraphs outlined the major processes influencing mutation rate evolution:
natural selection, genetic drift, and mutation bias. The relative influence of these evolutionary
forces depends on factors such as recombination rate, effective population size (N,),
population structure, the mutation rate itself, the genomic architecture of the organism (e.g.,
ploidy, number and size of chromosomes), and the genetic architecture of mutation rate and
fitness (e.g., number of genes determining each trait and their distribution in the genome,
degree of pleiotropy between the two traits, dominance, epistasis). These factors are not
fixed, but instead vary widely across biological systems. A key axis of this variation lies in life-
history strategy, and in particular, in whether and how organisms exchange and combine
genetic material. Because reproductive modes influence recombination, segregation, and
N,—and thereby modulate all the processes highlighted in this section—, we propose that

they are likely a decisive driver of mutation rate evolution (figure 1-v).

(vi) Higher-level selection

Natural selection on mutation rate might also operate at levels of organization higher than the
individual organism, such as the deme (local interbreeding population) or species (Jablonski
2008). Kimura (Kimura 1967) proposed that populations with high mutation rates may have
higher rates of adaptation than populations with low mutation rates because of an increased
supply of beneficial mutations. For example, in a long-term evolution experiment with E. coli,
3 out of 12 replicate populations evolved an approximately 100-fold higher mutation rate

within 8,500 generations. As a result, these 3 populations adapted more quickly than the 6

10



281
282
283
284
285
286

287
288
289
290
291
292
293
294
295
296
297
298
299

300
301
302
303
304
305
306
307
308
309

populations that retained the ancestral mutation rate over the following 40,000 generations
(Wiser et al. 2013). Alternatively, populations with high mutation rates may be more likely to
go extinct (Gabriel et al. 1993; Gerrish et al. 2007, 2013; Bull et al. 2007). As an example, Zeyl
and colleagues allowed 12 populations of S. cerevisiae with genetically elevated mutation
rates to evolve and found that two of them went extinct within 2,900 generations (Zeyl et al.

2001).

3 Population genetic consequences of different
reproductive modes

Across biological systems, the extent to which the transmission of genomes from one
generation to the next involves genetic exchange between individuals spans a continuum
from obligate asexuality or clonality to obligate sexuality, encompassing intermediate forms
such as facultative sexuality or self-fertilization. In the following sections, we outline how
these reproductive modes shape genome transmission and composition, as well as how they
influence the effective population size, N,. It should be noted that the predictions presented
below focus on the direct population-genetic consequences of reproductive mode and do not
account for variation in other properties that may covary with them, including life-history
traits, ecology, geographic distribution, or the strength and direction of sexual selection.
These factors may themselves influence patterns of genomic diversity and evolution in many

ways, independently of the effects discussed here.

Sexual reproduction is the most common mode of reproduction across eukaryotes
(Bell 1982) and is typically associated with extensive effective recombination during
gametogenesis and the combination of genetic material from different individuals through
outcrossing. Although local reductions in recombination permit hitchhiking and the build-up
of LD, genome-wide recombination generally maintains low LD between loci, thereby
reducing the efficiency of indirect selection (figure 1, v —ii). At the same time, because high
recombination rates limit selective interference (see paragraph below) (Hill and Robertson
1966; Felsenstein 1974; Nordborg et al. 1996; Desai and Fisher 2011; Charlesworth 2012),

sexual reproduction (indirectly) enhances the efficacy of direct selection (figure 1, v —iii —

—i).
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In contrast to obligate sexuality, obligate asexuality eliminates or severely reduces
recombination, which causes every locus to be linked and increases genome-wide LD. Under
these conditions, selection acts on entire genomes rather than on individual loci, and
different mutations cannot be independently combined or separated. This LD thus generates
selective interference among loci (Hill and Robertson 1966; Felsenstein 1974; Comeron et al.
2008): beneficial alleles arising in different genetic backgrounds compete with one another
(clonal interference (Fisher 1930; Muller 1932; Gerrish and Lenski 1998)), while deleterious
alleles reduce the probability that linked advantageous alleles spread (background selection,
reviewed in (Charlesworth 2012)). Further, without recombination, genomes cannot shed
accumulated deleterious mutations, leading to their irreversible buildup (Muller’s ratchet
(Muller 1964, Felsenstein 1974; Haigh 1978)). Background selection also results in lower N,,
which in turn causes drift to become a stronger force in shaping evolution (Charlesworth
2012). This contrasts with sexual reproduction and outcrossing, in which genetic
backgrounds are continuously broken apart and reassembled, preventing genomes from
acting as persistent evolutionary units across generations (figure 1, v —iii). Taken together,
the increased genome-wide LD and stronger drift under obligate asexuality reduce the

efficacy of all forms of natural selection.

Many organisms exhibit facultative sexuality, whereby they can reproduce both
sexually and asexually (Kondrashov 1997; Hartfield 2016). For example, gall wasps of the
family Cynipidae typically have one sexual generation and one asexual generation every year.
Daphnia water fleas reproduce asexually when conditions are favorable, but switch to sexual
reproduction when conditions deteriorate (Decaestecker et al. 2009). In facultative sexuals
with high rates of asexual reproduction, LD and selective interference are expected to be
elevated relative to obligate sexuals, but not to the same extent as under obligate asexuality.
Facultative sexuality, if it is synchronous (i.e., if most individuals in the population reproduce
in the same way at a given time (Kokko 2020)), generates temporal variation in recombination
and N,, producing cyclical shifts in LD and the efficacy of selection across the genome (Hill
and Robertson 1966; Lynch and Gabriel 1983; Colegrave 2002). During asexual phases,
persistent LD increases selective interference and hitchhiking, elevating the fixation
probability of deleterious alleles. When sexual reproduction resumes, recombination
reduces LD, restores selective independence among loci, and strengthens selection against

12
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deleterious alleles. These alternating regimes generate threshold-dependent dynamics in
which the fixation of deleterious alleles depends on recombination frequency, resulting in
increased temporal and among-lineage variance relative to obligate sexual or asexual
reproductive modes (Raynes and Sniegowski 2014). The extent to which synchronous and
asynchronous facultative sexuality lead to similar evolutionary outcomes is unknown (Kokko

2020).

Self-fertilization (or selfing), whereby a single individual provides both gametes that
form a zygote, is often facultative, with individuals capable of reproducing through both
selfing and outcrossing, sometimes depending on environmental or demographic conditions
(Hartfield 2016). Across generations, selfing increases homozygosity because offspring can
inherit identical alleles from their unique parent at any given heterozygous locus. As a result,
recessive deleterious alleles are more likely to be expressed in homozygous form, which can
enhance the efficacy of selection but may also reduce fitness through inbreeding depression
(Charlesworth and Willis 2009). Increasing homozygosity also reduces the effective
recombination rate because, although meiosis and crossing over still occur, genetic
exchange increasingly takes place between identical rather than polymorphic sites,
generating few new allele combinations (Charlesworth and Wright 2001). As a result, LD is
increased because loci behave as though they are tightly linked despite ongoing
recombination (Glémin et al. 2006). Highly selfing populations therefore experience reduced
effective recombination and elevated LD, leading to selective dynamics that may approach
those of obligate asexuals, although the effects of obligate asexuality and complete LD
remain much more extreme. These highly selfing populations may also exhibit reduced N,,
both due to fewer effective humber of independent gametes, increased LD and frequent
bottleneck events. For these reasons, genetic drift and LD are expected to be major forces
influencing highly selfing populations, whereas populations with low selfing rates retain

evolutionary dynamics closer to those of sexual outcrossing systems.
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4  Theoretical predictions for mutation rate evolution
across reproductive modes

The patterns outlined in section 3 suggest that reproductive modes should exert important
influences on mutation rate evolution. In particular, differences in recombination, LD, and N,
imply that the strength and efficacy of selection on mutation-rate modifiers may vary across
reproductive systems. Specifically, in low-recombination systems and highly self-fertilizing
lineages, linkage will increase associations between modifier alleles and the mutations with
which they co-occur. These associations will on the one hand strengthen indirect selection
on mutators and antimutators, and on the other hand reduce selection efficiency due to

selective interference and drift (Kimura 1967; Gervais and Roze 2017).

Theoretical models provide an important framework for predicting how these
processes may influence mutation rate evolution. In particular, the drift-barrier hypothesis
(DBH)—one of the most influential frameworks for understanding mutation rate evolution
(Lynch 2010, 2011; Sung, Ackerman, et al. 2012; Lynch et al. 2016, 2023)—is grounded in the
interaction between indirect selection and genetic drift. These factors, as discussed above,
are also directly influenced by reproductive modes (figure 1-v), thereby establishing a direct

connection between reproductive modes and the processes underlying the DBH.

Despite this conceptual overlap, current DBH formulations incorporate variation in
reproductive mode in limited ways. In what follows, we first describe the DBH framework
(section 4.1), then examine how reproductive modes are integrated into its current
formulation (section 4.2), and identify the main challenges of further integration (section 4.4).
We also review the predictions and comparative evidence for the DBH (section 4.3), and
conclude with a discussion of transposition rate evolution and how it may be similarly shaped

by reproductive modes (section 4.5).

4.1 The drift-barrier hypothesis

The DBH proposes that mutation rates evolve under the combined influences of indirect
selection caused by deleterious mutations, genetic drift, and a mutation bias towards an
increased mutation rate (Lynch 2010, 2011; Lynch et al. 2016). As described above, it is
widely believed that there is a mutation bias towards higher mutation rates. In the absence of

selection, this mutation bias would be expected to cause mutation rate to increase over time.
14
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Because the vast majority of mutations affecting fitness are deleterious, indirect selection is
expected to favor antimutator alleles that reduce mutation rate. As the mutation rate
declines, the fitness benefits of further reducing the mutation rate diminish. Eventually, the
selective advantage conferred by antimutators becomes so small that it is overwhelmed by
the power of genetic drift and mutation bias, preventing further reduction in mutation rate
and resulting in an equilibrium mutation rate. The mutation rate at which natural selection
becomes ineffectual—known as the drift barrier (Lynch 2010, 2011; Lynch et al. 2016)—is
determined by the effective size of the population, N,. The DBH is expected to apply to all
classes of mutations, including insertions and deletions of all sizes, gene duplications,
mitochondrial and plastid mutations, and mutations caused by transposable elements, as

long as their rates can be modulated through the effects of modifier alleles.

4.2 Integrating reproductive modes into the DBH framework

Because reproductive modes affect genome structure and evolution (section 3), they alter
the forces described in section 2.2 and therefore also influence the framework of the DBH. To
illustrate this, we first consider the general formula for the strength of indirect selection
acting on a mutation-rate modifier allele under the DBH in a diploid organism (equation 4.1).
We assume that the modifier allele itself does not have a direct effect on fitness. The
selection coefficient of a modifier allele in a heterozygous state (s,,) depends on three
factors. First, the change in genome-wide rate of deleterious mutations (AU,;) caused by the
modifier relative to the population mean (AU; > 0 for a mutator; AU,; < 0 for an antimutator).
Second, the reduction in fitness caused by a single deleterious mutation in a heterozygous
state (s4 < 0), that is, the strength of purifying selection. Third, the average number of
generations (t) the association between a new deleterious mutation and the modifier allele
persists. Every generation, this association is destroyed by recombination at a rate r (the
recombination frequency between the two loci) and by selection at a rate |s;|. The
persistence time can therefore be approximatedast = 1/(r — sz + rsy) (Kimura 1967; Lynch
2011). Together, these factors determine the strength of indirect selection acting on the
modifier according to the following expression (Kimura 1967; Lynch 2008, 2011; Lynch et al.
2016):

s~ AU, S E~M
m dSd r—s,+ 7Sy (4.1)
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Equation 4.1 predicts that indirect selection will favor antimutator alleles (s, > 0) and
impede mutator alleles (s, < 0). As the recombination rate r depends crucially on the
reproductive mode of an organism, so does equation 4.1. For an obligately asexual organism

with no recombination (r = 0) we have
smo. ~ —AUq (4.2)

Thus, in asexual lineages, the strength of indirect selection on a modifier depends solely on
the number of deleterious mutations it introduces relative to the population mean and not on
the fitness consequences (s;) of those mutations. Conversely, for an obligate sexual
organism, if we assume free recombination between fitness and modifier loci (r = 0.5), a new
deleterious mutation will tend to disassociate from a mutation-rate modifier allele in justt =~

2/(1 — s,4) generations so equation 4.1 becomes

2 AUd Sd
= 4.3
= (4.3)

sex
Sm

Equations 4.2 and 4.3 show that free recombination reduces the strength of indirect selection

on a modifier allele by a factor of ~ 1/(2]|s4]) (e.g., a factor of 6.6 for s; = —0.07; see figure 2).

According to equation 4.1, natural selection will favor antimutator alleles and cause
mutation rates to decline. However, as the mutation rate declines, the AU, associated with
new antimutators must also decline in magnitude, which will in turn cause selection for
antimutators to become weaker. The DBH notes that selection for an antimutator will only be
effective (i.e., overcome genetic drift) if

1

> —_—
Sm Z 9N,

(4.4)

where N, is the effective size of the population (Kimura 1983; Lynch 2011). Because the
change in the deleterious mutation rate caused by an antimutator is limited by the current
mutation rate of the organism (—U,; < AU, < 0), equation 4.4 defines an approximate drift
barrier for the evolution of the mutation rate. The DBH predicts that, in the presence of a
mutation bias towards higher mutation rate, the mutation rate will evolve to an equilibrium
mutation rate determined by the effective population size, N, (Lynch 2011). This equilibrium
is stable: if the mutation rate rises above the equilibrium, indirect selection will bring it down;
if it drops below the equilibrium, mutation bias and drift will push it back up.
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4.3 Predictions of the DBH

The central prediction of the DBH is that there should be a negative correlation between
mutation rate and N, among organisms (Lynch 2010; Sung, Ackerman, et al. 2012; Lynch et al.
2016, 2023). In populations with high N,, the drift barrier is lower because natural selection is
more effective, and so mutation rates are expected to be lower. Conversely, in populations
with low N, the drift barrier is higher because genetic drift and mutation bias dominate,
meaning that mutation rates are expected to be higher. Similar predictions can be made if,
instead of (or in addition to) an upward mutation bias, there is a cost of fidelity (i.e., upward

direct selection) (Lynch 2010).

This central prediction of a negative correlation between mutation rate and N, appears
to be well-supported across the tree of life (Lynch 2010; Sung, Ackerman, et al. 2012; Lynch
et al. 2016, 2023; Krasovec et al. 2020; Bergeron et al. 2023; Wang and Obbard 2023). For
example, a recent study estimated the base-substitution mutation rate, u, and the harmonic
mean of N, over the past 1 million years for 55 species of vertebrates and found a statistically
significant negative correlation between the two variables (Bergeron et al. 2023). The
correlation held after taking into account the phylogenetic nonindependence of the species
(Bergeron et al. 2023). One problem with this comparative evidence for the DBH, however, is
that both u and N, are themselves correlated with other traits. In vertebrates, for example, u
was strongly positively correlated with both generation time and age at sexual maturity and
negatively correlated with the number of offspring per generation (Bergeron et al. 2023).
Weinstein and Roy (Weinstein and Roy 2026) used phylogenetic path analysis to test if N, has
an independent effect on u after correcting for the fact that both N, and u are correlated with
multiple life history traits. They found support for a model where generation time
independently influences both N, and u, while N, has no independent effect on u, contrary to
the prediction of the DBH. These results highlight the need for more data in more systems and

for evolution experiments to test the DBH and alternative hypotheses more directly.

Another prediction of the DBH is that, for species that can exist in different ploidy
states, mutation rates should be lower in the ploidy state that occurs most frequently in a
population because DNA replication and repair mechanisms employed most often are

expected to experience stronger indirect selection (Melde et al. 2022). This prediction has
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been verified in two species of yeast. Budding yeasts S. cerevisiae exist primarily as diploids
and these show a lower u than haploids with the same genetic background (Sharp et al. 2018).
By contrast, fission yeast Schizosaccharomyces pombe exist primarily as haploids, which

show a lower u than diploids with the same genetic background (Bao et al. 2026).

The DBH also provides explicit predictions about how mutation-rate evolution should
vary across different reproductive modes. If we assume that parameters N, and s; are
identical across reproductive modes, equations 4.2-4.4 indicate that under the DBH, asexual
populations are expected to evolve a lower mutation rate than sexual populations. Although
selfing populations are not identical to obligate asexual lineages, we expect a similar pattern
because their effective recombination rate remains lower than that of outcrossing sexual
populations (Gervais and Roze 2017). However, as we argue in section 4.4(iv), the assumption
that N, and s; are comparable across reproductive modes may not hold in natural
populations because reproductive modes themselves influence these parameters. Whether
the strength and efficiency of selection on mutation-rate modifier alleles is stronger or
weaker in asexual and selfing populations than in sexual outcrossing populations will thus
depend in important ways on both the strength of selection and the extent of selective

interference.

The predictions of the DBH for different reproductive modes have not been subjected
to systematic comparative tests. However, the prediction that asexuals should show lower
mutation rates than sexuals appears to be contradicted by the finding that the lowest
estimates of u in any organism were obtained from facultatively sexual species of ciliates—
four species within the Paramecium aurelia species complex (Sung, Tucker, et al. 2012; Long
et al. 2018) and Tetrahymena thermophila (Long et al. 2016)—even after taking into account

the correlation between N, and u.

4.4 Limitations of the current drift-barrier framework

Despite the effort that has been made to incorporate reproductive modes into the DBH
(Lynch 2011; Lynch et al. 2016) and other models (Kimura 1967; Kondrashov 1995; Dawson
1998; Tenaillon et al. 2000; Gervais and Roze 2017) of the evolution of mutation rate, we still
lack a comprehensive understanding of their evolutionary consequences for at least four

reasons (see (i)-(iv) below).
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(i) Reproductive modes take many forms

DBH predictions often oversimplify reproductive modes by considering only the two
extremes—obligate asexuality or obligate sexuality. This perspective overlooks three
important facts: 1) asexual reproduction can take many different forms, with different
evolutionary genetic consequences (e.g., mitotic or meiotic parthenogenesis (Kondrashov
1997; Neiman et al. 2014)), 2) many organisms reproduce via facultative sexuality or
facultative self-fertilization (Kondrashov 1997; Hartfield 2016), and 3) transitions between

reproductive modes over evolutionary time can further shape mutation rate dynamics.

Intuitively, the evolutionary consequences of facultative sexuality should be
intermediate between those of obligate sexual and asexual reproduction (Green and Noakes
1995). Lynch (Lynch 2011) incorporated this intuition into the DBH by arguing that facultative
sexuals with a probability ¢ of being generated by sexual reproduction and a recombination
rate r between loci determining mutation rate and fitness should evolve like obligate sexuals
with a rescaled recombination rate of ¢r. However, rescaling r in an obligate sexual is not
always an appropriate way to model facultative sex. Figure 2 shows the outcome of invasion
analyses of antimutator mutations in populations experiencing different reproductive modes.
These results confirm the DBH predictions in equations 4.2 and 4.3: obligate asexuals fix an
antimutator allele with a probability 6.4-fold higher than obligate sexuals, which is not
significantly different from the theoretical expectation of a 6.6-fold difference (P, = 2s,, for
either obligate mode of reproduction). The results also show that rescaling the recombination
rate in an obligate sexual is not appropriate to model facultative sexuality in diploids (figure 2).
A facultative sexual population where individuals are generated sexually every 100
generations (¢ = 1%) shows a probability of fixation of an antimutator indistinguishable from
an asexual population and 3-fold higher than an obligate sexual with rescaledr. This is
because only ~ 60% of the effect of sexual reproduction is caused by crossover; the
remaining 40% is caused by segregation (see rescaled r with ¢ = 0in figure 2). These results
suggest another way by which facultative sexuality could enhance the ability of natural
selection to reduce mutation rate: although the antimutator Py is identical for obligate
asexuals and facultative sexuals with ¢ < 2%, in the former case the allele fixes in a
heterozygous state whereas in the latter case it fixes in a homozygous state and, therefore,
results in a larger reduction in the mutation rate. Similarly, highly selfing lineages share
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certain features with asexuals (low effective recombination, high linkage), but their rapid loss
of heterozygosity makes them fundamentally different from obligate sexuals and asexuals,
suggesting that the evolutionary consequences of facultative selfing cannot be captured

simply by rescaling the effective recombination rate.
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Figure 2. Facultative sexuality increases the probability of fixation (P;,) of an antimutator allele
relative to obligate sexuality with a rescaled recombination rate. Simulations were conducted on
diploid populations of N = 2000 individuals. Fitness was determined by L = 50 loci; alleles acted
additively within and multiplicatively among loci. Deleterious mutations occurred with a genomic rate
of U; = 0.02 per generation and caused a reduction in fitness ofs; = —0.07 in a heterozygote
(medians of empirical estimates of both U; and s; from 24 studies on 14 species of DNA-based
organisms (Olofsson et al. 2023)). The antimutator allele reduced U; by AU; = —0.005 in a
heterozygote and was codominant. No other mutator or antimutator mutations were allowed. Sex
involved random mating and free recombination between adjacent loci (r = 0.5). Facultative sexuals
reproduced sexually every 1/¢ generations. “Rescaled r” refers to obligate sexuality withr = ¢/2.
Values are normalized fixation probabilities calculated based on 10° invasion simulations. Error bars
are 95% confidence intervals. The dashed line shows the neutral expectation (2NP;, = 1). See
electronic supplementary material, Methods 2, for more details.

(if) Extrapolating from short-term predictions may not work

The DBH predictions summarized in equations 4.2-4.4 are based on the short-term
evolutionary consequences of the appearance of an antimutator allele. These predictions are
then used to infer the long-term evolution of the mutation rate. This extrapolation can be
problematic because the mutation rate is influenced by many loci (see section 2.1).
Accordingly, short-term predictions can only capture long-term behaviour if these mutation
rate loci evolve under a strong selection/weak mutation regime (SSWM) (Gillespie 1984)
where most of the time a population contains a single mutation-rate genotype and new

mutation-rate modifier alleles arise and fix independently of each other. The SSWM
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assumption is questionable because indirect selection on antimutator alleles tends not to be
strong (especially in sexuals, equation 4.3), and the rate of mutation towards antimutator

alleles is not necessarily low (i.e., weak) (Liu and Zhang 2021).

If the SSWM assumption is not met for mutation-rate modifier loci, then there will be
genetic variation at multiple modifier loci, reducing the ability of equations 4.2-4.4 to predict
long-term evolution in ways that relate to reproductive mode. In asexual populations, mutator
alleles are indirectly deleterious and, therefore, could experience Muller’s ratchet (Muller
1964; Felsenstein 1974; Haigh 1978), which would drive long-term increases in the mutation
rate. Similarly, indirectly beneficial antimutator alleles arising in different individuals would
experience clonal interference (Fisher 1930; Muller 1932; Gerrish and Lenski 1998), blunting
the ability of natural selection to reduce the mutation rate. Any amount of sexual
reproduction, including selfing, reduces the intensity of these types of selective interference
(Felsenstein 1974; Comeron et al. 2008) and, therefore, has the potential to cause long-term

reductions in the mutation rate under the DBH framework.

(ilf) Some mutations are beneficial

Existing DBH theory ignores the role of beneficial mutations in mutation rate evolution.
Although beneficial mutations are relatively rare, mutator alleles can nevertheless spread by
hitchhiking (Maynard Smith and Haigh 1974) with the beneficial mutations they help to
generate in large asexual populations (Johnson 1999a; Tenaillon et al. 1999; André and
Godelle 2006; Raynes et al. 2018), implying that equations 4.2 and 4.3 do not tell the whole
story. Mutator hitchhiking could drive the evolution of higher mutation rates in asexual
lineages than predicted under the DBH. Conversely, in sexual populations recombination
continuously reshuffles alleles among genetic backgrounds, breaking up LD and weakening
the hitchhiking effects that can strongly favor mutator alleles in asexual populations

(Tenaillon et al. 2000).

(iv) Reproductive modes influence how selection operates on the mutation rate
in complicated ways

Critically, reproductive modes influence three parameters (r, N,, and s;), all of which in turn
affect mutation rate evolution under the DBH (equations 4.1-4.4). A further complication is

that these parameters are treated as fixed in the theoretical models underpinning the DBH,
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whereas changes in reproductive mode are expected to alter several of them simultaneously
and in interdependent ways. For example, transitions from obligate sexuality to obligate
asexuality are expected to increase both the rate and fitness effects of new mutations, Uy,
and s; (Gardner and Kalinka 2006; Azevedo et al. 2006; Misevic et al. 2006; Whitlock et al.
2016). Background selection against deleterious mutations tends to reduce long-term N, by a
factor of exp(Uy/s4) (Charlesworth 1994). Changes in reproductive mode can also modulate
N, in other ways that depend on demographic parameters and population structure (Orive
1993; Yonezawa 1997; Balloux et al. 2003; Yonezawa et al. 2004). The evolution of
reproductive mode may also influence the evolution of mutation rate indirectly because
reproductive mode often co-evolves with other traits. Relevant examples come from asexual
reproduction, which is often associated with hybridization and polyploidy, (Bierzychudek
1985; Neiman et al. 2014), and which themselves might influence the evolution of mutation
rate. By contrast, sexual selection, which can only operate in sexually reproducing organisms,
may select for increased mutation rate because sexual selection allows the evolution of
higher mean population fitness at relatively higher mutation rates (Mgller and Cuervo 2003;

Baur and Berger 2020; Roberts and Petrie 2022).

(v) Conclusion

Taken together, these considerations highlight that current attempts to integrate reproductive
modes into the DBH framework provide only a partial view of their influence on mutation rate
evolution. It is important to note that these limitations do not necessarily undermine the DBH
as a conceptual framework, but instead underscore the need to expand it to incorporate
more realistic features, including the effects of facultative sexuality and selfing, selective
interference, departures from SSWM, beneficial mutations, sexual selection, and changes in

key parameters N, and s,.

4.5 Alternative theoretical perspectives: transposition rate evolution

In complement to the DBH, other theoretical approaches have addressed mutation rate
evolution from related but distinct perspectives. In particular, the dynamics of transposable
elements offer an alternative angle through which to examine how reproductive modes may

influence mutational processes.
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As with the global mutation rate framework, theoretical models predict that lineages
with high LD—such as asexual or highly selfing populations—should experience stronger
indirect selection for reduced rates of transposition, mediated through both host genome
silencing mechanisms and element self-regulation (Charlesworth and Langley 1986; Almeida
et al. 2022). Furthermore, transposable elements may be likely to be in the SSWM regime
(Charlesworth and Langley 1989), further leading to the expectation of reduced transposition

in asexual and selfing lineages.

However, these expectations depend critically on the evolutionary timescale. Recently
evolved asexual and selfing lineages are expected to inherit active transposable elements
from their sexual or outcrossing ancestors, where transposition dynamics are shaped by
recombination and transmission between individuals (Dolgin and Charlesworth 2006).
Transitions in reproductive mode are therefore likely to disrupt this balance in multiple ways.
In sexual organisms, recombination interacts closely with the transposition landscape, with
transposable elements typically accumulating in regions of low recombination (Kent et al.
2017). A shift to reduced or absent recombination is thus expected to alter these dynamics,
potentially leading to transient increases in transposition rates and transposable element
copy number. At the same time, outcrossing allows transposable elements to spread
between individuals, enabling their proliferation even at a cost to host fitness (Dolgin and
Charlesworth 2006; Hickey 1982). Following a transition to asexuality, this between-host
transmission is largely lost (apart from horizontal transfers), while the efficiency of purging
deleterious insertions is reduced due to processes such as Muller’s ratchet. As a result,
inherited active elements may continue to transpose and accumulate within lineages,
generating a rapid increase in deleterious insertions that can contribute to genome

degradation and elevate extinction risk (another form of higher-level selection, section 2.2(vi)).

Consequently, many newly formed asexual lineages are likely to go extinct rapidly,
whereas persisting lineages are expected to display reduced transposable element activity,
with predominantly inactive or low-proliferation copies (Doolittle et al. 1984). Those asexual
lineages that exceed a critical persistence timescale may therefore reflect lineages in which
selection for reduced transposition has successfully taken hold, rather than the typical

outcome of transitions to asexuality.
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5 Empirical evidence

Despite strong theoretical expectations that reproductive modes should influence the
evolution of the mutation rate (section 4), empirical evidence remains inconclusive. It is
important to note that mutation rates can be estimated empirically in two fundamentally
different ways: either indirectly, through comparative genomic divergence, or directly,
through mutation accumulation or parent-offspring studies. These two classes of methods
provide complementary but fundamentally different types of information, and they differ in

their strengths and limitations for inferring the underlying mutation rate.

5.1 Indirect estimates of mutation rate

Many studies have relied on indirect genomic indicators to infer patterns related to mutation
rate, particularly the rate of substitution at synonymous sites (ds). If synonymous mutations
are selectively neutral, ds provides a direct estimate for the mutation rate to neutral alleles
(Kimura and Ohta 1971). When comparing two lineages that differ in reproductive mode, dg
over each branch since the lineages split approximates the mutation rate associated with
each reproductive mode. This can be done by either comparing the focal lineages to an
equally distant outgroup or using a phylogeny-aware framework. Empirical studies using
these approaches have had mixed outcomes, but broadly suggest that estimates of ds from
asexual or selfing lineages are similar to or higher than those from sexual outcrossing
lineages (table 1). Indeed, all six comparisons yielding statistically significant differences
support the same qualitative pattern: asexual or selfing lineages exhibit higher ds values than
their sexual outcrossing counterparts, contrary to the DBH predictions. However, the studies
summarized in table 1 vary widely in their ds estimates, the number of genes analyzed, and
the lineages examined. While much more work is needed to draw firm conclusions, these
data are consistent with important roles for selective interference, mutator hitchhiking,

and/or reduced N, on mutation rate evolution in selfing and asexual lineages.
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Table 1. Values of ds across closely related eukaryotes differing in reproductive mode. Numbers in
parentheses in the species column indicate the number of different species or lineages studied, when
applicable. The dg values shown are typically medians or means (labeled “a” or “b”, respectively,
when known) calculated over many genes and/or many lineages. Pairs of values shown in bold are
statistically significantly different (P < 0.05), whereas those shown in italics are not. The approach
column shows whether ds was computed using pairwise comparisons to an outgroup (“pairs”) or
direct comparisons within a phylogeny (“phyl”). All estimates were obtained using nuclear genes,
except those for Daphnia which used mitochondrial genes (Paland and Lynch 2006). Methods for data
generated in this table can be found in the electronic supplementary material, Methods 1.

group species reproductive mode ds genes approach reference
Rhopalosiphum maidis asexual 0.035°
Rhopalosiphum padi facultative sexual 0.0212 Ollivier et al.
aphids 255 phyl
Acyrthosiphon kondoi asexual 0.041° 2012
Acyrthosiphon pisum facultative sexual 0.046°
Neurospora africana selfing 0.079 Gioti et al.
ascomycetes Neurospora crassa outcrossing 0.178 2789 phyt 2013
Trichoniscus pusillus asexual* 7.22° Yarbrough
11136 pairs and Chandler
Hyloniscus riparius sexual 6.60° 2024
crustaceans
Daphnia pulex (9) asexual 0.0032% ohyl Paland and
Daphnia pulex (9) sexual 0.0043° Lynch 2006
evening Onagraceae spp. (11) asexual’ 0.0295° ] ohyl Hersch-Green
primroses Onagraceae spp. (11) sexual 0.0206° etal. 2012
Arabidopsis thaliana selfing 0.0805° Payne and
b 12994 pairs Alvarez-Ponce
Arabidopsis lyrata outcrossing 0.0667 2018
mustards
Capsella orientalis selfing 0,0340b
b 17 335 phyl this study
Capsella grandiflora outcrossing 0.0325
Caenorhabditis briggsae selfing 0.7592
nematodes 7 846 phyl Cutter etal.
Caenorhabditis remanei  outcrossing 0.635° 2008
bdelloid spp. (3) asexual 7.12° Welch and
rotifers 1 pairs Meselson
monogont spp. (4) sexual 1,37b 2001
L Timema spp. (5) asexual at Bast et al.
stick insects Timema spp. (5) sexual 0.0016 5329 phyl 2018

* Triploid lineage.

T Permanent translocation heterozygosity (functionally asexual).
t Adg = d25°* — dg®~.

However, we should be careful in our interpretation of such data. The assumption that
synonymous mutations evolve neutrally is frequently violated. Synonymous changes can
influence many processes, including codon usage, mRNA stability, splicing, protein folding,
and translational efficiency (Hershberg and Petrov 2008). Consequently, ds may at least
partially reflect the fixation of mutations under mutation-selection-drift balance rather than

the underlying mutation rate. In addition, even if dgis made up almost entirely of neutral
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mutations, since it captures only a subset of mutational processes (e.g., excluding
fitness-affecting mutations), it may not be representative of the whole mutational profile of an
organism. Therefore, comparisons between species with distinct reproductive modes will
only be meaningful if the proportion of mutations captured by dg out of all mutations has not
evolved differently in the species considered. Another important limitation for mutation rate
estimation via dg concerns the relationship between divergence time and the number of
generations elapsed. Estimates of dg implicitly assume that comparable lineages have
experienced similar numbers of generations since divergence, an assumption that is often
violated. Indeed, changes in reproductive mode are frequently associated with shifts in life-
history traits such as generation time. For example, the selfer Arabidopsis thaliana is an
annual species, whereas the outcrosser A. lyrata is a short-lived perennial, which may
contribute to some of the differences in substitution rates observed in table 1 without
invoking differences in reproductive mode. To explore this possible effect, we added a new
analysis of dg comparing two annual species with contrasting mating systems, the self-
incompatible and outcrossing Capsella grandiflora and the highly selfing C. orientalis. This
species pair also demonstrates a trend towards elevated ds in the selfing lineage, providing a
stronger line of evidence that selfing could indeed be involved. Finally, the timing of
transitions in reproductive mode does not necessarily coincide with species divergence. If
shifts in reproductive mode occur more recently than lineage splitting, comparisons based on
ds may have limited power to detect mutation rate differences associated with reproductive
mode. Together, these considerations highlight that, while dg provides a useful first-order

approximation of mutation rate, it remains subject to several important limitations.

In addition to substitution-based metrics such as dg, patterns of transposable
element content and activity provide an alternative, genome-wide indicator of mutational
processes and have been extensively studied using a range of approaches and metrics
(Glémin et al. 2019). Comparisons of transposable element abundance and diversity can be
used to test the prediction that transposition rates differ among species with different
reproductive modes. However, it is important to note that transposable element profiles in a
genome reflect the combined effects of transposition, natural selection, and genetic drift. A
recent review (Glémin et al. 2019) reports a general tendency toward increased transposable
element diversity, expression, transposition rate, and abundance in sexual or outcrossing
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organisms relative to asexual or selfing ones, although substantial variation exists across

taxa and studies.

Taken together, these indirect approaches—ranging from substitution-based
measures such as dgsto genome-wide signatures of transposable element dynamics—
provide valuable but incomplete insights into mutation rate evolution. Although they
represent the majority of available empirical data for comparisons across reproductive
modes, their interpretation is complicated by the confounding effects of selection,
demographic history, and life-history variation. As a result, while these approaches can
reveal coarse trends, they cannot provide rigorous and unambiguous comparisons of

underlying mutation rates.

5.2 Direct approaches to measuring mutation rate

While indirect metrics can be informative about differences in divergence across many
generations, direct approaches are critical to isolate the mutation rate itself without
confounding factors. Such estimates remain rare, particularly those based on comparisons
of closely related lineages that differ in reproductive mode and are examined under

comparable experimental conditions.

Even when such data are available, comparisons across studies are often
complicated by methodological differences between the two main approaches used to
estimate mutation rates. In mutation accumulation experiments, a number of initially
genetically identical populations are allowed to evolve at low N, (e.g., by subjecting
populations to periodic single-individual bottlenecks or sib-mating) for multiple generations.
The low N, means that selection is ineffectual and that drift will result in fixation or loss of
most mutations. Mutation accumulation experiments yield relatively stable estimates of
mutation rate by averaging mutational input over many generations. However, this approach
is only feasible in organisms with short generation times that can be readily cultured in the
laboratory. By contrast, the parent-offspring approach estimates mutation rates within a
single generation by sequencing parents and their offspring, and capturing most mutations
except those subject to strong viability selection. This method can be applied across a much
broader range of organisms, but it faces its own limitations: because each offspring carries

only a small number of new mutations, even a single undetected sequencing error can distort
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the estimate. This limitation necessitates the sequencing of large numbers of progeny to
mitigate such effects (Lynch 2016). Thus, while mutation-accumulation and parent-offspring
methods are the best-available strategies for estimating mutation rates, they are limited in
how widely they can be applied across taxa and the extent to which estimates can be

compared.

As summarized in table 2, only a handful of studies provide direct contrasts of
mutation rate between related species with varying reproductive modes, and even these
come with important confounding factors that must be considered. A good example comes
from a comparison of facultatively sexual and obligately asexual genotypes of Daphnia pulex,
in which the mutation rate of the latter was estimated to be approximately twice that of the
former. At first glance, this pattern seems to suggest that the reduced N, in asexual lineages
overwhelms the expected increased indirect selection, but this would require further
parameterization and modeling to assess further. A contrasting pattern is observed in
Caenorhabditis, where the outcrossing species, C. remanei, has a mutation rate roughly
twice that of two closely related selfing species, C. elegans and C. briggsae. Although this
outcome aligns with the expected increase in indirect selection on mutation rate in selfing
lineages, the comparison remains difficult to interpret because the outcrossing species also
has a larger N, than the selfers. Disentangling these effects would require explicit
parameterization of the model to jointly account for differences in LD and N, (Jovelin et al.
2003; Cutter, Félix, et al. 2006; Cutter, Baird, et al. 2006; Cutter 2006; Teterina et al. 2023).
Finally, the comparison between asexual Propanagrolaimus sp. and sexual but selfing
Panagrolaimus sp. is difficult to interpret because the species differ in ploidy level and,

therefore, may differ in the strength of selection on deleterious mutations, s,.
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Table 2. Base-substitution mutation rates (x 10~° per site per generation) in closely related lineages
with different reproductive modes. All estimates were obtained through mutation accumulation (MA)
experiments. Strain names are in parentheses.

species MA lines reproductive mode mutation rate reference

. 4 asexual 10.18 .
Daphnia pulex 3 facultative sexual 4.33 Keith et al. 2016
Caenorhabditis remanei (SP8) 6 outcrossing 2.98 Chen et al. 2023
C. briggsae (HK104) 7 selfing 1.23
C. briggsae (PB800) 6 selfing 1.44
C. elegans (N2) 7 selfing 1.33 Denver etal. 2012
C. elegans (PB306) 5 selfing 1.62
Panagrolaimus sp. 6 asexual 0.58 .
Propanagrolaimus sp. 6 selfing 0.89 Villegas et al. 2024

5.3 Current empirical limitations

Altogether, existing empirical comparisons suggest that reproductive modes may alter
mutation rates, but direct estimates remain few in number and often lack the statistical
power needed for rigorous comparisons. Both direct and indirect estimates are often
confounded by differences in N, ploidy, genomic composition, and generation time, making
it difficult to isolate the contribution of reproductive mode per se. Most of these studies also
rely on single pairwise contrasts between lineages, which limits broader interpretation.
Across-study variation in the methodologies used as well as in data filtering and quality-
control threshold may introduce additional noise (Bergeron et al. 2022; Manuel et al. 2026).
Moreover, most approaches and studies focus on only a subset of mutational processes.
Consequently, estimates obtained using any single method may not fully capture the overall
mutational profile of a lineage, and integrating evidence across multiple approaches may
therefore provide a more complete picture. Therefore, despite these important case studies,
we still lack an empirical foundation for assessing how reproductive modes and reproductive

mode transitions influence mutation rate evolution across organisms.

6 Conclusions

Explaining the extensive variation in mutation rates across the tree of life remains a central
goal of evolutionary biology. While the drift-barrier hypothesis provides a powerful framework
linking mutation rate evolution to genetic drift and indirect selection, we here make the case
that reproductive modes substantially modulate the evolutionary forces on mutation-rate

modifiers in ways that are not fully captured by existing theory. Differences among obligate
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sexuals, asexuals, facultative sexuals, and self-fertilizing lineages alter effective population
size, recombination, and linkage, with complex consequences for both short- and long-term

mutation-rate evolution.

Despite strong theoretical expectations, further work is needed to better understand
the parameter space governing selection on mutation rates in asexual and selfing lineages. In
addition, empirical support for these predictions remains limited. Much of the available
evidence relies on indirect genomic proxies that conflate mutation rate with the effects of
selection and demography, while direct estimates remain scarce, taxonomically restricted,
and difficult to compare across studies. As a result, our ability to rigorously test theoretical
predictions—particularly for intermediate and dynamic reproductive modes—remains
severely constrained. A key challenge for the field is therefore to expand direct, genome-wide
estimates of mutation rate across a broader diversity of taxa and reproductive strategies,
ideally within standardized, replicated frameworks. Such data are essential for distinguishing
the effects of reproductive mode from those of effective population size, life history, and
genome architecture, and for rigorously testing and refining theoretical predictions of

mutation-rate evolution.
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Reproductive mode and the evolution of mutation
rate: Electronic supplementary material

Method 1. Computing mean dg for the Capsella species pair
Data sources

We retrieved annotation (GFF), coding DNA sequence (CDS), and protein FASTA datasets for
Arabidopsis thaliana, Capsella grandiflora, and C. orientalis from publicly available resources.
Specifically, we obtained C. orientalis data from ENA (PRJEB80551) (Kasianova et al. 2025), C.
grandiflora from Phytozome (v1.1) (Slotte et al. 2013), and A. thaliana from the NCBI genome
database (GCA_978657495.1).

Isoform filtering and sequence preprocessing

We filtered CDS and protein files to retain only the longest isoform per gene using the AGAT toolkit
(agat_sp_keep_longest_isoform.pl) (Dainat 2026). We applied this approach to the GFF
annotation file of each species to remove redundant transcript variants. From the filtered
annotations, we extracted identifiers corresponding to retained coding sequences and used these
curated identifier sets to filter both CDS and protein FASTA files with SeqgKit v2.13.0 (Shen et al.
2016). This procedure ensured that only sequences corresponding to the longest isoforms were
retained for downstream analyses.

Ortholog identification and sequence alignment

We inferred orthologous groups using OrthoFinder v3.1.4 (Emms et al. 2026). From the resulting
orthogroups, we extracted single copy orthologs present in all three species (1:1:1 orthologs). We
then generated species-specific lists of orthologous gene identifiers and extracted the
corresponding protein and CDS sequences using seqkit.

We indexed all filtered CDS and protein files using SAMtools faidx v1.23.1 (Li et al. 2009), and
performed pairwise and codon-aware alignments using a custom pipeline (Pairwise_align.sh). For
each single-copy ortholog, this pipeline constructs individual protein and CDS datasets by
extracting exactly one sequence per species. It then validates the presence of all required
sequences prior to alignment and excludes ortholog groups with missing data. The pipeline finally
aligns protein sequences for each ortholog independently using MAFFT v7.526 (Katoh et al. 2002;
Katoh and Standley 2013). For each alignment, it ensures that exactly three sequences (one per
species) are present. It finally generates codon-aware nucleotide alignments using PAL2NAL v14
(Suyama et al. 2006).

Phylogenetic reconstruction

We converted codon alignments into PHYLIP format using a custom Python script
(paml_to_phylip.py). We standardized species names across all alignment files to consistent
labels. We concatenated all codon alignments into a single file using AMAS concat and inferred a



species phylogeny with IQ-TREE v3.1.1 (Wong et al. 2026) under a codon substitution model with
automatic model selection. This analysis yielded the following distances:

(A. thaliana: 0.4095855361, (C. grandiflora: 0.0442844570, C. orientalis: 0.0464908079))
Estimation of synonymous substitution rates

We estimated synonymous substitution rates (ds) using codeml from the PAML package v4.10.10
(Yang 2007). We used the phylogenetic tree inferred by IQ-TREE, with a topology reflecting the
close relationship between C. grandiflora and C. orientalis as shown above. For each codon
alignment, we generated a control file from a template by specifying the alignment file, tree file,
and output path. We ran codeml independently for each ortholog and stored the resulting output
files. We used model = 1 in our codeml.ctl to allow each branch in the phylogenetic tree to have
its own independent w.

To minimize the effects of saturation, we filtered the data by removing ds values below 0 and
above 2. All analyses were performed in R version 4.5.2 (R Core Team 2024) and RStudio
2026.01.0 (Posit team 2025). We then calculated the mean dg across the filtered values for each
species and assessed statistical significance using a paired Wilcoxon signed-rank test.

Method 2. Invasion analyses
Genome

Individuals are diploid and have a single chromosome containing L fitness loci and 1 randomly
located mutation-rate modifier locus. All loci are equally spaced.

Life-cycle

Stochastic, individual-based simulations were conducted within a Wright-Fisher framework
(Ewens 2004). Individuals are diploid and undergo a mutation—-selection-reproduction life cycle.
Populations have a constant size N.

Mutation

Following reproduction, each offspring individual may acquire a new mutation at a fitness locus
with probability U; /L where U, is the deleterious mutation rate. All mutations are irreversible and
deleterious with the same effect, s; < 0. The mutation-rate modifier locus does not mutate. An
individual can acquire multiple mutations, but only one per locus.

Fitness

A genotype with i deleterious mutations in a homozygous state and j deleterious mutations in a
heterozygous state has fitness:

wij = (1+2s9)"(1+ s4)’ (1)

i.e., deleterious alleles acted additively within and multiplicatively among loci.



Mode of reproduction
Obligate asexuality

In obligate asexual populations, N individuals are sampled at random with replacement with
probability proportional to their fithess and allowed to reproduce. Each offspring is an exact copy
of the parent before mutation is allowed to operate. The parents are discarded after reproduction.

Obligate sexuality

In obligate asexuals, 2N individuals are chosen to reproduce at random with replacement with
probability proportional to their fitness. We then create N pairs of individuals from this set at
random without replacement (i.e., there is random mating). Each individual undergoes meiosis
and generates one haploid gamete which fuses with a gamete from its paired individual. During
meiosis, recombination events occur with probability r between adjacent loci. The parents are
discarded after reproduction.

Facultative sexuality

In facultative sexuals, the entire population reproduces sexually every 1/¢ generations (i.e.,
synchronously), where ¢ is the probability of reproducing sexually; otherwise the population
reproduces asexually.

Invasion simulations

Initially, all individuals are mutation-free at the fithess loci and have equal fitness,w =1
(equation (1)). N — 1individuals are homozygous for a wild type allele at the mutation-rate
modifier locus and have a deleterious mutation rate U;; one individual is heterozygous for an
antimutator allele at the mutation-rate modifier locus and has a deleterious mutation rate of U; +
AU, (AU,; < 0). A homozygote for the antimutator allele will have a deleterious mutation rate of
Ug; + 2AUy (i.e., the antimutator allele is co-dominant). Thus, the following condition must be met:
-U,; <2AU; <0.

Populations were allowed to evolve until the antimutator allele either fixed or was eliminated from
the population. In obligate asexuals, fixation occurred in a heterozygous state, whereas in
obligate or facultative sexuals fixation occurred in a homozygous state.

Parameters

In all simulations we used: population size, N = 2000 individuals; L = 50 fitness loci; wildtype
deleterious mutation rate, U; = 0.02 per generation; change in the deleterious mutation rate

caused by an antimutator allele in a heterozygous state, AU; = —0.005; deleterious effect of a
mutation in a heterozygous state, s; = —0.07.
Software

Simulations were conducted using software written in Python 3.12 and NumPy 1.26 (Harris et al.
2020).
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