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Abstract

With the increasing availability of whole-genome assembilies, interest in the genomic consequences of diverse repro-
ductive modes has grown. Reduced efficiency of selection in asexually reproducing species is often cited as a major
consequence and is frequently investigated using the ratio of nonsynonymous to synonymous substitutions
(dN/dS). However, many studies do not give sufficient attention to the fundamental differences between nonsexual
reproductive modes, which likely have substantial effects on the efficiency of selection. We reviewed studies that com-
pared dN/dS ratios of sexual and asexual relatives across 20 taxa. Asexual reproductive modes were classified into two
categories: Meiosis without interchromosomal mixis (automixis and premeiotic doubling), i.e. modified meiosis that
restores ploidy without outcrossing, and apomixis, i.e. production of unreduced eggs that develop without meiosis
and without interchromosomal or intrachromosomal mixis. We further included two modes of reproduction which
are not sexual and not strictly asexual, but may be seen as such at first glance: Fissiparity/clonal growth, i.e. the for-
mation of new modules/ramets by splitting of somatic tissue without meiosis or mixis, and selfing, i.e. meiosis followed
by fertilization of the gametes by the same individual. Consistent with theory, fissiparous lineages generally exhibited
elevated dN/dS ratios, whereas automicts and apomicts showed no consistent pattern, even among taxa with iden-
tical reproductive modes. We discuss limitations of commonly used phylogenetic analyses using maximum likelihood
(PAML) branch and branch-site models, which can obscure subtle differences, and propose different avenues to assess
detection of selection. We propose that the heterogeneous patterns in asexual lineages reflect lineage-specific con-
sequences of asexuality, model limitations, and our incomplete understanding of cytological mechanisms underlying
different nonsexual reproductive modes.
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Significance

An organism'’s reproductive mode fundamentally shapes its genomic landscape, yet the consequences of nonca-
nonical reproductive modes remain poorly understood. Although reduced selective efficiency is often predicted
in asexual species, no consistent trend has been observed. The efficiency of selection is commonly investigated
using dN/dS ratios, but most studies conflate distinct forms of asexuality and their underlying cytological mechan-
isms, and this limits interpretation. Here, we review studies comparing sexual and asexual relatives across 20
metazoan and angiosperm taxa, categorizing lineages by reproductive mode. We highlight limitations of trad-
itional phylogenetic analyses using maximum likelihood (PAML) dN/dS models and suggest alternative ap-
proaches from the Hypotheses Testing Using Phylogenies (HyPhy) suite for more tailored analyses. By clarifying
lineage-specific traits and methodological constraints, our synthesis provides a roadmap for future studies exam-
ining evolutionary differences between sexual and asexual relatives.

Introduction

The reason for the dominance of sexual reproduction
among eukaryotes is one of the major questions of evo-
lutionary biology (Maynard Smith 1971; Bell 1982;
Neiman et al. 2017). Asexually reproducing lineages
(asexuals) should outperform bisexual relatives due to
the 2-fold advantage of parthenogenesis with respect
to nonproducing parental individuals. Further, all asex-
uals should benefit from the prevention of genome dilu-
tion and the maintenance of well-adapted gene
combinations (Lehtonen et al. 2012). A wide range of
theories have been proposed to explain the evolution
of sex, but no consensus has been reached (West
et al. 1999; Scheu and Drossel 2007; Horandl 2009;
Burke and Bonduriansky 2017; Brandeis 2017). One po-
tential factor often discussed in these theories is the accu-
mulation of deleterious mutations caused by the reduced
efficiency of natural selection due to the lack of outcross-
ing (Muller 1964; Kondrashov 1988; van der Kooi and
Schwander 2014); for the definition of terms in bold
used in this review, see Glossary. Testing such hypotheses
requires evolutionary replicates, i.e. either closely related
sexual and asexual lineages, or taxa with multiple inde-
pendent transitions to asexuality. Such replicates allow
comparison of genomic parameters with little ecological
and evolutionary divergence.

The most prominent genomic tool to infer reduced
selective efficiency among evolutionary replicates is
the ratio of nonsynonymous (dN) to synonymous (dS)
nucleotide substitutions in protein-coding genes.
Different codons may code for the same amino acid,
due to the degenerated nature of the genetic code
(Crick et al. 1961; Nirenberg and Leder 1964). A substi-
tution that changes the amino acid is called nonsynon-
ymous, while one that does not is called synonymous.
Purifying selection is assumed to remove deleterious
amino acid—changing mutations, while synonymous
substitutions are largely neutral and reflect the baseline
mutation rate (Nei and Gojobori 1986; Yang and

Bielawski 2000; Kryazhimskiy and Plotkin 2008).
However, selection can also act at the nucleotide level,
for example through codon usage bias or regulatory
constraints such as alternative splicing (Hershberg and
Petrov 2008). Consequently, a dN/dS ratio below one
is typically interpreted as evidence for purifying selec-
tion, whereas a ratio above one indicates positive
or diversifying selection (Yang and Bielawski 2000;
Kryazhimskiy and Plotkin 2008). A dN/dS ratio close to
one is often taken as an indication of neutrality, but
this interpretation can be misleading, as it may also re-
flect a mixture of sites under purifying and positive se-
lection that average out (Kryazhimskiy and Plotkin
2008). Itis important to note that most organisms oper-
ate close to a selective optimum, resulting in positive
adaptive selection being relatively rare (Eyre-Walker
and Keightley 2007; Hughes 2007). Moreover, negative
mutations are by far more frequent than positive ones.
The concept of relaxed selection is especially useful in
this context, as it describes a reduction in the efficiency
of purifying selection rather than a shift toward adap-
tive evolution (Lahti et al. 2009; Wertheim et al. 2014).
A central factor influencing the strength of purifying se-
lection is the effective population size (Ne; Kimura
1983). In large populations, deleterious mutations are
efficiently removed, whereas in small populations they
may drift to fixation. This effect is amplified in lineages
experiencing frequent population bottlenecks where
drift overcomes selection (Nei et al. 1975).

In diploid asexuals, the N is expected to be approxi-
mately halved relative to sexual populations of equal
census size, due to the absence of recombination and
the transmission of identical genomes across genera-
tions (Kimura 1983; Otto and Lenormand 2002;
Charlesworth 2009). A reduced N, decreases the effi-
cacy of purifying selection, allowing mildly deleterious
mutations to accumulate and thereby increasing
dN/dS ratios (Ohta 1973; Kimura 1983; Eyre-Walker
and Keightley 2007). In addition, depending on the
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mode of asexual reproduction (see below), heterozy-
gosity may be reduced (Suomalainen et al. 1987; Blanc
et al. 2025). Reduced heterozygosity can expose reces-
sive deleterious alleles to selection, potentially enhan-
cing purifying selection and counteracting increases in
dN/dS (Charlesworth and Charlesworth 1999; Glémin
2003; Glémin et al. 2019). However, the efficiency of
such purging critically depends on N, as exposed dele-
terious alleles are more effectively removed in large po-
pulations than in small ones (Kimura 1983; Gravel
2016). Furthermore, asexuality results in genome-wide
linkage, which intensifies genetic hitchhiking and back-
ground selection, further reducing N, and elevating
dN/dS ratios (Hill and Robertson 1966; Charlesworth
et al. 1993). Importantly, some asexual lineages are
demographically successful and attain large population
sizes, and may therefore maintain high N, despite the
absence of sex (e.g. oribatid mites; Heethoff et al.
2009; Neiman et al. 2014). Consequently, variation in
dN/dS ratios among asexual taxa may reflect ecological
and demographic factors as much as, or more than, re-
productive mode per se.

Types of Asexuality and Their Consequences

Studies investigating differences in dN/dS ratios be-
tween sexual and asexual lineages typically use broad
terms such as “asexuality” or “parthenogenesis”. These
broad terms ignore the differences of the various types
of asexuality, and this may have contributed to the am-
biguous results published in the past (Table 1). Here, we
define sex as the alternation of meiosis, resulting direct-
ly or indirectly (e.g. via gametophytes) in reduced ga-
metes, and the fusion of those gametes, whether they
arise from the same or different individuals. During
these processes, two types of recombination (or mixis)
occur. First, intrachromosomal mixis during crossing-
over events (meiotic recombination), and second, inter-
chromosomal mixis during fertilization (gametic recom-
bination due to outcrossing).

In this review, we distinguish two major categories of
asexuality based on their cytological and genetic under-
pinnings (Fig. 1). Automixis and premeiotic doubling en-
tail reproduction through modified meiosis, in which
uniparental meiotic products fuse to restore diploidy; de-
pending on the cytological modification, this can resultin
varying levels of heterozygosity loss (Suomalainen et al.
1987; Engelstadter 2017; Blanc et al. 2025). Apomixis in-
volves the clonal development of an unreduced egg cell
or somatic cell without fertilization and without meiosis,
producing genetically identical offspring (Asker and
Jerling 1992; Richards 1997; Simon et al. 2003).

Further, we investigate fissiparity/clonal growth as
well as self-fertilization (selfing). Fissiparity (or clonal

growth) is the splitting of somatic tissue into new mod-
ules or ramets, resulting in clonal propagation without
meiosis or fertilization (Hughes 1989; Otto and
Gerstein 2006). It may not be classified as asexual repro-
duction in the strict sense because it does not involve
the development of a new organism from an unspecial-
ized, single-cell stage. Thus, fissiparity is more accurately
described as propagation or clonal growth rather than
true “reproduction” (Mogie 1992). While this distinction
is straightforward in eukaryotes with differentiated tis-
sues (e.g. animals and land plants), it becomes difficult
in protists, fungi, and algae, and most authors therefore
include vegetative fission under asexuality (see overview
in Horandl et al. 2020). Here, however, we treat fissipar-
ity as neither sexual nor asexual, because the division of
a multicellular organism into two viable units represents
growth and reorganization of existing tissues rather
than the formation of a new organism. In this regard,
it is comparable to developmental processes such as
metamorphosis in holometabolous insects (Huxley
1852), where cellular death and proliferation reshape
an existing individual rather than generate a genetically
"new” one. Selfing refers to reproduction via self-
fertilization in hermaphroditic species, which involves
two different (male and female) meiotic divisions and
fertilization of the gametes by the same individual
(Jarne and Charlesworth 1993). This is more akin to ex-
treme inbreeding (i.e. sex) and should be viewed as a
separate category from asexuality (Brandeis 2017). In
botany, selfing is common and usually regarded as a
form of sexual reproduction (Barrett 2002). While these
categories are not strictly asexual, we include them as
they are often cited in papers analyzing dN/dS ratios be-
tween “true” asexuals and their relatives.

Here, we review studies that utilized dN/dS ratios to
identify genomic differences between sexual and asex-
ual embryophytes and metazoans, with particular atten-
tion to how different modes and origins of asexuality
may affect the efficiency of selection. Traditionally,
one would expect higher dN/dS ratios in asexuals com-
pared to sexual relatives due to relaxed purifying selec-
tion on negative nonsynonymous mutations, which
accumulate over time.

Automixis and Premeiotic Doubling

Automixis involves a number of meiotic modifications
that allow unfertilized eggs to restore diploidy through
the fusion of nuclei from the same meiotic event, even-
tually resulting in the production of nonclonal offspring
(Suomalainen et al. 1987; Engelstadter 2017; Blanc et al.
2025). Blanc et al. (2025) categorized these modifica-
tions into three main types (though other specialized
mechanisms and modifications may exist; Fig. 1):
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plants. For a detailed figure, see additional material 1 (Hérandl 2024). F! =fertilization, either via outcrossing or selfing. R! = additional chromosome
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(i) Two-step meiosis with chromosome endoreplication
involves duplication of chromosomes either before or
after meiosis to maintain ploidy. When endoreplication
occurs before meiosis (premeiotic), recombination can
occur between identical sister chromatids or, in some
taxa, between divergent homologs. The extent of re-
combination between nonsister chromatids varies
among lineages. This generally preserves heterozygos-
ity, whereas post-meiotic endoreplication can result in
partial loss of heterozygosity due to pairing between
previously divergent chromatids. (ii) Two-step meiosis
with fusion of meiotic products (automixis), where the
oocyte fuses with a polar body to restore diploidy.
Fusion with the first polar body (central fusion) general-
ly preserves heterozygosity, whereas fusion with the se-
cond (terminal fusion) rapidly increases homozygosity
(Engelstadter 2017; Blanc et al. 2025). (iii) Abortion of
one meiotic division, in which skipping meiosis | pre-
vents homologous segregation and preserves heterozy-
gosity, while skipping meiosis Il allows homologs to
segregate but not sister chromatids, leading to in-
creased homozygosity. Diplospory in plants is a form
of apomixis that may retain a restitutional meiosis (ei-
ther skipping meiosis | or II), making it analogous to
automixis. Moreover, Blanc et al. (2025) highlighted in-
verted meiosis, where meiosis Il occurs before meiosis
[, and one of these steps is usually aborted. Depending
on which division is aborted in automicts, zygosity out-
comes resemble those of canonical meiosis: skipping
meiosis | largely preserves heterozygosity, whereas skip-
ping meiosis Il increases homozygosity.

The type of automixis and the specific meiotic modi-
fication determine how much heterozygosity is retained
in offspring. This in turn can influence the effectiveness
of purifying selection, because higher homozygosity ex-
poses recessive deleterious alleles while also reducing
recombination, thereby shaping patterns of dN/dS ra-
tios among lineages (Lynch et al. 1993; Neiman et al.
2014).

Only a few studies have investigated dN/dS ratios in
automictic taxa (Table 1). Two notable examples are
Maldonado et al. (2022), who studied the genus
Aspidoscelis (Squamata), and Koci et al. (2020), who exam-
ined the Cobitis taenia species complex (Actinopterygii).
Both systems include sexual lineages and asexual hybrid
polyploids that reproduce via premeiotic endoreplication.
Maldonado et al. (2022) analyzed both mitochondrial and
nuclear genes and reported significantly higher mitochon-
drial dN/dS ratios and evidence for relaxed selection in
asexual Aspidoscelis lineages. By contrast, Koci et al.
(2020) found no evidence for relaxed selection in the mito-
chondrial genes of asexual C. taenia, which reproduces via
premeiotic doubling and gynogenesis, a reproductive
mode in which a male gamete triggers development but

its genome is excluded from the zygote. Kodi et al.
(2020) likewise detected no significant differences in
dN/dS ratios between sexual and asexual lineages for nu-
clear genes.

At first glance, comparisons of mitochondrial (and/or
plastid) genes between sexual and asexual lineages may
appear inappropriate given their predominantly mater-
nal inheritance. However, because organelle genomes
are not recombining via meiosis and have a reduced ef-
fective population size relative to nuclear genomes,
they are particularly susceptible to the accumulation
of deleterious mutations through genetic drift and
Hill-Robertson interference (Hill and Robertson 1966;
Havird et al. 2015). Gene conversion in organelle gen-
omes and cell-to-cell variability are efficient mechanisms
to create genetic variance that counteracts mutation ac-
cumulation (e.g. Khaklova and Bock 2006, Mower et al.
2010, Edwards et al. 2021). In sexual lineages, nuclear-
encoded genes for organelle function are recombined
and can evolve rapidly counter-adaptations to compen-
sate for organelle mutation accumulation (Havird et al.
2015). In asexual lineages, where nuclear recombin-
ation is also reduced or absent, mutation accumulation
may be exacerbated, leading to an increased effect of
organelle mutation load and potentially relaxed purify-
ing selection (Havird et al. 2015).

Methodological differences may also contribute to
the contrasting results between studies. Koci et al.
(2020) restricted their mitochondrial analyses to a meth-
od identifying shifts in the intensity of selection (RELAX,
Wertheim et al. 2014), whereas Maldonado et al. (2022)
additionally applied branch models. Finally, lineage-
specific factors such as life-history traits, clone age,
and effective population size may further explain the
observed discrepancies (Jaron et al. 2021).

Oribatid mites (Acariformes, Oribatida) are automicts
and classified as "ancient asexuals” (Judson and Normark
1996; Brandt et al. 2021; Oztoprak et al. 2025). These are
lineages which have been reproducing via obligatory par-
thenogenesis for prolonged periods of time. Brandt et al.
(2017) observed slightly but significantly higher dN/dS ra-
tios in 3,545 nuclear orthologs of sexual oribatid mites;
however, the dataset included only six species. A subse-
quent analysis with more species but fewer genes revealed
no significant differences between sexual and asexual spe-
cies (Brandt et al. 2017). Interestingly, they observed signifi-
cantly lower dN/dS ratios in ten mitochondrial genes of
sexual oribatid mites (Brandt et al. 2017). This apparent
lack of strong selective differences may explain the long-
term maintenance of asexuality in this taxon. Whether
this is linked to the cytological mechanism of producing
parthenogenetic offspring is unclear, as the details remain
debated. Proposed mechanisms include (i) a two-step mei-
osis with terminal fusion (Heethoff et al. 2009), (i) inverted
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meiosis with abortion of meiosis | and biased “Z segrega-
tion” of chromatids (Archetti 2021), or (iii) two-step meiosis
with crossovers restricted to chromosome ends (Oztoprak
et al. 2025). However, none of these scenarios is firmly sup-
ported by cytological evidence, and early descriptions re-
main fragmentary (Taberly 1958). This uncertainty makes
it difficult to predict if and how automixis shapes heterozy-
gosity and selection in oribatid mites.

While the Daphnia pulex complex (Cladocera) is trad-
itionally assumed to be apomictic (Herbert and Crease
1980; Paland and Lynch 2006; Tucker et al. 2013), recent
cytological studies observed an abortion of meiosis | fol-
lowed by a regular meiosis Il (Hiruta et al. 2010; Xu et al.
2011) as clarified by Blanc et al. (2025). Following this,
we classified this species complex as automictic, with
some lineages exhibiting cyclical parthenogenesis.
Paland and Lynch (2006) found higher dN/dS ratios in
the mitochondrial genes of the obligate automict D. pu-
lex lineages than in the ones reproducing via cyclical
parthenogenetic. Interestingly, however, they found
no significant differences in dN/dS ratios in nuclear
genes. Contrasting these findings, Tucker et al. (2013)
reported higher dN/dS ratios in certain genes of obli-
gate asexual D. pulex lineages compared to cyclical par-
thenogenetic lineages. However, they assumed that
these gene-specific elevated dN/dS ratios were already
present before the transition to obligate asexuality,
which was rather recent (<1,000 years). These results in-
dicate that (i) cytological reinvestigations of auto- and
apomicts are of eminent importance, and (ii) certain
genes, such as the ones related to asexuality and mixis,
may deviate from genes with other functions.

Overall, the genomic effects of automixis and related
cytological mechanisms remain elusive due to the diver-
sity of cytological mechanisms, differences in life histor-
ies and the few studies existing. Further genome-wide
analyses investigating the dN/dS ratios of automictic
lineages using varying cytological mechanisms are ne-
cessary to allow more conclusive interpretations of the
genetic and cytological characteristics of automixis.

Apomixis

Apomictic asexuality usually entails the development of
an unfertilized egg cell. Notably, it lacks both mixis and
meiosis and therefore produces direct clones of the
mother (Fig. 1). Whether this strict definition applies
to all taxa discussed here, however, remains uncertain,
as Jaron et al. (2022) and Blanc et al. (2025) demon-
strated that many classical examples of apomixis in me-
tazoans actually undergo some form of meiosis and
therefore are automictic. In flowering plants, some
forms of apomixis undergo a restitutional meiosis, re-
sulting in  unreduced gametophytes producing

unreduced egg cells, which can develop without fertil-
ization (diplospory). Other forms of apomixis involve
the formation of unreduced gametophytes and egg
cells out of unreduced somatic cells of the ovule (aposp-
ory), or direct development of embryos out of unre-
duced diploid somatic cells of the ovule (adventitious
embryony). Most apomictic flowering plants can pro-
duce both sexual and asexual seeds in the same gener-
ation, i.e. are facultative apomicts (see review of Horandl
2024).

For genome evolution, it isimportant to which extent
apomixis is obligate. Theory and mathematical models
predict that low levels of recombination, e.g. via cyclical
or facultative apomixis, are sufficient to counteract mu-
tation accumulation (Green and Noakes 1995). One
well-studied case of obligate asexuality is the angio-
sperm genus Oenothera. In Oenothera, permanent
translocation heterozygosity reduces recombination
during fertilization to near zero, resulting in two inde-
pendently evolving haploid genomes (Cleland 1974).
Combined with selfing, this makes Oenothera reproduc-
tion functionally apomictic (Wang et al. 2020). Hollister
etal. (2015) investigated selection in sexual and asexual
Oenothera lineages and found increased dN/dS ratios in
the asexuals. In the genus Boechera, both obligate and
facultative asexuals exist, and apomictic species evolved
multiple times via hybridization (Lovell et al. 2017).
Analyzing genome evolution, the authors found site-
specific patterns, but asexual genotypes harbored
more mutations in highly-conserved sites than related
sexuals, with effects being least pronounced in coding
sites. The dN/dS analyses by Kiefer et al. (2020) on sex-
ual and asexual Boechera species, focusing on RNA heli-
cases, also revealed higher variation between different
genes rather than between modes of reproduction.
Similar results were reported in the stick insect genus
Timema (Henry et al. 2011; Bast et al. 2018). Timema is
particularly interesting because apomixis evolved mul-
tiple times independently without evidence for hybrid-
ization. Bast et al. (2018) noted that, although dN/dS
ratios were higher in asexuals, these lineages did not
show signs of reduced fitness, which may reflect their
relatively recent origin or other lineage-specific factors.
High dN/dS ratios were also observed in the mitochon-
drial genome of the freshwater snail Potamopyrgus anti-
podarum (Neiman et al. 2009). In this system, mixed
populations of obligate sexual and asexual individuals
coexist, and infection by the sterilizing trematode
Microphallus sp. is thought to influence this balance ra-
ther than directly inducing parthenogenesis (Lively
1987; Vergara et al. 2014).

Other studies, however, found no significant differ-
ences between sexuals and apomicts. Lunt (2008) re-
ported no differences in dN/dS ratios between sexual

Genome Biol. Evol. 18(5) https://doi.org/10.1093/gbe/evag096 Advance Access publication 10 April 2026 7

9z0z Ae|y 61 uo 1asn JAILOVNI Ad 1 £60598/9600BA9/G/8 1 /001E/206/W0d dno dlWapese//:sdiy woly papeojumoq



Klemp et al.

and asexual root-knot nematodes of the genus
Meloidogyne. Once thought to be an “ancient asexual
scandal”, it is now understood that Meloidogyne has a
more recent hybrid origin of asexuality (Lunt 2008).
Likewise, Pellino et al. (2013) found no differences in
the facultative apomictic angiosperm Ranunculus auri-
comus complex, where asexual lineages are relatively
young (~80,000 years). Interestingly, their genome-
wide analysis identified outlier genes with highly diver-
gent dN/dS ratios; several of these were involved in
meiosis and gametogenesis, suggesting a functional as-
sociation with apomixis and possible positive selection.
Elevated dN/dS ratios for functional apomixis candidate
genes only could be later confirmed in apomictic F2 hy-
brids of R. auricomus lineages, ruling out long-term muta-
tion accumulation (Ptzold et al. 2022). Offspring analysis
of the plants used in Pellino et al. (2013), modeling the ef-
fect of facultative sex on mutation accumulation, found
that as little as 6% recombinants per generation are suf-
ficient to halt Muller’s ratchet (Hodac et al. 2019), con-
firming that “a little bit of sex” may be as good as
obligate sex (Hojsgaard and Horandl 2015). For flowering
plants, strong selection acting on reduced versus unre-
duced gametophytes, in which the majority of genes
are expressed, may explain this pattern (Hojsgaard and
Horandl 2015). No differences were also detected in the
mitogenomes of two apomictic Trichogramma species,
one of hybrid origin, the other induced by Wolbachia
(Yan et al. 2022). In a broader comparative study,
Brandt et al. (2019) also found no consistent trend in apo-
mictic hexapods and their sexual relatives.

Finally, there is one case in which sexual lineages ex-
hibit slightly higher dN/dS ratios than asexuals.
Yarbrough and Chandler (2024) reported this pattern
in the sexual terrestrial isopod Hyloniscus riparius com-
pared to its relative Trichonisus pusillus, where asexual
lineages consist of diploid and triploid hybrids coexist-
ing with sexual lineages. It is important to note, how-
ever, that this study lacks true evolutionary replicates
as sexual individuals of T. pusillus were not included,
introducing potential bias. Nevertheless, this pattern re-
sembles that of automictic oribatid mites (Brandt et al.
2017), and both groups share ecological similarities as
soil-dwelling detritivores.

Overall, studies on apomixis show a convoluted picture
with no consistent trend in higher dN/dS ratios in apo-
micts than in sexual species/lineages. Lineage-specific
traits, including age, origin and ecological context, ap-
pear to play a more important role in shaping patterns
of genome degeneration in apomicts than apomixis it-
self (Jaron et al. 2021). Moreover, different gene-
specific evolutionary patterns can strongly influence
dN/dS ratios that were calculated over whole genomes
or transcriptomes.

Fissiparity/Clonal Growth

Fissiparity and clonal growth involve the production of
genetically identical offspring through fragmentation
or vegetative propagation (Huxley 1852; Coe 1929;
Bierne 1970; Fig. 1). In animals, fissiparous reproduction
relies on regeneration of body parts, whereas in plants,
clonal propagation occurs through rhizomes, stolons or
other vegetative organs (Wang et al. 2025). From a
broader perspective, fissiparity and clonal growth may
be perceived as a special case of somatic growth in
which modules split from the parental soma (Hughes
1989). Theory predicts that lineages reproducing exclu-
sively through fissiparity or clonal growth should accu-
mulate deleterious mutations more rapidly than sexual
relatives. The absence of a single-cell stage during devel-
opment, and of recombination and segregation, reduces
the efficacy of purifying selection, potentially leading to
increased dN/dS ratios (Muller 1964; Felsenstein 1974;
Lynch et al. 1993; Grosberg and Strathmann 2007,
Neiman et al. 2014). Within the nemertean genus
Lineus, two species (L. sanguineus and L. pseudolacteus)
can reproduce via fissiparity, owing to their ability to re-
generate both anterior and posterior ends (Coe 1929).
Both species usually lack adult gonads and are therefore
suspected to reproduce primarily through asexual frag-
mentation (Bierne 1970; Ament-Veldsquez et al. 2016).
This genus also provides evolutionary replicates, as the
sexual species L. lacteus and L. longissimus are closely re-
lated to the fissiparous species (Bierne et al. 1993;
Ament-Veldsquez et al. 2016). Population genomic ana-
lyses by Ament-Veldsquez et al. (2016) revealed that
L. sanguineus shows genomic patterns more similar to
sexual species than to obligate asexuals. The authors at-
tribute this to rare sexual events in individuals that de-
velop fully functional female gonads. By contrast,
L. pseudolacteus exhibits the expected genomic signa-
tures of asexuality, including elevated dN/dS ratios and
increased heterozygosity. Whether this reflects pro-
longed periods of obligate asexuality, however, is un-
known, as this species appears to be a triploid hybrid.
Similar patterns are observed in other fissiparous me-
tazoans. For instance, Kershenbaum et al. (2024) stud-
ied dN/dS ratio differences in fissiparous and sexual
lineages of the planarian Schmidtea mediterranea. Like
in the asexual Lineus, the fissiparous ability in these
lineages is based on physical regeneration. The authors
analyzed three sets of genes: (i) all protein-coding se-
quences, (ii) highly conserved single-copy BUSCOs, and
(iii) sequences under significant purifying selection.
They found that gene sets 1 and 3 had significantly high-
er dN/dS ratios in asexual lineages, whereas gene set 2
exhibited no significant differences between sexual and
asexual lineages. The authors suggested that some
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unknown mechanism mitigates the loss in selective effi-
ciency, resulting in comparatively modest differences
between sexual and asexual strains.

In plants, similar trends occur in taxa with clonal re-
production. Wang et al. (2025) compared two sister
taxa (subfamilies) within Poaceae, Pooideae, and
Bambusoideae. These groups differ strongly in life-
history traits and reproduction. Pooideae are mostly
herbaceous, short-lived, and predominantly sexual,
whereas Bambusoideae are long-lived woody plants
that rarely reproduce sexually and rely on clonal growth.
Analyses revealed that asexual Bambusoideae have sig-
nificantly higher dN/dS ratios and more genes under re-
laxed selection than sexual Pooideae.

Taken together, studies of fissiparity in animals and
clonal growth in plants support the hypothesis that puri-
fying selection is, at least to some extent, reduced in
these lineages, although the magnitude of this effect
can vary depending on life history, regenerative capacity
and rare sexual events.

Selfing

Generally, plants engage in outcrossing to counteract
the increase in homozygosity, genetic drift and genetic
linkage (Burgarella and Glemin 2017); however, obli-
gate selfing may be favored by pollen limitation (Baker
1955, Barrett 2002). While the increase in homozygosity
may enable selfing populations to purge deleterious
and maintain beneficial recessive alleles (Glemin
2021), it may also lead to inbreeding depression, i.e. re-
duced offspring fitness (Lande and Schemske 1985).
While in selfing plants, recombination is still present, ef-
fective recombination is heavily reduced as it mostly af-
fects homozygous sites (Glemin et al. 2019). Most
importantly, the effective population size is assumed
to be heavily reduced in selfing species due to strong ex-
tinction/recolonization dynamics, genetic bottlenecks
and other factors (Wright et al. 2013). The selective pur-
ging of recessive deleterious mutations is more fre-
quently observed in annual selfing plants (Byers and
Waller 1999).

Considering the high proportion and common transi-
tions to high or obligate selfing in angiosperms (Igic and
Kohn 2006; Landis et al. 2018), only a few studies have
investigated the presumed reduction in selective effi-
ciency, and even fewer metazoan hermaphrodites
have been analyzed (Table 1). Haudry et al. (2008) and
Escobar et al. (2010) investigated potential differences
in dN/dS ratios among selfing and outcrossing
Triticeae species (Poaceae, Angiospermae). All the spe-
cies included were diploid. Neither study confirmed
the hypothesis that selfers have lower dN/dS ratios
due to reduced selective efficiency. However, it is

important to note that both studies only included a
small number of genes, i.e. 52 in Haudry et al. (2008)
and 23 in Escobar et al. (2010). However, the relatively
recent transition to obligate selfing in Triticeae species
(Haudry et al. 2008; Escobar et al. 2010) may not have
allowed to identify significant differences. Similarly,
comparing dN/dS ratios of the predominant selfer
Arabidopsis thaliana and the self-incompatible A. lyrata,
Wright et al. (2002) found no significant differences;
however, they also only used a small number of genes
(23). Payne and Ponce (2018) reanalyzed the
Arabidopsis genome using whole-genome data and
found significantly higher dN/dS ratios in selfing
lineages. Similarly, Wang et al. (2020) found higher
dN/dS ratios in homostylous, highly selfing diploid
Primula species analyzing 445 nuclear and 72 plastid
genes. One of the two metazoans investigated for dif-
ferences in dN/dS ratios is the nematode genus
Caenorhabditis (Cutter et al. 2008). While the authors
found no significant differences with a limited data-
set, the highly selfing species Caenorhabditis briggsae
(but not Caenorhabditis elegans) had higher dN/dS
ratios when using a larger dataset. The second meta-
zoan is the selfing freshwater gastropod Galba trunca-
tula, which Burgarella et al. (2015) compared to its
outcrossing relatives of the genus Physa. Using
large-scale genomic data, they found slightly, but sig-
nificantly increased dN/dS ratios in the outcrossing
G. truncatula.

Overall, consistent with theoretical expectations,
there is a trend of selfers having higher dN/dS ratios
than closely related sexual species, indicating less effi-
cient purifying selection, which may be detected if a suf-
ficient number of genes are used for the analysis.
However, only a few selfing lineages have been thor-
oughly investigated using whole-genome data. Even
though convincing studies using dN/dS ratios are lim-
ited, studies using other genetic parameters, along
with the frequent transitions toward selfing in plants
and the comparatively low number of obligate selfers,
show a clear picture (Wright et al. 2013; Cheptou
2019). In most lineages, selfers evolved due to short-
term advantages such as reproductive assurance, but
they face higher long-term extinction risks, consistent
with the “dead-end” hypothesis of asexuals (Wright
et al. 2013; Cheptou 2019). While this is in accordance
with the observed elevated extinction and speciation
rates in selfers, it is important to note that the ability
to reproduce and colonize at low density may enhance
their survival (Wright et al. 2013). Therefore, lineage-
specific ecological and demographic factors may play
an important role in the persistence and extinction of
selfing lineages, even with clear signs of deleterious
effects.
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Hybridization and Polyploidy

The large majority of asexual species arise from past hy-
bridization events and, in many cases, subsequent back-
crossing (Simon et al. 2003; Hoérandl 2024). These
hybridization events frequently lead to polyploidization,
resulting in a predominance of polyploid asexual taxa
while their sexual relatives remain mostly diploid.
Hybridization and polyploidization also generate ele-
vated heterozygosity, retention of divergent alleles,
structural genomic rearrangements and the presence
of multiple homologous gene copies. Such features
can enhance evolutionary potential by providing genet-
ic redundancy and buffering deleterious mutations, but
they also complicate genome evolution by creating
complex patterns of allelic divergence and gene expres-
sion (Blanc-Mathieu et al. 2017; Janko et al. 2021).

High levels of heterozygosity in polyploids introduce
additional methodological challenges. Mutations typic-
ally arise in the heterozygous state, making it difficult to
accurately separate alleles and assess mutation rates or
patterns. This complexity can obscure phylogenetic re-
construction, population genetic inference and analyses
of adaptive evolution (Kajitani et al. 2014; Bourke et al.
2018). Consequently, the evolutionary trajectories of
asexual polyploids cannot be fully understood without
considering both the historical hybridization events
that generated them and the genomic consequences
that persist in these lineages.

Hybrids are often comparatively young and there-
fore, although they may experience relaxed selection,
the relative short time span may not allow to detect
changes in dN/dS ratios (Pellino et al. 2013). This, along
with other life history traits, in particular facultative
sexuality, may explain the varying effects of the different
types of asexuality on dN/dS ratios (Hodac et al. 2019).
In the majority of the taxa included in this review, asex-
uals are of hybrid origin (12 out of 20). When only inves-
tigating apo- and automicts, this number increases to 8
out of 12 (Table 1). Overall, again, no clear pattern of
dN/dS ratios occurs in species/lineages of hybrid origin.

Models of dN/dS Ratios in Comparative Genomics

Models estimating the dN/dS ratio face several limita-
tions that can bias selection inference (Del Amparo
and Arenas, 2022). (i) In population-level data, unfixed
mutations may be treated as fixed substitutions, leading
to overestimation of dN/dS ratios. Using the ratio of
nonsynonymous to synonymous polymorphisms
(pN/pS) and/or the McDonald-Kreitman test provides
a more appropriate assessment of ongoing selection
(Nei and Li 1979; McDonald and Kreitman 1991).
(i) Recombination and gene conversion can produce
genetic fragments with distinct evolutionary histories,

inflating site-specific dN/dS. This bias can be alleviated
by partitioning alignments into recombinant fragments
(Anisimova et al. 2003; Del Amparo and Arenas, 2022).
(iii) Heterogeneous codon frequencies among sites,
caused by structural, functional or synonymous codon
bias, can result in underestimation of dN/dS ratios.
This can be mitigated by models that explicitly account
for site-specific codon frequencies (e.g. CodABC;
Arenas et al. 2015) or by partitioning sites with similar
codon usage (Del Amparo and Arenas, 2022).
(iv) Temporal variation in base composition (nonstation-
ary GC content) can bias estimates, as low GC content in-
flates and high GC content deflates dN/dS ratios:
Branch-specific dN/dS estimation can reduce this effect,
although limited branch information may lower preci-
sion (Gueguen and Duret 2017; Del Amparo and
Arenas, 2022). (v) Poor alignment quality, such as inclu-
sion of nonhomologous positions, may artificially inflate
dN/dS ratio; therefore, ensuring high-quality align-
ments is crucial to reliably estimate dN/dS ratios
(Jordan and Goldman 2012). (vi) Assuming a constant
synonymous substitution rate across sites may result in
overestimating dN/dS ratios. Models such as the ones
included in Hypotheses Testing Using Phylogenies
(HyPhy) (Pond et al. 2004) or phylogenetic analyses
using maximum likelihood (PAML) (Yang 2007), select-
ing the best-fitting substitution model using criteria
such as AIC or BIC, can improve estimation accuracy
(Del Amparo and Arenas, 2022). Together, these factors
highlight the need for careful dataset curation, model
selection and methodological adjustments when
interpreting dN/dS ratios. Further neutral selection
(dN/dS ~ 1) cannot be distinguished from varying dN
on a site or branch (Kryazhimskiy and Plotkin 2008).
Similarly, most models cannot distinguish adaptive
from relaxed selection when the dN/dS ratio is above
one (Lahti et al. 2009; Wertheim et al. 2014).

Beyond these methodological concerns, models esti-
mating dN/dS ratios also overlook key biological com-
plexities, such as gene- and tissue-specific selection
patterns, correlations between evolutionary rates and
gene expression levels, and the effects of epistasis
(Kimura 1983; Breen et al. 2012). Lastly, nonsynon-
ymous substitutions are not always deleterious, as
amino-acid changes are not equally detrimental as
they may share physicochemical properties (James and
Lascoux 2025), and this argues for further analyses
(Weber and Whelan 2019). Hybridization poses another
challenge. If asexual hybrids and only one of their sexual
parent species are compared, species-specific single-
nucleotide polymorphisms will appear as nonsynon-
ymous substitutions in the hybrid (Paetzold et al. 2022).

Most studies reviewed here employed some
variant of the PAML branch or branch-site models
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(Zhang et al. 2005; Yang 2007). Branch models test for
significant differences in dN/dS ratios between sexual
and asexual taxa/lineages using likelihood ratio tests.
Branch-site models operate similarly, but add an add-
itional layer of resolution by classifying codons (sites)
into categories based on their dN/dS ratios, reflecting
the type of selection (i.e. positive, neutral or purifying)
acting on them.

In general, branch models are relatively simplistic and
detect shiftsin selection only at the gene level, not at the
codon level (Yang and Nielsen 2002), while branch-site
models provide a more detailed view at the codon level.
However, they are constrained by their reliance on pre-
specified site categories. These limitations can lead to
false positives as well as failures to detect genuine posi-
tive selection. Moreover, these models frequently fail to
distinguish between relaxed and positive selection, be-
cause they combine all codons from the selected
branches, meaning that positive selection occurring in
some branches may be masked by purifying selection
in others (Pond et al. 2004).

The recently developed dN/dS-H framework ad-
dresses some of these limitations by incorporating site-
specific heterogeneity into the estimation of selection
pressures (Gu, 2022). By adjusting the neutral expect-
ation for heterogeneity across codons, dN/dS-H can bet-
ter distinguish between nearly neutral, purifying, and
positive selection, reducing false positives and improv-
ing detection of adaptive evolution even when selection
is uneven across sites.

The HyPhy suite (Pond et al. 2004) offers alternatives
that can mitigate some of the limitations of PAML
branch and branch-site models. This software suite im-
plements several codon-level tests that make fewer as-
sumptions about site categories or branch structure.
For example, aBSREL (adaptive Branch-Site Random
Effects Likelihood) is a flexible alternative to traditional
PAML branch-site models (Smith et al. 2015). Rather
than putting codons into strict categories, aBSREL al-
lows dN/dS ratios to differ across branches and codons,
leading to less bias and more nuanced results.
Importantly, however, aBSREL cannot distinguish be-
tween purifying and relaxed selection. Therefore, a non-
significant aBSREL result does not mean that there are
no differences in dN/dS ratios among branches and
sites. An instructive example for the usage of aBSREL
as a supplementary tool is found in the study on whiptail
lizards by Maldonado et al. (2022). They used aBSREL to
identify possible adaptive selection in mitochondrial
genes in order to distinguish it from relaxed selection.

Further, BUSTED (Branch-site Unrestricted Statistical
Test for Episodic Diversification) is a method implemen-
ted in HyPhy for detecting gene-wide evidence of epi-
sodic positive selection at one or more sites along

branches (Murrell et al. 2015). This approach sum-
marizes selection at the gene level, helping to deter-
mine whether parts of a gene have experienced
episodic diversifying selection in particular lineages.
For example, BUSTED can be useful for testing whether
genes in asexual lineages show episodic bursts of posi-
tive selection, possibly reflecting lineage-specific adap-
tation or compensatory evolution after the loss of
recombination relative to their sexual counterparts. It
is important to note that this approach is more suitable
for recently transitioned asexuals, as ancient asexuals
are expected to have already fixed important nondele-
terious substitutions. In their original study, Murrell
et al. (2015) identified episodes of positive selection in
certain primate genes using this method.

Another model implemented in HyPhy is fixed effects
likelihood (FEL), which estimates dN/dS at each codon
site, thereby detecting site-specific selection without
the need to preclassify codon types (Pond and Frost
2005). A modification of this framework, Contrast-FEL,
is especially useful for investigating differences between
sexual and asexual relatives as it includes the option to
define branch sets (Pond et al. 2021). The model com-
pares selective pressures at each codon site across these
sets, identifying positions where the strength or mode
of selection differs significantly. This approach avoids
the averaging effects of traditional branch-site models
and allows to directly test hypotheses such as whether
asexuality is associated with relaxed purifying selection
or shifts in adaptive pressures. While not peer reviewed,
the study of Magpali et al. (2020) identified sites with di-
verging dN/dS ratios in marine and freshwater dolphins
using Contrast-FEL.

Complementary to FEL, MEME (Mixed Effects Model
of Evolution) is designed to detect episodic positive se-
lection (Murrell et al. 2012). FEL assumes that the
strength and type of selection at a given site are the
same across all branches of a phylogenetic tree.
Thereby, it treats each codon as if it experiences the
same evolutionary pressures in all species. On the other
hand, MEME allows selection to differ between
branches, i.e. a codon can be positively selected in
some lineages while being neutral or negatively se-
lected in others. Because of this flexibility, MEME is espe-
cially powerful for detecting adaptive changes that are
specific to certain lineages or temporary, which FEL
might miss. Its extension, Contrast-MEME, allows to
test whether such episodic selection events occur pref-
erentially in one branch set relative to another, e.g. in
sexual versus asexual lineages. By explicitly contrasting
branch types, Contrast-MEME provides a nuanced view
of whether adaptive events are unevenly distributed
across, for example reproductive strategies, comple-
menting the site-focused insights of Contrast-FEL.
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Using MEME, Murrell et al. (2012) identified sites under
positive selection in HIV-1 and influenza surface pro-
teins, highlighting lineage-specific bursts of adaptation.

RELAX is another model implemented in HyPhy
(Wertheim et al. 2014). It is particularly effective for dis-
tinguishing adaptive selection from relaxed purifying
selection, a distinction that is often blurred in other
dN/dS ratio-based tests. Rather than only testing if
dN/dS ratios are elevated, RELAX estimates whether
the intensity of selection has been strengthened or wea-
kened along predefined sets of branches. For example,
in the context of sexual versus asexual relatives, RELAX
can test whether asexual lineages experience a general
relaxation of purifying selection, consistent with re-
duced efficacy of selection in the absence of recombin-
ation or whether certain lineages show intensified
selection. This makes RELAX a powerful complement
to methods such as FEL, MEME, aBSREL and the trad-
itional PAML-like models, as it directly addresses one
of the key biological questions that arises when compar-
ing the evolution of sexual and asexual species/
lineages. Maldonado et al. (2022) used RELAX in com-
bination with the PAML branch-site model and aBSREL
to test whether increased dN/dS ratios in asexual spe-
cies are due to adaptive or relaxed selection, identifying
them to be caused by relaxed selection.

While no method is entirely free from assumptions,
HyPhy tests are generally considered less prone to false
positives than PAML models, particularly those arising
from rigid site classifications or branch-based averaging
(Pond and Frost, 2005). Together, these approaches of-
fer complementary perspectives and, when used in
combination, can provide a more nuanced view of selec-
tion, especially in complex evolutionary scenarios such
as the divergence between sexual and asexual lineages.

Although PAML branch and branch-site models re-
main widely used and have proven highly valuable for
many applications, incorporating more flexible frame-
works, such as those implemented in HyPhy, can enhance
interpretability and robustness. The comparatively little
use of HyPhy methods may reflect citation bias and a per-
ception of greater methodological complexity compared
to PAML models rather than limitations in their utility.
Ultimately, selecting the appropriate model depends on
the biological question and data structure, with combin-
ing approaches yielding the most comprehensive insights
into molecular evolution (Table 2).

Meta-Analysis of dN/dS Ratios Across Studies

To assess how strongly dN/dS ratios differ between sexual
and asexual relatives across taxa, we compared published

Table 2 Overview of dN/dS ratio tests, their features, and the evolutionary question they may answer.

Method

Key features

Evolutionary question

PAML branch
model

PAML branch-site

model

aBSREL

BUSTED

FEL/contrast-FEL

MEME/
contrast-MEME

RELAX

Compares dN/dS across predefined branches. The three-ratio model is a
common approach. This model allows dN/dS ratios to differ between two
or more terminal branches and internal branches.

Detects codon-specific selection on specified foreground branches of
interest versus background branches. Codons are classified into different
categories based on selection and specified branch types

Detects episodic positive selection on subsets of codons along individual
branches. Can be either used as an exploratory tool or to investigate
specific branches of interest

Gene-level test for episodic selection. Identifies whether at least one codon
experienced positive selection on at least one branch. Can be either used
as an exploratory tool or to investigate specific branches of interest

FEL estimates dN/dS at each codon across the phylogeny. Contrast-FEL
compares codon-specific selection between branch sets and tests for
significant differences

MEME detects episodic positive selection at individual codons along subsets
of branches. Contrast-MEME compares selection between predefined
branch sets. And tests for significant differences

Tests for relaxation or intensification of selection on predefined branch sets
(test vs. reference) using the selection intensity parameter k. k=1: no
difference, k > 1: intensification of selection in test branches compared to
reference branches, k < 1: relaxation of selection in test branches
compared to reference branches

Do lineage sets evolve under different selection
across all sites?

Are specific codons under positive selection in
focal lineages?

Do individual branches show episodic adaptive
evolution on some codons?

Has a gene experienced bursts of adaptive
evolution in any branch on any codon?

Do codons generally differ in their dN/dS
ratios?
Do codons experience different selection
pressures in one lineage set versus another?

Do some codons experience episodic selection,
while others do not?
Do codons experience episodic selection in
one lineage set versus another?

Is selection stronger or weaker in one set of
branches compared to another?

All models which are not specified to be included in PAML are part of the HyPhy suite.
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mean dN/dS estimates by calculating fold changes (mean
dN/dS asexual/mean dN/dS sexual; A/S). We had to ex-
clude many of the reviewed studies here due to insuffi-
cient data availability, potential biases arising from gene
choice (e.g. RNA helicases in Kiefer et al. 2020), or biologic-
al confounding factors (e.g. Wang et al. 2025, which com-
pared the distantly related Bambooideae and Pooideae,
each encompassing multiple and overlapping reproduct-
ive modes). For studies reporting species-specific estimates
(e.g. Ament-Veldsquez et al. 2016), fold-change ranges
were calculated rather than single values. Data for orga-
nelles were only available for animal mitochondria.

The remaining studies were grouped by reproductive
mode (automixis, apomixis, selfing, and fissiparity/clonal
growth) and by outcome (significantly higher dN/dS in
asexuals, significantly higher in sexuals, or no significant
difference; Fig. 2). Across nuclear genes, fold changes be-
tween asexual and sexual lineages were generally small
(A/S: 0.89 to 1.18), regardless of reproductive mode or
statistical significance. Even when nuclear dN/dS ratios dif-
fered significantly, effect sizes were modest, suggesting
that these differences are unlikely to reflect genome-wide
mutational decay associated with substantial fitness loss.
Instead, they are more consistent with gene-specific select-
ive pressures, as previously proposed (Brandt et al. 2017,
Kiefer et al. 2020), which may also explain the heteroge-
neous and often ambiguous patterns reported across
studies.
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By contrast, mitochondrial genes exhibited substan-
tially larger differences between reproductive modes.
The greatest fold changes were observed in
Aspidoscelis (A/S=1.92), P. antipodarum (A/S=1.85)
and the mitochondrial genes of Oribatida (A/S=
1.48), showing significantly elevated mitochondrial
dN/dS ratios in asexual lineages. Oribatid mites are
of special significance, as the study by Brandt et al.
(2017) also had a nuclear dN/dS ratio available, which
alongside with all other nuclear genes shows little ac-
tual differences between sexuals and asexuals, despite
these differences being significant. An apparent
exception is Trichogramma, where differences were
not statistically significant; however, this study re-
ported species-specific estimates, yielding a fold-
change range of 0.90 to 1.25, with the upper bound
representing the third-highest mitochondrial differ-
ence across all taxa included. Thus, even in cases lack-
ing statistical significance, mitochondrial effect sizes
remain comparatively large.

Although this meta-analysis is limited in scope, the
consistent contrast between nuclear and mitochondrial
patterns is striking. While nuclear dN/dS ratios show
limited and inconsistent divergence between sexual
and asexual lineages, mitochondrial genes display a re-
current trend toward elevated dN/dS in asexuals. This
pattern aligns well with the hypothesis proposed by
Havird et al. (2015) that sex is maintained in part to

Pattern
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Fig. 2. Log2 fold-change in dN/dS between asexual and sexual lineages across multiple studies. Error bars show the range from minimum to max-
imum fold-change values when variability exists. Studies which observed significantly higher dN/dS ratios in asexuals are marked red, studies which
observed significantly higher dN/dS ratios in sexuals are marked green, and studies observing no significant differences are marked blue. The dashed
horizontal line at O represents equal dN/dS ratios in asexual and sexual lineages.
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mitigate the accumulation of deleterious mutations
in mitochondrial genomes through enhanced mito-
nuclear coadaptation. Empirical studies across eukar-
yotes, including detailed analyses of nuclear-encoded
organellar genes and organelle-nuclear interactions,
are still needed to test this hypothesis. It is important
to note that long-term asexuals must effectively cir-
cumvent this process to maintain fitness. Under this
framework, the relatively strong and consistent mito-
chondrial signal observed across asexual taxa may re-
present a key component of the evolutionary costs of
asexuality.

Conclusion

Overall, the results of our review suggest that studies
using dN/dS ratios to compare asexual lineages with
their sexual relatives do not reveal a consistent pattern.
Among the 20 taxa reviewed, 12 showed at least partial-
ly increased dN/dS ratios in nonsexuals, six showed no
significant differences, and two had slightly higher
dN/dS ratios in sexuals. While this might suggest a gen-
eral trend of higher dN/dS ratios in asexuals, seven of
the 12 taxa with elevated ratios reproduce via selfing
or fissiparity. All three fissiparous taxa and four of
the five selfing taxa had higher dN/dS ratios. Relaxed
purifying selection, reflected in elevated dN/dS ratios,
therefore appears to be most pronounced in these re-
productive modes, which resemble clonal growth.
Moreover, heterozygosity does not seem to influence
these ratios: selfers typically have low heterozygosity,
whereas fissiparous lineages often maintain high het-
erozygosity, yet both consistently show elevated
dN/dS ratios. This suggests that life-history traits and re-
productive mode, rather than heterozygosity, drive the
accumulation of nonsynonymous mutations.

Studies of apomictic and automictic asexuals showed
even less consistent patterns. Among the eight apomic-
tic taxa, three had increased dN/dS ratios in asexuals,
four showed no significant differences, and one
(Isopoda) had higher dN/dS ratios in sexuals. Similarly,
of the four automictic taxa, two reported elevated
dN/dS ratios in asexuals (though the results for
Daphnia pulex should be interpreted with caution), one
showed no significant differences, and one (Oribatida)
exhibited slightly higher dN/dS ratios in sexuals.

Ecology may play an important role in impacting se-
lection as it largely dictates the effective population
size. This may explain why the only two taxa with ele-
vated dN/dS ratios in sexual species, i.e. Oribatida and
Isopoda, are both soil-dwelling detritivores. Studies using
oribatid mites have shown that asexuals dominate in
resource-rich habitats where they reach high densities,
which may positively influence effective population size,

enabling more efficient purifying selection (Maraun et al.
2012). While this is an interesting idea, more research is
needed. Even though parthenogenesis is widespread in
many soil organisms (Scheu and Drossel 2007), only a
few have been thoroughly investigated using molecular
methods.

Further, the inconclusive results are at least in part like-
ly due to different genes examined. For example, essen-
tial functional genes directly involved in processes such
as meiosis and gametogenesis are likely to be affected
differently than other genes. Such highly conserved
genes certainly behave differently from those under
low selective pressure. Moreover, genes that are not in-
fluenced by mixis (such as those in the cytogenome)
may show different patterns compared to genes that
are affected by it. This is well represented in the mito-
chondrial genes included here, as they generally exhibit
much higher dN/dS ratios in asexuals than in sexuals.
These differences provide opportunities to investigate
how, and to what extent, asexuality shapes the genome.

Studies reviewed here rarely address the before-
mentioned methodological limitations of dN/dS ratio
models, such as possible recombinational fragments or
heterogeneous codon frequencies. Further, simpler
branch and branch-site models may fail to detect subtle
selective differences that occur only at a few codons or
along specific branches, potentially underestimating the
complexity of evolutionary dynamics. Consequently, it is
essential to choose models that align with the biological
question and the structure of the data, and to comple-
ment traditional approaches with more sensitive or flex-
ible frameworks. For example, site-level models such as
FEL and MEME, or their contrast variants, can detect
branch- or site-specific selection that simpler models
might miss. Awareness of these methodological nuan-
ces allows researchers to interpret results more accur-
ately, avoid overgeneralizations and design studies
that fully capture the genomic consequences of sexual
versus asexual reproduction. Ultimately, careful model
selection, combined with rigorous data preparation
and appropriate comparative controls, strengthens the
reliability and interpretability of dN/dS ratio analyses.

Itisimportant to consider that all the asexual lineages
persist at least for some period of time and therefore in-
creased dN/dS ratios may not be associated with an im-
mediate loss of fitness. To enable more robust analyses
of the genomic consequences of asexuality, future stud-
ies should prioritize data comparability. Whole-genome
sequences and carefully selected orthologs (e.g. large
numbers of one-to-one orthologs) are essential to re-
duce gene-specific biases. The choice of dN/dS ratio
models is also critical; PAML branch-site models may
miss codon-specific differences that more sensitive ap-
proaches, such as contrast-FEL, can detect. While
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existing studies often include evolutionary replicates, fu-
ture work must avoid comparing distantly related sexual
and asexual lineages and should not infer the effects of
asexuality without appropriate sexual controls.

This review highlights the importance of considering
the diversity of reproductive modes, methodology used
and lineage-specific traits when assessing general con-
sequences of asexuality. Studies often cite results from
unrelated taxa with very different modes of asexual re-
production, using different dN/dS ratio models without
accounting for these critical differences. It further shows
the urgent need for the investigation of different taxa
with asexual lineages across the tree of life using mo-
lecular and cytological methods to assess and analyze
the consequences of their reproductive mode.

Glossary

Adaptive selection

A form of positive selection in which genetic changes
give organisms an advantage in adapting to their
environment.

Adventitious embryony/sporophytic apomixis
Atype of plant apomixis where embryos form from som-
atic (nonreproductive) cells of the ovule, such as nucellar
or integument cells, instead of from the egg cell, produ-
cing clonal offspring.

Apomixis (ameiotic/mitotic)

Asexual reproduction where an unreduced egg cell de-
velops without meiosis or fertilization, generating off-
spring genetically identical to the parent.

Apospory

A form of gametophytic apomixis in plants in which a
gametophyte develops directly from somatic cells of
the sporophyte, bypassing sexual spore formation. The
egg cell develops parthenogenetically.

Automixis

Asexual reproduction in which meiotic changes restore
the egg cell’s ploidy without sperm contribution, produ-
cing nonclonal but uniparental offspring.

Background branches
Branches in evolutionary analyses that serve as a refer-
ence group, against which selection on foreground
branches is compared.

Clonal growth

Nonsexual reproduction through budding or fragmen-
tation of somatic tissue, producing genetically identical
offspring while the parent remains intact.

Cyclical parthenogenesis

A reproductive strategy alternating between asex-
ual reproduction (parthenogenesis) and sexual re-
production, usually triggered by environmental
conditions.

Diplospory

A type of gametophytic apomixis where an unreduced
gametophyte develops directly from a megaspore
mother cell, bypassing or modifying meiosis. The egg
cell develops parthenogenetically.

dN/dS ratio

The ratio of nonsynonymous (amino acid-changing) to
synonymous (silent) nucleotide substitutions is used to
infer the type and strength of natural selection on
protein-coding genes.

Fissiparity

A reproductive mode in which an organism splits into
two or more parts, each regenerating into a complete
individual, producing somatic clones without meiosis
or fertilization.

Foreground branches
Branches in evolutionary analyses specifically tested for
adaptive or relaxed selection.

Gametophytic apomixis

Asexual reproduction in plants where an embryo devel-
ops from an unreduced cell within an embryo sac, by-
passing fertilization.

Gynogenesis

A form of asexual reproduction in which an egg devel-
ops after being stimulated by a sperm, but the sperm
contributes no genetic material.

Neutral selection

Occurs when dN/dS=~1, suggesting amino acid-
changing mutations are neither favored nor disfa-
vored. True neutrality is rare and can be hard to
demonstrate.

Outcrossing

Reproduction involving fusion of gametes from two dif-
ferent individuals, following meiosis and crossing-over
to produce genetically diverse offspring.

Parthenogenesis

Asexual reproduction where offspring develop from
egg cells without paternal genetic contribution, either
because fertilization does not occur or the paternal gen-
ome is excluded.
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Positive selection

Occurs when dN/dS > 1, indicating an excess of amino
acid—changing mutations, often reflecting adaptive or
relaxed purifying selection.

Purifying selection
Occurs when dN/dS < 1, indicating removal of deleteri-
ous mutations to maintain gene function.

Relaxed selection
A reduction in selective pressure, often involving wea-
kened purifying selection compared to another lineage
or ancestral state.

Selfing (self-fertilization)
Reproduction via fusion of gametes from the same indi-
vidual, including normal meiosis and crossing-over.

Sex

The alternation of meiosis, producing reduced gametes
either directly or via gametophytes and their fusion. It
involves two types of recombination: intrachromosomal
(crossing-over during meiosis) and interchromosomal
(gametic recombination).

Sites

Individual codons in a gene are used in molecular evolu-
tion analyses (e.g. dN/dS models) to assess selective
pressure.

Supplementary Material

Supplementary material is available at Genome Biology
and Evolution online.
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