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Abstract

Competition among pollen or sperm (gametic selection) can cause evolution. Mating sys-

tems shape the intensity of gametic selection by determining the competitors involved,

which can in turn cause the mating system itself to evolve. We model the bidirectional rela-

tionship between gametic selection and mating systems, focusing on variation in female

mating frequency (monandry-polyandry) and self-fertilisation (selfing-outcrossing). First, we

find that monandry and selfing both reduce the efficiency of gametic selection in removing

deleterious alleles. This means that selfing can increase mutation load, in contrast to cases

without gametic selection where selfing purges deleterious mutations and decreases muta-

tion load. Second, we explore how mating systems evolve via their effect on gametic selec-

tion. By manipulating gametic selection, polyandry can evolve to increase the fitness of the

offspring produced. However, this indirect advantage of post-copulatory sexual selection is

weak and is likely to be overwhelmed by any direct fitness effects of mating systems. Never-

theless, gametic selection can be potentially decisive for selfing evolution because it signifi-

cantly reduces inbreeding depression, which favours selfing. Thus, the presence of gametic

selection could be a key factor driving selfing evolution.

Author summary

Animals and plants often produce millions of sperm or pollen, of which only a tiny frac-

tion succeed. This means sperm and pollen harbour a lot of evolutionary potential, even

though they are generally small and hidden from view. We used mathematical models to

understand the evolution of genes that influence the fertilisation success rate of sperm or

pollen. A crucial issue is the number of different males who donate sperm or pollen,

which is called the mating system. We can predict how genes will evolve with different

mating systems. These predictions can then be tested by looking at DNA sequences from

genes that are active in sperm or pollen in species with different mating systems. This pro-

cess allows us to check our understanding of evolution. Secondly, we looked at the evolu-

tion of the mating behaviour itself. By changing their mating behaviour, animals and

plants can manipulate natural selection on sperm or pollen, thereby evolving to change
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the way evolution operates. This helps to answer a bigger evolutionary question: why do

organisms evolve differences in the way they respond to natural selection?

Introduction

Males typically produce a large number of gametes or gametophytes (hereafter male gametes)

that then compete to fertilise a small number of eggs or ovules (hereafter female gametes) [1]

generating considerable selective pressure (hereafter gametic selection). The pool of male gam-

etes that compete against each another depends on ‘who mates with whom’, which is called the

mating system. Two important aspects of mating system variation are the number of males

that females mate with [2] and the rate of self fertilisation [3]. That is, mating systems vary

from monandry (females mate with one male) to polyandry (females mate with several males)

and from selfing (where male and female gametes are derived from one individual) to out-

crossing (where male and female gametes are derived from different individuals). Both axes of

mating system variation affect the genetic composition of male gamete pools and with that

gametic selection. We model interactions between mating systems and gametic selection from

two angles, one to study the influence of gametic selection and mating systems on allele fre-

quency dynamics and one to study the evolution of mating systems with gametic selection.

Evolutionary responses to gametic selection depend on the way genetic material is

expressed, with significant variation across genes and taxa. Fertilisation success may depend

on a gamete’s haploid genotype or the diploid genotype of the male that produced them. In

flowering plants, 60–70% of all genes are expressed in haploid male gametophytes [4, 5] such

that the fertilisation success of pollen is thought to depend partly on its haploid genotype [6,

7]. Indeed, haploid expression and pollen competition has been shown to cause non-random

inheritance of genotypes from a single male [8–12] and pollen-expressed genes show stronger

signatures of selection than random genes [13]. In animals, success during sperm competition

is usually assumed to depend on the father’s diploid genotype [14]. This assumption is based

on the cytoplasmic bridges that link developing spermatids, allowing transcript sharing and

effectively diploid expression at most genes [15]. Nevertheless, recent results suggest that hap-

loid expression and selection in animal sperm has been underestimated (reviewed in [16–18]).

For example, sperm selection assays within single ejaculates of the zebrafish Danio rerio have

been shown to cause allelic biases [19]. Single cell expression data from primate testes has

revealed extensive expression at late stages of spermatogenesis, with these genes experiencing

accelerated evolutionary rates [20]. Single cell expression is biased towards a haploid allele at

31–52% of spermatid-expressed genes in a range of mammals [21], i.e., approximately 20% of

all genes. These results suggest that expression of different genes in animal sperm can vary

continuously from haploid to diploid depending on the degree of allelic bias [22]. Our models

allow a range of allelic bias scenarios to compare the effect of gametic selection across genes

and taxa.

It is not straightforward to predict how mating systems and gametic selection interact to

produce evolutionary responses. First, males produce gamete genotypes in equal proportions,

maximising the genetic variation at heterozygous loci, which maximises the potential

responses to selection. Thus, monandrous matings could plausibly increase gametic selection,

as long as gametic expression is haploid. Diploid gametic expression, on the other hand, will

eliminate fitness variation among gametes from a single male and prevent gametic selection

under monandry. Second, haploid expression and selfing both affect the efficiency of purifying

selection and the associated mutation load. In diploid heterozygotes, a homologous gene copy
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can (partially) mask the effects of deleterious alleles, preventing them from being efficiently

removed by selection [23, 24]. Haploid expression means alleles are exposed to selection and

selfing reduces masking by increasing homozygosity so both can reduce mutation load [23–

27]. However, this effect is reversed when some alleles are favoured during gametic selection

but reduce the fitness of diploid adults [28–30]. Under such a scenario, adult fitness would be

optimised with less gametic selection.

The evolutionary responses to the interaction between mating systems and gametic selec-

tion is therefore rather complex and models are a useful way to examine these interactions. A

previous model assuming haploid expression compared the expected mutation load between

selfers and outcrossers [31, 32], and another theoretical study assessed the evolutionary out-

come across selfing rates where gametes and adults have opposing selection pressures [33].

Most models of sperm competition assumed diploid control over sperm competition success,

which means that gametic selection only occurs under polyandry (reviewed in [34, 35]). Nev-

ertheless, two theoretical studies have examined genes with haploid expression in sperm and

no adult effect, finding that haploid expression can allow evolution under monandry [36] and

that evolutionary rates increase with haploid expression and the harmonic mean of the num-

ber of mates per female [37]. The most relevant study to consider the evolution of mating sys-

tems via their effect on gametic selection examines the ‘good sperm’ hypothesis using a

quantitative genetics framework [38], finding that polyandry can evolve if mutations reduce

viability and viability is positively correlated with sperm competitiveness. In our population

genetic approach, the correlation between viability and gametic selection arises from selection

at each locus and the ‘good sperm’ effect can be expressed with parameters such as the

genome-wide deleterious mutation rate [39]. By considering a range of mating systems and

expression patterns, we offer comparative predictions for empirical testing and contrast the

evolutionary forces on mating system evolution.

We model the two-way interaction between gametic selection and mating systems. We first

consider the influence of mating systems (monandry/ polyandry and selfing/outcrossing) and

gametic expression patterns (ranging from haploid to diploid) on the evolution of alleles that

affect fertilisation success. We then examine how gametic selection influences mating system

evolution. We find that monandry and selfing both reduce the efficiency of gametic selection,

but only monandry/polyandry can evolve via this effect because selfing also increases homozy-

gosity. Nevertheless, gametic selection can substantially reduce inbreeding depression and

thereby favour selfing.

Methods

We investigate how allele frequencies change under different mating systems and the evolution

of mating systems themselves. We construct two related models corresponding to two mating

system scenarios: (a) mating systems fall on a spectrum from polyandrous to monandrous and

(b) mating systems can vary from selfing to outcrossing. We are specifically interested in the

effects of competition among male gametes. Here, we outline the key features of our model.

We provide a detailed model description in S1 Appendix and S1 File, which can be used to rep-

licate the results (see also S2 File). For reference, all the parameters and compound parameters

used throughout the model and results are summarised in Table 1.

Primarily, we use a two-locus model with a fitness locus (A) that experiences selection

directly and a modifier locus (M) that determines the mating system. The results from the

two-locus model are then extrapolated to multiple loci and the accuracy of this extrapolation is

compared against simulations. In the two-locus model, the alleles (A and a) at the fitness locus

can have different effects on the fitness of adults of both sexes (fitness coefficients can differ
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between male and female adults) and of male gametes; all the fitness terms are given in

Table 2. In hermaphrodites, alleles can differentially affect male and female fecundity [40] and

therefore we also allow for separate male and female fitness effects in hermaphroditic selfers.

The choice of mate is assumed to be independent of the A and M locus genotypes so we only

model sexual selection that is post-copulatory and caused by gametic selection among male

gametes.

Table 1. Definitions of parameters and compound parameters.

Parameter Description

A locus experiencing selection with alleles A and a
M modifier locus with alleles M and m that control mating system

r recombination rate between A and M loci

shg diploid fitness of genotype g 2 {AA, Aa, aa} as sex h 2 {♂, ♀}, see Table 2

sg
a

gametic fitness of genotype α 2 {A, a} produced by males of genotypes g, see Table 2

sAa
DA ¼ � s

Aa
Da fitness difference between A-bearing and a-bearing gametes from Aa males, sAa

DA ¼ ðs
Aa
A � sAaa Þ=2

�sAa average fitness of gametes from Aa males, �sAa ¼ ðsAaA þ sAaa Þ=2

σ strength of gametic selection against a allele, see Table 2

γ function describing relationship between gametic fitness and a allele expression

d gametic expression pattern varying from haploid (d = 0) to diploid (d = 1), see Fig 1a

H dominance of A allele for gametic fitness

�s♀
a

net selection in females for/against allele α 2 {A, a} when rare, see Table 3

�s♂;d
a

net selection in diploid males for/against allele α 2 {A, a} when rare, see Table 3

�s♂;g
a

net selection in male gametes for/against allele α 2 {A, a} when rare, see Table 3

Iα factor determining spread of allele α 2 {A, a} when rare, see Eq (1)

P proportion of polyandry versus monandry in a population with genotype MM
Pf proportion of polyandry versus monandry for carriers of the rare modifier f 2 {Mm, mm}

ΔP increase in polyandry caused by the modifier, ΔP = (PMm −P)/2

O proportion of outcrossing versus selfing in a population with genotype MM
Of proportion of outcrossing versus selfing for carriers of the rare modifier f 2 {Mm, mm}

ΔO increase in outcrossing caused by the modifier, ΔO = (1 − F)(OMm − O) + F(Omm − O)

F inbreeding parameter describing excess homozygosity, F = (1 − O)/(1 + O) to leading order

c relative reduction in male gametes available outcrossing due to selfing, a.k.a. pollen discounting

μ per-locus mutation rate

q̂m equilibrium frequency of deleterious alleles at mutation-selection balance, see Eq (2)

q̂B equilibrium frequency alleles maintained by balancing selection, see Eq (3)

l
P

m
spread of rare polyandry/monandry modifier when the selected A locus is at mutation-selection

balance

l
P

B
spread of rare polyandry/monandry modifier when the selected A locus is under balancing selection

l
O

m
spread of rare outcrossing/selfing modifier when the selected A locus is at mutation-selection balance

l
P

m
spread of rare outcrossing/selfing modifier when the selected A locus is under balancing selection

lB number of loci experiencing balancing selection

lμ number of loci at mutation-selection balance

k proportion of loci at mutation-selection balance that experience gametic selection

U haploid genome wide mutation rate, U = μlμ
stot combined selection on a modifier across loci

δ inbreeding depression caused by a single locus

�d genome-wide inbreeding depression

https://doi.org/10.1371/journal.pgen.1010660.t001
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Male gametic fitness depends on the expression of A versus a alleles. That is, A-bearing

gametes from Aa males can express their own genotype (100% A allele), or their father’s geno-

type (50% A alleles), or some combination. In general, we can account for any gametic expres-

sion pattern by using different selection coefficients for the four different combinations of

gamete genotype and paternal genotype, as shown in Table 2. When gametic expression is hap-

loid (d = 0), gametic fitness is independent of the paternal genotype so there are only two fit-

ness levels. When gametic expression is diploid (d = 1), the gametes have one of three fitness

levels depending on the diploid genotype of the father that produced them. We also allow

intermediate gametic expression patterns [22], in which case we must specify the relationship

between fitness and the proportion of A- versus a-allele expression, which we assume depends

on the function γ(x) = 1 − (1 − xH)1/H. In our numerical results, we assume that the higher fit-

ness A allele is dominant, with H = 2, so that increasingly diploid-like expression masks the

deleterious effects of the a allele. Specifically, we assume that AA males produce A-bearing

gametes with relative fitness 1 (sAAA ¼ 0) and aa males produce a-bearing gametes with fitness

1 − σ (saaa ¼ � s, with 0< σ< 1 such that the a allele is disfavoured during gametic competi-

tion). Aa males produce A-bearing gametes with fitness 1 − γ(d/2)σ and a-bearing gametes

have fitness 1 − γ(1 − d/2)σ so that the fitness of both gamete types from heterozygous males is

the same when expression is diploid (d = 1). Fig 1a shows an example of the relationship

between allelic expression and male gametic fitness.

The way male gametes compete with each another is determined by the mating system (Fig

1b). Mating systems can be a mixture of (i) polyandry and monandry or (ii) outcrossing and

selfing. The mating system is controlled by the M locus genotype of the mother, which is ini-

tially assumed to be fixed for allele M. With a mixture of polyandry and monandry, a fraction

(P) of gametes from MM females will be mated polyandrously (with many males competing

for fertilisation) and the remaining fraction (1 −P) is mated monandrously (with a single

male). With a mixture of outcrossing and selfing, a fraction (O) of gametes from MM females

are outcrossed and the remaining fraction (1 − O) are selfed. This way of modelling selfing has

been called ‘prior selfing’ or ‘fixed selfing’, in contrast to mechanisms such as ‘delayed’, ‘mass

action’, or ‘competing’ selfing [33, 41–44]. To examine mating system evolution, we introduce

a new allele, m, that causes females to change their mating system allocation (toPMm or OMm

Table 2. Fitness parameters for different life cycle stages.

stage sex genotype fitness

adult female AA 1þ s♀AA
Aa 1þ s♀Aa
aa 1þ s♀aa

male AA 1þ s♂AA
Aa 1þ s♂Aa
aa 1þ s♂aa

gamete from AA male A 1þ sAAA ¼ 1

from Aa male* A 1þ sAaA ¼ 1 � gðd=2Þs

a 1þ sAaa ¼ 1 � gð1 � d=2Þs

from aa male a 1þ saaa ¼ 1 � s

* γ(x) = 1 − (1 − xH)1/H describes the relationship between fitness and a-allele expression where H is the gametic

dominance of the A allele, d = 0 corresponds to haploid gametic expression, and d = 1 corresponds to diploid gametic

expression.

https://doi.org/10.1371/journal.pgen.1010660.t002
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for Mm females and to Pmm or Omm for mm females). The spread of a modifier allele m that

changes the mating system corresponds to mating system evolution.

Using male gametes for selfing may reduce the number of male gametes that are available

for outcrossing; this is called ‘pollen discounting’ and has an important role in the evolution of

selfing [45–47]. Although we follow convention by using the term ‘pollen discounting’, our

models are also applicable to hermaphroditic animals (e.g., [48, 49]). In our model, pollen dis-

counting is determined by c. When c = 0, selfing does not reduce the number of male gametes

available for outcrossing. When c = 1, increased selfing results in a proportional decrease in

the number of male gametes that are available for outcrossing. We assume that a consistent

number of female gametes are fertilised per mother, which means we do not consider ‘seed

discounting’ or ‘reproductive assurance’ [3, 43, 50].

We extrapolate the results from our two-locus model to multiple loci and then compare

against explicit multi-locus simulations performed using SLiM v4.0.1 [51]. We simulated pop-

ulations of 5,000 diploid hermaphrodites with genomes of 100 unlinked loci. Diploid parents

are chosen as parents for the next generation according to their fitness across loci with fitness

assumed to be multiplicative across loci. During gamete production, ten male gametes were

produced for every female gamete. Female gametes that mate via polyandry or outcrossing

sample male gametes produced by many males according to their gametic fitness. With selfing,

a fraction 1 −O of female gametes were fertilised by sampling only from male gametes pro-

duced by the same individual. Monandry was implemented by designating a proportion 1 −P
of successful mothers as monandrous, whose full complement of female gametes would be fer-

tilised by the male gametes of one other individual. When genomes comprised loci under and

not under gametic selection, the loci were distributed randomly across the genome with a uni-

form distribution. To calculate inbreeding depression in a given generation, a second diploid

population was populated by creating selfed offspring from individuals sampled to produce

female gametes. Inbreeding depression in the previous generation is then calculated from the

ratio of the mean fitness of the current generation to this selfed generation. Simulations were

run for 50,000 generations, with statistics measured as an average over the final 5,000

Fig 1. Illustration of competition among male gametes. (a) Gametic expression can vary continuously from fully haploid to fully diploid, with

intermediate expression between. Here, the a allele is deleterious (σ = 0.1) and partially recessive (H = 2). (b) Male gametes compete in local pools

according to the mating system (colours represent gametic fitness). When expression is fully haploid, heterozygous males create highly competitive

gamete pools where allele frequencies are equal, but there is no fitness variation with diploid expression. Monandry involves outcrossing between male

and female individuals whereas selfing involves the male and female gametes from the same individual. The frequency of the different male gamete

pools under monandry/selfing and the allele frequency in the polyandry/outcrossing gamete pool depends on the population genotype frequency.

https://doi.org/10.1371/journal.pgen.1010660.g001

PLOS GENETICS Gametic selection and mating system evolution

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010660 February 16, 2024 6 / 24

https://doi.org/10.1371/journal.pgen.1010660.g001
https://doi.org/10.1371/journal.pgen.1010660


generations over three replicates. These simulations were based on Recipes 16.15 and 16.16 in

the SLiM handbook and the scripts are available in S3 File.

In summary, monandry and selfing both create a similar selective arena for haploid selec-

tion (equation S1–2 in S1 Appendix), in which gametes from only one male compete for fertili-

sation (Fig 1b). Polyandry and outcrossing create selective arenas where all male gametes in

the population compete in a common pool (equation S1–3 in S1 Appendix). However, under

monogamy, mating occurs between different individuals (equation S1–4 in S1 Appendix)

whereas, under selfing, male gametes will fuse with female gametes produced by the same indi-

vidual (equation S1–5 in S1 Appendix). Thus, selfing and monandry have similar direct effects

on the intensity of haploid selection but selfing will also increase homozygosity.

Results

We fist look at the allele frequency dynamics of a locus under selection with different mating

systems. Initially, we assume all individuals have the same mating system by assuming they all

carry the same modifier allele, M. We then allow the mating system to evolve by introducing a

new modifier allele, m, that changes the mating system. To calculate these evolutionary trajec-

tories, we assume that selection is weak (of order � where �� 1). We further assume that the

number of new mutations per locus per generation is very small (μ of order �3). We extrapolate

our results across multiple loci to approximate genome-wide mutation load and inbreeding

depression. To do this, we assume that fitness effects across loci are uniform, multiplicative,

and non-epistatic and that loci are loosely linked such that their frequencies can be considered

independently (see S2 Appendix).

Invasion and fixation

We first derive deterministic invasion conditions for two alleles at a single locus (A). If an

allele’s frequency increases when it is rare, then it is able to invade. Invasion by allele α (either

allele A or allele a, α 2 {A, a}), is determined by Iα. When Iα is positive (Iα> 0), selection favours

the spread of a rare α allele (e.g., a new mutant). We express Iα by creating new compound

parameters that describe the selection that occurs in females (�s♀
a
) and selection in males, which

is further divided into diploid male selection (�s♂;d
a

) and male gametic selection (�s♂;g
a

) to give

Ia �
�s♀
a

2
þ
ð�s♂;d
a
þ �s♂;g

a
Þ

2
: ð1Þ

For different mating systems (polyandry/monandry or outcrossing/selfing) we give these selec-

tion terms in Table 3. In short, IA gives the selective advantage of a rare A allele among predom-

inantly a alleles (vice versa for Ia).
The selection terms in Table 3 highlight some important differences between mating sys-

tems. First, unlike monandry, selfing creates homozygotes such that homozygous fitnesses

appear along with the inbreeding parameter (F), which indicates the excess of homozygotes

relative to Hardy-Weinberg expectations and is F = (1 −O)/(1 + O) to leading order. Second,

male and female fitnesses are weighted equally under monandry/polyandry but unequally

when there is selfing. Increased selfing (lower O) effectively increases the importance of female

fitness and decreases the importance of male fitness (as found without gametic competition

[44]).

Equilibrium allele frequency

We focus on two ways that genetic variation can be maintained over long time periods: muta-

tion-selection balance and balancing selection. Under mutation-selection balance, mutational
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input maintains deleterious alleles (e.g., allele a when Ia< 0) despite selection removing them.

Under balancing selection, both alleles are favoured when they are rare (IA> 0 and Ia> 0) and

allele frequency reaches a stable intermediate equilibrium with both alleles present.

Mutation-selection balance. Assuming that selection is weak and mutation rate is very

small, the expected frequency of a deleterious allele at mutation-selection balance is

q̂m �
m

� Ia
; ð2Þ

which is the ratio of the rate at which new deleterious alleles arise by mutation and the rate

they are removed by selection when rare. For a deleterious allele, Ia< 0 but the magnitude of

Ia depends on the mating system and diploid and gametic selection according to (1) and

Table 3 as described below.

The maintenance of deleterious alleles through mutation decreases fitness, called ‘mutation

load’. We extrapolate from the equilibrium allele frequency at a single locus (2) to approximate

the mutation load across the genome, as described in S2 Appendix. This standard approxima-

tion method [27, 52, 53] assumes that the genotype frequencies of different loci can be consid-

ered independently and that fitness effects at different loci are multiplicative. We can evaluate

the accuracy of this approximation against simulations (shown as points in Fig 2). As with pre-

vious results (e.g., Table 3 in [27], which does not include gametic selection), the approxima-

tion is least accurate for intermediate rates of selfing where associations between loci are likely

to be most important. Nevertheless, the qualitative relationship between mutation load and

expression pattern or mating system is consistent with expectations.

Monandry can only affect deleterious allele frequency if there is some gametic selection (see

Table 3 and σ = 0 in Fig 2a). Gametic selection removes deleterious alleles and so reduces

mutation load (Ia becomes more negative, see �s♂;ga in Table 3 and Fig 2a). We find that monan-

dry increases the frequency of deleterious mutations (increasing P makes Ia more negative,

see S1 File for proof). Monandry creates some highly competitive environments for gametes

(from heterozygous males) and some highly uncompetitive environments (from homozygous

males, see Fig 1b). However, the overall effect is that monandry reduces the intensity of

gametic selection and increases mutation load under both haploid and diploid expression (Fig

2a). Haploid expression further decreases mutation load by directly exposing an allele’s delete-

rious effects to selection (compare panels in Fig 2a). That is, sAa
Da and �sAa in Table 3 become

more negative as diploid expression, d, decreases. Combining diploid gametic expression with

monandry, on the other hand, prevents gametic selection altogether because there is no fitness

variation among gametes produced by a single male with diploid expression (see Fig 1b for a

diagrammatic representation and see the result in Fig 2a with diploid expression and monan-

dry,P = 0).

Table 3. Selection terms determining invasion under different mating systems.

stage rare allele term polyandrous (P) and/or monandrous (1 −P) outcrossing (O) and/or selfing (1 − O)

female A �s♀A s♀Aa � s♀aa ð2 � OÞðFs♀AA þ ð1 � FÞs♀Aa � s♀aaÞ
a �s♀a s♀Aa � s♀AA ð2 � OÞðFs♀aa þ ð1 � FÞs♀Aa � s♀AAÞ

male A �s♂;dA s♂Aa � s♂aa OðFs♂AA þ ð1 � FÞs♂Aa � s♂aaÞ

a �s♂;da s♂Aa � s♂AA OðFs♂aa þ ð1 � FÞs♂Aa � s♂AAÞ

male gamete A �s♂;gA sAa
DA þPð�s

Aa � saaa Þ OðsAaA � saaa þ FðsAAA � sAaa ÞÞ

a �s♂;ga sAa
Da þPð�sAa � sAAA Þ OðsAaa � sAAA þ Fðsaaa � sAaA ÞÞ

https://doi.org/10.1371/journal.pgen.1010660.t003
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Fig 2b and Table 3 show a rather different relationship between selfing and mutation load.

Selfing increases homozygosity, which means it exposes deleterious alleles to selection in

homozygous adults, reducing mutation load even without gametic selection (i.e., O appears

alongside diploid selection terms in Table 3), see σ = 0 in Fig 2b. Furthermore, because there

are no heterozygotes in fully selfing populations, gametic selection has no effect on mutation

load with either haploid or diploid expression (lines converge with O = 0 in Fig 2b and �s♂;ga in

Table 3 goes to zero). With outcrossing, gametic selection reduces mutation load, with larger

reductions under haploid expression (compare panels in Fig 2b). Thus, selfing has opposing

effects on mutation load: selfing reveals deleterious alleles to selection in homozygous adults

and reduces mutation load but selfing reduces the efficiency of gametic selection at removing

deleterious alleles. This means that selfing decreases mutation load without gametic selection

but, when there is gametic selection, mutation load can increase with increased selfing because

gametic selection becomes less effective (Fig 2b).

Fig 2. Mutation load for different mating systems and strengths of gametic selection. Mutation load is calculated

for unlinked recessive deleterious alleles experiencing gametic selection (s♀AA ¼ s♂AA ¼ 0, s♀Aa ¼ s♂Aa ¼ � 0:01,

s♀aa ¼ s♂aa ¼ � 0:05, and H = 2), maintained by mutation at a rate of 1/2 per haploid genome per generation (U = μlμ =

1/2). Lines show the approximated mutation load based on the equilibrium allele frequency in Eq (2) and the points

show the outcome of multilocus simulations. The mating system varies (a) from polyandrous (P = 1) to monandrous

(P = 0) or (b) from outcrossing (O = 1) to selfing (O = 0) and the colour shows the strength of gametic selection.

https://doi.org/10.1371/journal.pgen.1010660.g002
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Overall, mutation load is predicted to be lower in genes that experience gametic selection,

especially if they have haploid expression. The effect of gametic selection on mutation load is

eliminated under selfing or under monandry with diploid expression. Generally, we predict

the difference in mutation load between genes that are involved in gametic selection and those

that are not becomes less as monandry and selfing becomes common. When comparing mon-

androus and polyandrous populations or species, we predict increased mutation load in the

monandrous populations, all else being equal. Selfing can increase or decrease mutation load

relative to outcrossing. Across the genome as a whole, selfing populations are likely to have

lower mutation load, but we predict this effect is less strong (or even reversed) in the subset of

genes that are involved in gametic selection.

Balancing selection. Balancing selection maintains genetic variation via selection. While

it may be rare on a per-locus basis, balancing selection can account for an outsized fraction of

genetic variation because the equilibrium allele frequencies can be high. A classic form of bal-

ancing selection is overdominance, where heterozygotes have a higher fitness than either of

the two homozygotes. Other scenarios of balancing selection include sexually antagonistic

selection, where one allele increases male fitness but decreases female fitness, and ploidally

antagonistic selection, where one allele increases fitness during gametic selection but decreases

fitness when expressed in the diploid adults. In all these forms of balancing selection, both

alleles increase in frequency when rare (IA> 0 and Ia> 0).

Under our weak selection assumptions, the equilibrium allele frequency of alleles main-

tained by balancing selection is

q̂B �
Ia

Ia þ IA
; ð3Þ

which reflects a balance between the advantage experienced by each allele when rare.

Both monandry and selfing decrease the overall intensity of gametic selection, despite creat-

ing some highly competitive environments (involving heterozygous males, Fig 1b). Thus, the

allele favoured in male gametes is usually expected to be found at lower frequency with

increasing monandry or selfing, although selfing also increases homozygosity and the balance

of homozygous fitnesses can alter the allele frequency as well. Gamete-beneficial alleles are

selected more strongly when they have haploid expression, which exposes alleles directly to

selection, whereas diploid expression allows fitness effects to be masked. In S1 Fig, we show an

example of balancing selection caused by ploidally antagonistic selection, where alleles have

opposite fitness effects in gametes and adults, but these conclusions also apply to other forms

of balancing selection where one allele has an advantage during gametic selection.

Mating system evolution

We have shown that mating systems can determine how strongly alleles are favoured and

shape the genetic variation that is maintained by mutations or balancing selection. Now, we

explore how mating systems are expected to evolve when there is gametic selection. To exam-

ine the direction of mating system evolution, we evaluate the spread of a rare modifier allele

(m) that changes the mating system. We assume that the modifier allele has no direct fitness

effect. Therefore, there must be genetic variation at the selected A locus for mating system evo-

lution to occur via its effects on gametic selection. We will assume that genetic variation is

maintained by either mutation-selection balance or by balancing selection.

Evolution of polyandry versus monandry. First, we consider modifier alleles that

increase or decrease the rate of polyandry versus monandry (indicated by superscript P).

When rare (e.g., a new mutant), the m allele frequency changes at rate λP and will increase if
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λP> 1. Assuming that the A locus is at mutation-selection balance (indicated by subscript μ),

a rare modifier allele spreads at rate

l
P

m
� 1þ DPq̂mðsAAA � �sAaA Þð� �w♀

a � �w♂;d
a þPðs

AA
A � �sAaA ÞÞ ð4Þ

where ΔP = (PMm −P)/2 is the increase in polyandry caused by the rare modifier allele.

Because we assume that the a allele is deleterious at mutation-selection balance, all the other

terms are positive (i.e., sAAA � �sAaA > 0, �w♀
a < 0 and �s♂;da when a is deleterious, see Table 3). Thus,

modifier alleles will spread (l
P

m
> 1) if they increase the rate of polyandry (ΔP> 0). That is,

we expect alleles at mutation-selection balance to favour the evolution of polyandry.

We also look at the evolution of polyandry versus monandry when genetic variation is

maintained by balancing selection (indicated by subscript B). A mutant that alters the rate of

polyandry will spread if l
P

B > 1 where

l
P

B � 1 � DPq̂Bð1 � q̂BÞsAaDAðð1 � q̂BÞðsAAA � �sAaÞ þ q̂Bð�sAa � saaa ÞÞ ð5Þ

Unlike mutation-selection balance, balancing selection favours the evolution of monandry.

That is, the modifier allele increases in frequency (l
P

B > 1) when it increases monandry (ΔP<
0). The other factors in Eq (5), must combine to give a positive term as long as gametic fitness

increases monotonically with increased expression of the higher fitness allele (e.g., when

saaa � sAaa < sAaA � sAAA , Fig 1a). However, when gametic expression is diploid, there is no fitness

variation among gametes from male homozygotes (sAa
DA ¼ 0) and no mating system evolution

l
P

B � 1. Thus, as long as gametic expression is not diploid, loci under balancing selection will

favour the evolution of monandry.

Post-copulatory sexual selection drives the evolution of polyandry or monandry in our

model (Eqs 4 and 5) with mating systems evolving to increase offspring fitness. In the case of

deleterious alleles maintained at mutation-selection balance, gametic selection increases off-

spring fitness by removing alleles that reduce fitness in both gametes and adults. Polyandry

increases the efficacy of gametic selection (e.g., Fig 2). Therefore, offspring fitness is increased

by evolving polyandry because it makes gametic selection more efficient.

Balancing selection on the other hand, favours the evolution of monandry. With balancing

selection, gametic selection moves the equilibrium allele frequency away from the optimum

for adults. This is clearly true when different alleles are favoured in gametes and adults (ploid-

ally antagonistic selection), but also true for other forms of balancing selection, such as over-

dominance or sexually antagonistic selection. The result is that offspring fitness is increased by

reducing the strength of gametic selection, which can be achieved by evolving monandry.

Notably, mating system evolution is approximately neutral with diploid-like gametic expres-

sion because the gametic fitnesses become an extension of adult male fitness so gamete-benefi-

cial alleles effectively benefit male offspring. Our results for mating system evolution are

summarised in Table 4 and shown graphically in S2 Fig.

Evolution of outcrossing versus selfing. We next consider modifier alleles that increase

or decrease the rate of outcrossing versus selfing (indicated by superscript O). To leading

order, the evolution of outcrossing versus selfing is dominated by the direct transmission

advantage of selfing. Specifically, to leading order, a rare modifier changes frequency at rate

l
O
� 1 �

DOð1 � cÞ
2ð1 � cð1 � OÞÞ

ð6Þ

where ΔO = (1 − F)(OMm −O) + F(Omm −O) is the increase in outcrossing caused by the modi-

fier. Without pollen discounting, selfers suffer no disadvantage in fertilising eggs from other
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individuals in outcrossing events. However, they monopolise the maternal and paternal contri-

butions to zygotes formed from their own eggs, which gives selfing a strong intrinsic transmis-

sion advantage. To determine the (lower order) effect of gametic selection on the evolution of

selfing, we now assume that there is complete pollen discounting (c = 1). That is, we assume

that using male gametes for self fertilisation means proportionally fewer male gametes are

available to outcross and fertilise others. This eliminates the transmission advantage of selfing

(Eq 6) and allows us to examine the effects of selfing on offspring fitness. To simplify the

results, we further assume that the modifier has a small and dominant effect on the rate of out-

crossing (ΔO is of order � and Omm = OMm).

With these assumptions, a rare modifier that increases the rate of outcrossing by ΔO will

spread at rate

l
O

m
� 1þ DO 1þ Fð Þq̂m

ðIA þ IaÞ
2O

ð7Þ

when deleterious alleles are maintained by mutation-selection balance (at frequency q̂m, Eq 2).

Because the a allele is deleterious, A is favoured when rare (IA> 0) and a is disfavoured when

rare (Ia< 0), which means that selfing or outcrossing can evolve. However, most deleterious

alleles are recessive [54–56], which means that the fitness difference between AA and Aa geno-

types is less than the fitness difference between Aa and aa genotypes (specifically, 2shAa >
shAA þ shaa and 2�sAa > sAAA þ saaa ), giving IA+ Ia> 0. Thus, recessive deleterious alleles favour out-

crossing (l
O

m
> 1 when ΔO> 0).

When balancing selection maintains a alleles (at frequency q̂B, Eq 3), a mating system modi-

fier spreads at rate

l
O

B � 1þ DO 1þ Fð Þq̂B 1 � q̂Bð Þ
ðIA þ IaÞ

2O
ð8Þ

which is similar to Eq (7) except q̂ð1 � q̂Þ is approximately q̂ for rare alleles at mutation-selec-

tion balance. With balancing selection, both alleles have an advantage when they are rare (IA>
0 and Ia> 0) and increased outcrossing is always favoured (l

O

B > 1 when ΔO> 0).

The summary in Table 4 contrasts selfing evolution with monandry evolution. Although

selfing has the potential to affect offspring fitness via post-copulatory sexual selection, as with

monandry, this is a lower order effect compared to increased homozygosity. That is, the modi-

fier invasion fitnesses in Eqs (7) and (8) do not include post-copulatory sexual selection to

Table 4. Direction of mating system evolution.

Type of mating system

variation

Genetic variation maintained by Direction of mating system

evolution

monandry/polyandry mutation-selection balance polyandry favoured

balancing-selection monandry favoured

balancing-selection (diploid expression) neutral

selfing/outcrossing* mutation-selection balance (recessive

allele)

outcrossing favoured

mutation-selection balance (dominant

allele)

selfing favoured

balancing-selection outcrossing favoured

* with full pollen discounting c = 1.

https://doi.org/10.1371/journal.pgen.1010660.t004
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leading order but instead include the relative fitness of heterozygotes versus homozygotes, IA
and Ia. Balancing selection requires that homozygotes have a net disadvantage across the life

cycle, so outcrossing is always favoured. This is clearly true when there is overdominance (e.g.,

[57–59]) but we show outcrossing continues to be favoured when there is also gametic selec-

tion, ploidally antagonistic and/or sexually antagonistic selection. Under mutation-selection

balance, homozygotes also have a fitness disadvantage unless the deleterious alleles are domi-

nant, which means that heterozygote fitness is lower than the average of the homozygotes.

Thus, while monandry evolves via post-copulatory sexual selection in our model, selfing evolu-

tion is largely driven by its effects on homozygosity.

The conventional way to express the fitness consequences of increased homozygosity is

‘inbreeding depression’ (δ). Inbreeding depression is calculated as d ¼ 1 � �ws=�wo where �ws

and �wo are the average fitnesses of offspring produced by selfing and outcrossing, respectively.

Our results for selfing evolution can be re-stated in terms of inbreeding depression (see S2

Appendix for details). Specifically, if male gametic expression is haploid and there are no sex

differences between sexes (i.e., sAaA ¼ sAAA , sAaa ¼ saaa , s♂g ¼ s♀g ), Eqs (7) and (8) can be rewritten as

l
O

B � l
O

m
� 1þ DOð1þ FÞd. The (1 + F) term in Eqs (7) and (8) is because the m modifier

allele is heterozygous with probability (1 − F), in which case it can pass on one copy of the m
allele, and homozygous with probability F, in which case it will transmit two m alleles. Because

we assume that the modifier has a dominant effect on the selfing rate, the increase/decrease in

modifier frequency is the same for heterozygous or homozygous carriers and is given by their

effect on the selfing rate, ΔO, multiplied by the inbreeding depression caused by the selected

locus, δ.

In the two locus model, the strongest effect on selfing evolution comes from a transmission

advantage (Eq 6), which can be as strong as 50%. Because selfing increases homozygosity, it

can also create inbreeding depression, favouring outcrossing. A single locus can only create a

small amount of inbreeding depression (δ), so this is a lower order effect in our two locus

model (Eqs 7 and 8). However, the inbreeding depression produced by the combined effect of

many selected loci (�d) could rival transmission advantage. Thus, we need to consider the

genome wide inbreeding depression to determine whether selfing or outcrossing is favoured

overall.

Multiple loci

A single locus has a relatively weak effect on mating system evolution. In this section, we con-

sider the net effect of many loci on mating system evolution. First, we approximate the total

strength of selection for modifiers of monandry/polyandry. Second, we calculate inbreeding

depression across many loci, which is a crucial determinant of selfing evolution.

To study many selected loci, we assume there is loose linkage and no epistasis so that we

can ignore genetic associations between loci. This means the total indirect selection on a modi-

fier of weak effect can be approximated by adding together the indirect selection caused by

each locus, i.e., stot = ∑(λl − 1) where we sum over l loci to get the net selection on the mating

system modifier (e.g., [60]). We consider three types of loci: there are lB loci that experience

balancing selection and lμ loci with deleterious alleles at mutation-selection balance, of which a

proportion k are expressed in gametes and (1 − k) only experience diploid selection (total l loci

l = lB + lμ). Within each of these categories, we assume that each locus is subject to the same

selection coefficients for simplicity, but it is also possible to sum over a distribution of selective

effects (e.g., [61–63]).

Net selection on polyandry versus monandry. Fig 3 shows that a relatively small number

of loci under balancing selection can have a disproportionately large impact on mating system
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evolution. Balancing selection maintains alleles at relatively high frequencies so that they can

account for more genetic variation and thereby have stronger indirect effects on mating system

modifiers. Because loci experiencing balancing selection favour monandry when they experi-

ence gametic selection, a small number of them could cancel out the selection for increased

polyandry caused by a large number of loci at mutation-selection balance. Using our approxi-

mations, we do not need to specify the number of loci at mutation-selection balance but rather

the genome-wide deleterious mutation rate, which is the product of the number of loci and the

per locus mutation rate (U = μlμ).

The net selection coefficient for mating system modifiers can be used to evaluate the relative

importance of gametic selection for mating system evolution. In Fig 3, the net strength of selec-

tion on modifiers of monandry varies up to 1.5%. Specifically, the strongest net selection on

mating system for the parameters in Fig 3 would be for a polyandry modifier (2ΔP = 1) with a

high rate of deleterious mutations U = 1 and no balancing selection (lB = 0), giving stot = 0.015.

This is the rate of increase in frequency of the rare polyandry allele, which is neutral other than

changing post-copulatory sexual selection via the mating system. If we were to introduce a

direct cost to the modifier of the same magnitude (e.g., reduces survival/fertility by 1.5%), then

it would not spread.

Fig 3. Net selection coefficient for polyandry (sPtot=DP) due to post-copulatory sexual selection. Green shows where

increased polyandry is favoured and purple shows where monandry is favoured, with the magnitude of selection

represented by contours. In this example, the population is initially monandrous (P = 0) and sPtot=2DP therefore

corresponds to the rate of increase/decrease in frequency for a polyandry modifier (i.e., withPMm = 1 and ΔP = 1/2).

Because loci that do not experience gametic selection have no effect on the modifier, we only include loci that

experience gametic selection (k = 1). Adult selection coefficients for deleterious mutations are the same as in Fig 2.

Here, we assume balancing selection is ploidally antagonistic with allele a favoured during selection in adults

(s♀AA ¼ s♂AA ¼ � 0:075, s♀Aa ¼ s♂Aa ¼ � 0:01, s♀aa ¼ s♂aa ¼ 0) and allele A favoured in male gametes. Across all loci, the

strength of gametic selection is σ = 0.12 and gametic expression is haploid-like (d = 0).

https://doi.org/10.1371/journal.pgen.1010660.g003
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Inbreeding depression and selfing evolution. The strongest evolutionary force in our

two-locus model is the intrinsic transmission advantage of selfing but this can be rivalled by

the inbreeding depression produced by many loci. We approximate the selection on selfing

modifiers by summing the direct selection via transmission advantage (Eq 6) and the indirect

selection across many loci (Eqs 7 and 8, which can be expressed using inbreeding depression

as described above and in S2 Appendix). Focusing on an initially outcrossing population, this

gives stot ¼ �d � ð1 � cÞ=2, which is is equivalent to equation 15 in [64] where �d is the total

inbreeding depression across loci. That is, the transmission advantage of selfing is (1 − c)/2,

reaching 50% when there is no pollen discounting (c = 0). This means that outcrossing is stable

when inbreeding depression diminishes the fitness of selfed offspring by more than 50%

(�d > 0:5). The transmission advantage of selfing decreases with pollen discounting (higher c)
such that outcrossing can be stable with less inbreeding depression.

Fig 4 shows that gametic selection could have a large impact on inbreeding depression (�d,

calculated from equation S2–5/S2–6), and therefore mating system evolution. For these

parameters, reasonably weak gametic selection at a significant fraction of loci (e.g., σ = 0.01 at

50% of loci) decreases inbreeding depression enough to make outcrossing unstable when

Fig 4. Gametic selection can significantly reduce inbreeding depression and thereby favour the evolution of

selfing. Deleterious alleles have the same selection coefficients as in Fig 2. Inbreeding depression (y-axis) is caused by

deleterious mutations, which occur at rate U = 1/2 across the genome, but only a fraction of loci experience gametic

selection (x-axis). Here, gametic expression is haploid-like (d = 0) and there is no balancing selection lB = 0, S3 Fig

shows different levels of U, d, and lB. Inbreeding depression is calculated in an initially outcrossing population (O = 1)

and our analytical approximation (lines) shows good agreement with the results of multilocus simulations (points).

Outcrossing is stable to small-effect mating system modifiers unless inbreeding depression is below 1/2 (this threshold

assumes no pollen discounting, c = 0), in which case selfing evolves (shaded area).

https://doi.org/10.1371/journal.pgen.1010660.g004
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outcrossing would be stable without gametic selection (σ = 0, black line). Whether or not the

presence of gametic selection determines the direction of mating system evolution depends on

the balance between mutation rates and pollen discounting. With low mutation rates, inbreed-

ing depression is also low and selfing will evolve unless pollen discounting is high. As pollen

discounting increases, the transmission advantage of selfing decreases until it disappears

(c = 1) and any inbreeding depression will favour outcrossing. That is, the position of the grey

area in Fig 4 depends on pollen discounting and the position of the lines depends on the dele-

terious mutation rate (S3 Fig).

Inbreeding depression can be created by loci at mutation-selection balance and those

experiencing balancing selection. Most of the genome carries deleterious mutations, with the

relative importance of gametic selection depending on the fraction of these loci that experience

gametic selection (k, x-axis in Fig 4). Gametic selection efficiently removes deleterious alleles,

especially when expression is haploid (Fig 2 and S3 Fig), thereby reducing inbreeding depres-

sion and favouring selfing. As with monandry/polyandry evolution, a relatively small number

of loci under balancing selection can have a disproportionately large effect on inbreeding

depression because they can reach high frequencies (S3b Fig). As shown above, all forms of

balancing selection increase inbreeding depression and favour outcrossing, including over-

dominance, sexually antagonistic selection, and ploidally antagonistic selection.

Discussion

We found that monandry and selfing both decrease the efficacy of gametic selection but these

mating systems follow different evolutionary trajectories. Monandry is favoured when alleles

are maintained by balancing selection but not mutation-selection balance whereas selfing is

not favoured in either scenario unless deleterious alleles are dominant (Table 4). The key dif-

ference between monandry and selfing is that selfing directly increases homozygosity. The

increased homozygosity caused by selfing is more important than the effect of selfing on off-

spring fitness via post-copulatory sexual selection, which determines the evolution of polyan-

dry in our model. Nevertheless, gametic selection has the potential to drastically reduce

inbreeding depression by removing deleterious alleles (Fig 4), thereby causing selfing to

evolve.

Despite creating some locally competitive environments (Fig 1b) selfing and monandry

reduce responses to gametic selection. Responses to selection are also lessened with diploid

expression due to masking effects. These patterns are in agreement with verbal arguments

about the absence of pollen fitness variation under selfing [65] and models of sperm competi-

tion that do not include expression in other tissues [36, 37]. However, without expression in

adults, genes expressed in male gametes have lessened evolutionary responses compared to

genes expressed in both male and female adults for a given selection coefficient [66, 67]. Our

models predict lower mutation load for genes that experience gametic selection, particularly

those with haploid-expression or in polyandrous populations where gametic selection is more

effective (Fig 2a). Unlike monandry, selfing is expected to decrease mutation load in the

absence of gametic selection (Fig 2b). However, the fact that gametic selection becomes less

effective means that selfing can increase mutation load for genes involved in gametic selection

(Fig 2b). Overall, genes expressed in male gametes should have weaker signatures of mutation

load than those that are not but the difference between these gene sets should be less with dip-

loid gametic expression, monandry, and/or selfing.

Empirical results in plants demonstrate some of the expected differences in evolutionary

rates for genes involved in gametic selection under outcrossing or selfing. Pollen-specific

genes in outcrossing Capsella grandiflora had strong signatures of selection compared with
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seedling-specific genes [13], whereas no difference was found in a predominantly-selfing spe-

cies, Arabidopsis thaliana, after accounting for tissue specificity [68], despite earlier reports,

[69]. Across Arabis alpina populations, signatures of purifying selection on pollen-expressed

genes are stronger where there is more outcrossing [70]. In both C. grandiflora and A. alpina,

the signatures of selection are not elevated in genes specifically expressed in sperm cells, which

are delivered to the female gametophyte by the pollen tissues. Thus, haploid expression alone

cannot account for observed signatures of enhanced selection, which seem to also reflect selec-

tion on competitive ability during pollen germination and growth [70]. That is, while recessive

lethal mutations should experience particularly strong selection in all haploid tissues, other

alleles may experience lower selection coefficients in tissues that are not directly involved in

gametic competition, such as plant sperm cells. Faster pollen tube growth rates are one indica-

tor of male gametophyte competitive ability [11] that can evolve in response to the mating sys-

tem [71]. For example, the predominantly outcrossing Clarkia unguiculata has faster pollen

tube growth rates than in the closely related selfing species C. exilis [72]. One of our more

counterintuitive results is that mutation load can increase, rather than decrease, for the subset

of loci under strong gametic selection (Fig 2b, see also [31]), which could be tested using meth-

ods to estimate variant effects and mutation load from genomic data [73].

In animals, it is well established that a suite of sperm and seminal fluid proteins show ele-

vated evolutionary rates (reviewed in [66, 74, 75] and a number of studies have examined these

evolutionary rates across species with different mating systems (reviewed in [76]). For some

genes, there is evidence that molecular evolution is correlated with polyandry [77–79], but this

association is not ubiquitous and the predicted association may often be complicated by gener-

ation time, population size, and expression breadth [66, 67, 80, 81]. Single-cell transcriptomics

now enable evolutionary rates to be compared between genes with expression patterns that

vary from haploid-like to diploid-like in sperm [21]. Genes expressed during late stages of

spermatogenesis seem to evolve particularly rapidly, which could reflect pleiotropic constraints

and/or haploid expression [20]. It will be interesting to use analyses based on single-cell sperm

transcriptomics to compare across populations or species with different mating systems, with

stronger signatures of selection predicted for genes with more haploid-like expression and

populations with more polyandry (see also [37]).

As well as evolutionary responses under different mating systems, we modelled the evolu-

tion of mating systems. Previous work found that females should evolve traits that increase the

intensity of haploid gametic selection and thereby increase offspring fitness [30]. Our analysis

of polyandry evolution shows that female mating rates can evolve to manipulate gametic selec-

tion. We find that increased offspring fitness can be achieved through increased polyandry as

long as the direction of selection is the same in gametes and adults. This type of genetic varia-

tion is ephemeral or maintained by mutation. When genetic variation for gametic competitive-

ness is maintained by balancing selection, monandry is favoured because gametic selection

moves allele frequencies away from their optimum.

We therefore show the source of correlations between gametic competitiveness and adult

viability, which is crucial in previous models of polyandry evolution [38]. At equilibrium, we

find that deleterious alleles at mutation-selection balance create the positive correlation that

favours polyandry whereas balancing selection creates the opposite correlation and has an out-

sized effect because alleles can be maintained at high frequencies (Fig 3). Furthermore, we

approximate the selective advantage of polyandry in terms of population genetic parameters

such as the genome-wide deleterious mutation rate. For the parameters used in Fig 3, polyan-

dry can only have a weak selective advantage of, at most, around 1.5%. A previous analysis

concluded that the ‘sexy sperm’ effect is probably too weak to favour costly polyandry [82].

Our analysis also shows weak indirect benefits from ‘good sperm’ such that post-copulatory
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sexual selection may have a minor role in the evolution of polyandry, relative to other factors

(reviewed in [34, 83–89]).

Our analysis of selfing evolution was focused on the impact of gametic selection and so we

used approximations that neglect some well studied complications caused by associations

between loci. First, viability loci can develop associations with each another and experience

selective interference, which means extrapolating the inbreeding depression from the allele fre-

quency at single loci becomes inaccurate [32, 61, 90–95]. For example, the shift from high to

low inbreeding depression as selfing increases can happen more suddenly when accounting

for associations between selected loci [32, 61]. Second, associations can build up between mat-

ing system modifiers of large effect and the background they create and these associations can

favour selfing because selfing typically purges deleterious mutations [26, 52, 63, 90, 91, 96].

Gametic selection can lessen or reverse the tendency for selfing to purge deleterious mutations

(Fig 2b), so we expect large effect selfing modifiers will generate comparatively less favourable

genetic associations when there is gametic selection, but this remains to be investigated.

We found that increased offspring fitness through post-copulatory sexual selection had a

weak effect on selfing evolution relative to the transmission advantage of selfing and increase

in homozygosity. These are ‘genetic effects’ that neglect population dynamics and other eco-

logical factors that might also influence selfing evolution [26]. For example, other models have

incorporated sib-mating, population structure, or pollinator dynamics [42, 96–104]. Most

importantly, our model excludes ‘reproductive assurance’ (selfing increases seed production),

which is thought to be a major general driver of selfing evolution [3, 43, 50]. We suggest that

the extent of haploid expression and the strength of gametic selection should be added to this

list of factors governing variation in the prevalence of selfing between populations or taxo-

nomic groups. We find that gametic selection can be a decisive determinant of mating system

evolution, not through post-copulatory sexual selection, but by reducing inbreeding depres-

sion (Fig 4), especially with haploid expression.

Although they are inconspicuous life cycle stages, there is considerable potential for selec-

tion when pollen or sperm compete for fertilisation. The response to selection depends on the

expression of genetic material in this competitive environment and the competitors involved,

which is determined by the mating system. We have explored how organisms might evolve

mating systems to optimise these evolutionary responses. Predicting variation in evolutionary

responses under different mating systems and expression patterns offers a way to test our

understanding of evolutionary processes more generally.

Supporting information

S1 File. Mathematica file. Contains recursion equations and derivations, can be used to repli-

cate our results. Requires proprietary Mathematica software to open and run interactively. We

provide S2 File, which can be used to view our analysis without proprietary software.

(NB)

S2 File. Mathematica file (pdf version). A non-interactive version of S1 File containing our

recursion equations, derivations, and analytical results.

(PDF)

S3 File. SLiM scripts. Scripts to perform multilocus simulations using SLiM software v4.01.

(ZIP)

S1 Appendix. Two-locus model details. Detailed description of the recursion equations

describing genotype frequency changes.

(PDF)
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S2 Appendix. Mutation load and inbreeding depression. Extrapolates one locus equilibrium

allele frequencies to get genome wide mutation load and inbreeding depression.

(PDF)

S1 Fig. Equilibrium allele frequency under balancing selection across mating systems. We

plot the equilibrium frequency of the A allele (1 � q̂B), which is favoured during gametic selec-

tion. Here, selection is ploidally antagonistic because allele a is favoured during selection in

adults (s♀AA ¼ s♂AA ¼ � 0:05 and s♀aa ¼ s♂aa ¼ 0). Thus, no genetic variation is maintained with-

out gametic selection (σ = 0). We assume beneficial effects are partially dominant

(s♀Aa ¼ s♂Aa ¼ � 0:01 and H = 2). The mating system varies (a) from polyandrous (P = 1) to

monandrous (P = 0) or (b) from outcrossing (O = 1) to selfing (O = 0) and the colour shows

the strength of gametic selection (σ).

(EPS)

S2 Fig. Selection for rare alleles that increase the rate of (a) monandry or (b) selfing. Nega-

tive values indicate selection for increased (a) polyandry or (b) outcrossing. That is, increased

outcrossing is favoured when loci are at mutation-selection balance or under balancing selec-

tion but increased polyandry is only favoured when the selected locus is at mutation-selection

balance. Colours indicate to degree to which expression in male gametes is haploid or diploid.

With balancing selection and diploid expression (yellow), there is no selection on the modifier

of polyandry. The A allele is assumed to be favoured in male gametes (σ = 0.12). Alleles at

mutation-selection balance are partially recessive (as in Fig 2) and balancing selection is ploid-

ally antagonistic (as in S1 Fig). We assume complete pollen discounting (c = 1) such that self-

ing does not have a direct transmission advantage.

(EPS)

S3 Fig. The relationship between gametic selection and inbreeding depression with (a)

haploid or diploid expression and different genome-wide deleterious mutation rates and

(b) balancing selection. Gametic selection reduces inbreeding depression, but diploid expres-

sion (dashed lines in a) weakens this effect. Whether gametic selection determines the direc-

tion of mating system evolution depends on the genome-wide deleterious mutation rate (U,

across panels in a) and pollen discounting. Without pollen discounting (c = 0), outcrossing is

stable to small-effect mating system modifiers unless inbreeding depression is below 1/2, in

which case selfing evolves (light grey area). The threshold level of inbreeding depression,

above which outcrossing is stable, reduces linearly with increased pollen discounting (e.g.,

dark grey area shows threshold for c = 1/2). Adult selection coefficients for deleterious muta-

tions are the same as in Figs 2 and 4. In (b), loci under balancing selection increase inbreeding

depression (dashed lines in b). Here, balancing selection results from overdominance in adults

(s♀AA ¼ s♂AA ¼ � 0:075, s♀Aa ¼ s♂Aa ¼ 0, s♀aa ¼ s♂aa ¼ � 0:05) and gametic selection (σ = 0.025).

(EPS)
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40. Schärer L, Janicke T, Ramm SA. Sexual conflict in hermaphrodites. Cold Spring Harbor Perspectives

in Biology. 2015; 7(1):1–25.

41. Lloyd DG. Some Reproductive Factors Affecting the Selection of Self-Fertilization in Plants. The Amer-

ican Naturalist. 1979; 113(1):67–79. https://doi.org/10.1086/283365

42. Holsinger KE. Mass-Action Models of Plant Mating Systems: The Evolutionary Stability of Mixed Mat-

ing. The American Naturalist. 1991; 138(3):606–622. https://doi.org/10.1086/285237

43. Lloyd DG. Self- and Cross-Fertilization in Plants. II. The Selection of Self- Fertilization. The American

Naturalist. 1992; 153(3):370–380.

44. Jordan CY, Connallon T. Sexually antagonistic polymorphism in simultaneous hermaphrodites. Evolu-

tion. 2014; 68(12):3555–3569. https://doi.org/10.1111/evo.12536 PMID: 25311368

PLOS GENETICS Gametic selection and mating system evolution

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010660 February 16, 2024 21 / 24

https://doi.org/10.1126/science.abb1723
https://doi.org/10.1126/science.abb1723
http://www.ncbi.nlm.nih.gov/pubmed/33446482
https://doi.org/10.1371/journal.pbio.3000663
http://www.ncbi.nlm.nih.gov/pubmed/32203540
https://doi.org/10.1086/282389
https://doi.org/10.1038/351314a0
https://doi.org/10.1038/351314a0
http://www.ncbi.nlm.nih.gov/pubmed/2034273
https://doi.org/10.1093/genetics/111.3.635
http://www.ncbi.nlm.nih.gov/pubmed/4054611
https://doi.org/10.1016/j.cub.2006.07.068
https://doi.org/10.1016/j.cub.2006.07.068
http://www.ncbi.nlm.nih.gov/pubmed/16950099
https://doi.org/10.2307/2409330
http://www.ncbi.nlm.nih.gov/pubmed/28564321
https://doi.org/10.1086/417446
https://doi.org/10.1111/j.1558-5646.2011.01399.x
http://www.ncbi.nlm.nih.gov/pubmed/22220864
https://doi.org/10.1073/pnas.1512004112
http://www.ncbi.nlm.nih.gov/pubmed/26669442
https://doi.org/10.1111/j.1558-5646.1992.tb02077.x
http://www.ncbi.nlm.nih.gov/pubmed/28568679
https://doi.org/10.1016/j.jtbi.2006.12.030
http://www.ncbi.nlm.nih.gov/pubmed/17291538
https://doi.org/10.1111/evo.13597
http://www.ncbi.nlm.nih.gov/pubmed/30194754
https://doi.org/10.1098/rstb.2020.0066
https://doi.org/10.1098/rstb.2020.0066
http://www.ncbi.nlm.nih.gov/pubmed/33070737
https://doi.org/10.1534/genetics.113.152066
https://doi.org/10.1534/genetics.113.152066
http://www.ncbi.nlm.nih.gov/pubmed/23666936
https://doi.org/10.1111/evo.12848
https://doi.org/10.1111/evo.12848
http://www.ncbi.nlm.nih.gov/pubmed/26748568
https://doi.org/10.1086/286006
https://doi.org/10.1146/annurev.ecolsys.39.110707.173437
https://doi.org/10.1146/annurev.ecolsys.39.110707.173437
https://doi.org/10.1086/283365
https://doi.org/10.1086/285237
https://doi.org/10.1111/evo.12536
http://www.ncbi.nlm.nih.gov/pubmed/25311368
https://doi.org/10.1371/journal.pgen.1010660


45. Nagylaki T. A model for the evolution of self-fertilization and vegetative reproduction. Journal of Theo-

retical Biology. 1976; 58(1):55–58. https://doi.org/10.1016/0022-5193(76)90138-7 PMID: 957687

46. Holsinger KE, Feldman MW, Christiansen FB. The evolution of self-fertilization in plants: a population

genetic model. American Naturalist. 1984; 124:446–453. https://doi.org/10.1086/284287

47. Harder LD, Wilson WG. A Clarification of Pollen Discounting and Its Joint Effects with Inbreeding

Depression on Mating System Evolution. The American Naturalist. 1998; 152(5):684–695. https://doi.

org/10.1086/286199 PMID: 18811343

48. Leonard JL. The Evolution of Sexual Systems in Animals. In: Transitions Between Sexual Systems.

Cham: Springer International Publishing; 2018. p. 1–58.

49. Cutter AD. Reproductive transitions in plants and animals: selfing syndrome, sexual selection and spe-

ciation. New Phytologist. 2019; 224(3):1080–1094. https://doi.org/10.1111/nph.16075 PMID:

31336389

50. Busch JW, Delph LF. The relative importance of reproductive assurance and automatic selection as

hypotheses for the evolution of self-fertilization. Annals of Botany. 2012; 109(3):553–562. https://doi.

org/10.1093/aob/mcr219 PMID: 21937484

51. Haller BC, Messer PW. SLiM 4: Multispecies Eco-Evolutionary Modeling. American Naturalist. 2023;

201(5):E127–E139. https://doi.org/10.1086/723601 PMID: 37130229

52. Lande R, Schemske DW. The evolution of self-fertilization and inbreeding depression in plants I

Genetics Models. Evolution. 1985; 39(1):41–52. https://doi.org/10.1111/j.1558-5646.1985.tb04077.x

PMID: 28563655

53. Charlesworth D, Charlesworth B. The effect of investment in attractive structures on allocation to male

and female functions in plants. Evolution. 1987; 41(5):948–968. https://doi.org/10.2307/2409184

PMID: 28563419

54. Simmons MJ, Crow JF. Mutations affecting fitness in Drosophila populations. Annual review of Genet-

ics. 1977; 11:49–78. https://doi.org/10.1146/annurev.ge.11.120177.000405 PMID: 413473

55. Agrawal AF, Whitlock MC. Inferences about the distribution of dominance drawn from yeast gene

knockout data. Genetics. 2011; 187(2):553–566. https://doi.org/10.1534/genetics.110.124560 PMID:

21098719

56. Manna F, Martin G, Lenormand T. Fitness landscapes: An alternative theory for the dominance of

mutation. Genetics. 2011; 189(3):923–937. https://doi.org/10.1534/genetics.111.132944 PMID:

21890744

57. Charlesworth D, Charlesworth B. Inbreeding depression with heterozygote advantage and its effect on

selection for modifiers changing the outcrossing rate.

58. Charlesworth B, Morgan MT, Charlesworth D. Multilocus models of inbreeding depression with syner-

gistic selection and partial self-fertilization. Genetical Research. 1991; 57(2):177–194. https://doi.org/

10.1017/S0016672300029256

59. Uyenoyama MK, Waller DM. Coevolution of self-fertilization and inbreeding depression II. Symmetric

overdominance in viability. Theoretical Population Biology. 1991; 40(1):47–77. https://doi.org/10.1016/

0040-5809(88)90035-4 PMID: 1948771

60. Otto SP, Bourguet D. Balanced polymorphisms and the evolution of dominance. American Naturalist.

1999; 153(6):561–574. https://doi.org/10.1086/303204 PMID: 29585648

61. Lande R, Schemske DW, Schultz ST. High inbreeding depression, selective interference among loci,

and the threshold selfing rate for purging recessive lethal mutations. Evolution. 1994; 48(4):965–978.

https://doi.org/10.1111/j.1558-5646.1994.tb05286.x PMID: 28564486

62. Porcher E, Kelly JK, Cheptou PO, Eckert CG, Johnston MO, Kalisz S. The genetic consequences of

fluctuating inbreeding depression and the evolution of plant selfing rates. Journal of Evolutionary Biol-

ogy. 2009; 22(4):708–717. https://doi.org/10.1111/j.1420-9101.2009.01705.x PMID: 19228271

63. Porcher E, Lande R. Evaluating a simple approximation to modeling the joint evolution of self-fertiliza-

tion and inbreeding depression. Evolution. 2013; 67(12):3628–3635. https://doi.org/10.1111/evo.

12216 PMID: 24299413

64. Charlesworth B. The cost of sex in relation to mating system. Journal of Theoretical Biology. 1980; 84

(4):655–671. https://doi.org/10.1016/S0022-5193(80)80026-9 PMID: 7431946

65. Mazer SJ, Hove AA, Miller BS, Barbet-Massin M. The joint evolution of mating system and pollen per-

formance: Predictions regarding male gametophytic evolution in selfers vs. outcrossers. Perspectives

in Plant Ecology, Evolution and Systematics. 2010; 12(1):31–41. https://doi.org/10.1016/j.ppees.2009.

06.005

66. Dapper AL, Wade MJ. Relaxed Selection and the Rapid Evolution of Reproductive Genes. Trends in

Genetics. 2020; 36(9):640–649. https://doi.org/10.1016/j.tig.2020.06.014 PMID: 32713599

PLOS GENETICS Gametic selection and mating system evolution

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010660 February 16, 2024 22 / 24

https://doi.org/10.1016/0022-5193(76)90138-7
http://www.ncbi.nlm.nih.gov/pubmed/957687
https://doi.org/10.1086/284287
https://doi.org/10.1086/286199
https://doi.org/10.1086/286199
http://www.ncbi.nlm.nih.gov/pubmed/18811343
https://doi.org/10.1111/nph.16075
http://www.ncbi.nlm.nih.gov/pubmed/31336389
https://doi.org/10.1093/aob/mcr219
https://doi.org/10.1093/aob/mcr219
http://www.ncbi.nlm.nih.gov/pubmed/21937484
https://doi.org/10.1086/723601
http://www.ncbi.nlm.nih.gov/pubmed/37130229
https://doi.org/10.1111/j.1558-5646.1985.tb04077.x
http://www.ncbi.nlm.nih.gov/pubmed/28563655
https://doi.org/10.2307/2409184
http://www.ncbi.nlm.nih.gov/pubmed/28563419
https://doi.org/10.1146/annurev.ge.11.120177.000405
http://www.ncbi.nlm.nih.gov/pubmed/413473
https://doi.org/10.1534/genetics.110.124560
http://www.ncbi.nlm.nih.gov/pubmed/21098719
https://doi.org/10.1534/genetics.111.132944
http://www.ncbi.nlm.nih.gov/pubmed/21890744
https://doi.org/10.1017/S0016672300029256
https://doi.org/10.1017/S0016672300029256
https://doi.org/10.1016/0040-5809(88)90035-4
https://doi.org/10.1016/0040-5809(88)90035-4
http://www.ncbi.nlm.nih.gov/pubmed/1948771
https://doi.org/10.1086/303204
http://www.ncbi.nlm.nih.gov/pubmed/29585648
https://doi.org/10.1111/j.1558-5646.1994.tb05286.x
http://www.ncbi.nlm.nih.gov/pubmed/28564486
https://doi.org/10.1111/j.1420-9101.2009.01705.x
http://www.ncbi.nlm.nih.gov/pubmed/19228271
https://doi.org/10.1111/evo.12216
https://doi.org/10.1111/evo.12216
http://www.ncbi.nlm.nih.gov/pubmed/24299413
https://doi.org/10.1016/S0022-5193(80)80026-9
http://www.ncbi.nlm.nih.gov/pubmed/7431946
https://doi.org/10.1016/j.ppees.2009.06.005
https://doi.org/10.1016/j.ppees.2009.06.005
https://doi.org/10.1016/j.tig.2020.06.014
http://www.ncbi.nlm.nih.gov/pubmed/32713599
https://doi.org/10.1371/journal.pgen.1010660


67. Patlar B, Jayaswal V, Ranz JM, Civetta A. Nonadaptive molecular evolution of seminal fluid proteins in

Drosophila. Evolution. 2021; 75(8):2102–2113. https://doi.org/10.1111/evo.14297 PMID: 34184267

68. Harrison MC, Mallon EB, Twell D, Hammond RL. Deleterious Mutation Accumulation in Arabidopsis

thaliana Pollen Genes: A Role for a Recent Relaxation of Selection. Genome Biology and Evolution.

2019; 11(7):1939–1951. https://doi.org/10.1093/gbe/evz127 PMID: 31209485

69. Gossmann TI, Schmid MW, Grossniklaus U, Schmid KJ. Selection-driven evolution of sex-biased

genes is consistent with sexual selection in Arabidopsis thaliana. Molecular biology and evolution.

2014; 31(3):574–583. https://doi.org/10.1093/molbev/mst226 PMID: 24273323

70. Gutiérrez-Valencia J, Fracassetti M, Horvath R, Laenen B, Désamore A, Drouzas AD, et al. Genomic

Signatures of Sexual Selection on Pollen-Expressed Genes in Arabis alpina. Molecular Biology and

Evolution. 2022; 39(1). https://doi.org/10.1093/molbev/msab349 PMID: 34878144

71. Tonnabel J, Cosette P, Lehner A, Mollet JC, Amine Ben Mlouka M, Grladinovic L, et al. Rapid evolution

of pollen and pistil traits as a response to sexual selection in the post-pollination phase of mating. Cur-

rent Biology. 2022; 32(20):4465–4472. https://doi.org/10.1016/j.cub.2022.07.077 PMID: 36027911

72. Mazer SJ, Hendrickson BT, Chellew JP, Kim LJ, Liu JW, Shu J, et al. Divergence in pollen perfor-

mance between Clarkia sister species with contrasting mating systems supports predictions of sexual

selection. Evolution. 2018; 72(3):453–472. https://doi.org/10.1111/evo.13429 PMID: 29359333

73. Bertorelle G, Raffini F, Bosse M, Bortoluzzi C, Iannucci A, Trucchi E, et al. Genetic load: genomic esti-

mates and applications in non-model animals. Nature Reviews Genetics. 2022; 23(8):492–503.

https://doi.org/10.1038/s41576-022-00448-x PMID: 35136196

74. Clark NL, Aagaard JE, Swanson WJ. Evolution of reproductive proteins from animals and plants.

Reproduction. 2006; 131(1):11–22. https://doi.org/10.1530/rep.1.00357 PMID: 16388004

75. Turner LM, Hoekstra HE. Causes and consequences of the evolution of reproductive proteins. Interna-

tional Journal of Developmental Biology. 2008; 52(5-6):769–780. https://doi.org/10.1387/ijdb.082577lt

PMID: 18649289

76. Wong A. The Molecular Evolution of Animal Reproductive Tract Proteins: What Have We Learned

from Mating-System Comparisons? International Journal of Evolutionary Biology. 2011; 2011:1–9.

https://doi.org/10.4061/2011/908735 PMID: 21755047

77. Dorus S, Evans PD, Wyckoff GJ, Sun SC, Lahn BT. Rate of molecular evolution of the seminal protein

gene SEMG2 correlates with levels of female promiscuity. Nature Genetics. 2004; 36(12):1326–1329.

https://doi.org/10.1038/ng1471 PMID: 15531881

78. Herlyn H, Zischler H. Sequence evolution of the sperm ligand zonadhesin correlates negatively with

body weight dimorphism in primates. Evolution. 2007; 61(2):289–298. https://doi.org/10.1111/j.1558-

5646.2007.00035.x PMID: 17348940

79. Vicens A, Montoto LG, Couso-Ferrer F, Sutton KA, Roldan ERS. Sexual selection and the adaptive

evolution of PKDREJ protein in primates and rodents. Molecular Human Reproduction. 2015; 21

(2):146–156. https://doi.org/10.1093/molehr/gau095 PMID: 25304980

80. Ramm SA, Oliver PL, Ponting CP, Stockley P, Emes RD. Sexual selection and the adaptive evolution

of mammalian ejaculate proteins. Molecular Biology and Evolution. 2008; 25(1):207–219. https://doi.

org/10.1093/molbev/msm242 PMID: 18032407

81. Good JM, Wiebe V, Albert FW, Burbano HA, Kircher M, Green RE, et al. Comparative population

genomics of the ejaculate in humans and the great apes. Molecular Biology and Evolution. 2013; 30

(4):964–976. https://doi.org/10.1093/molbev/mst005 PMID: 23329688

82. Bocedi G, Reid JM. Evolution of female multiple mating: A quantitative model of the “sexually selected

sperm” hypothesis. Evolution. 2015; 69(1):39–58. https://doi.org/10.1111/evo.12550 PMID: 25330405

83. Arnqvist G, Nilsson T. The evolution of polyandry: Multiple mating and female fitness in insects. Animal

Behaviour. 2000; 60(2):145–164. https://doi.org/10.1006/anbe.2000.1446 PMID: 10973716

84. Jennions MD, Petrie M. Why do females mate multiply? A review of the genetic benefit. Biological

Reviews. 2000; 75:21–64. https://doi.org/10.1111/j.1469-185X.1999.tb00040.x PMID: 10740892

85. Simmons LW. The evolution of polyandry: Sperm competition, sperm selection, and offspring viability.

Annual Review of Ecology, Evolution, and Systematics. 2005; 36:125–146. https://doi.org/10.1146/

annurev.ecolsys.36.102403.112501

86. Arnqvist G, Rowe L. Sexual conflict. vol. 31. Princeton university press; 2005.

87. Kokko H, Jennions MD, Brooks R. Unifying and Testing Models of Sexual Selection. Annual Review of

Ecology, Evolution, and Systematics. 2006; 37:43–66. https://doi.org/10.1146/annurev.ecolsys.37.

091305.110259

88. Birkhead TR. How stupid not to have thought of that: Post-copulatory sexual selection. Journal of Zool-

ogy. 2010; 281(2):78–93. https://doi.org/10.1111/j.1469-7998.2010.00701.x

PLOS GENETICS Gametic selection and mating system evolution

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010660 February 16, 2024 23 / 24

https://doi.org/10.1111/evo.14297
http://www.ncbi.nlm.nih.gov/pubmed/34184267
https://doi.org/10.1093/gbe/evz127
http://www.ncbi.nlm.nih.gov/pubmed/31209485
https://doi.org/10.1093/molbev/mst226
http://www.ncbi.nlm.nih.gov/pubmed/24273323
https://doi.org/10.1093/molbev/msab349
http://www.ncbi.nlm.nih.gov/pubmed/34878144
https://doi.org/10.1016/j.cub.2022.07.077
http://www.ncbi.nlm.nih.gov/pubmed/36027911
https://doi.org/10.1111/evo.13429
http://www.ncbi.nlm.nih.gov/pubmed/29359333
https://doi.org/10.1038/s41576-022-00448-x
http://www.ncbi.nlm.nih.gov/pubmed/35136196
https://doi.org/10.1530/rep.1.00357
http://www.ncbi.nlm.nih.gov/pubmed/16388004
https://doi.org/10.1387/ijdb.082577lt
http://www.ncbi.nlm.nih.gov/pubmed/18649289
https://doi.org/10.4061/2011/908735
http://www.ncbi.nlm.nih.gov/pubmed/21755047
https://doi.org/10.1038/ng1471
http://www.ncbi.nlm.nih.gov/pubmed/15531881
https://doi.org/10.1111/j.1558-5646.2007.00035.x
https://doi.org/10.1111/j.1558-5646.2007.00035.x
http://www.ncbi.nlm.nih.gov/pubmed/17348940
https://doi.org/10.1093/molehr/gau095
http://www.ncbi.nlm.nih.gov/pubmed/25304980
https://doi.org/10.1093/molbev/msm242
https://doi.org/10.1093/molbev/msm242
http://www.ncbi.nlm.nih.gov/pubmed/18032407
https://doi.org/10.1093/molbev/mst005
http://www.ncbi.nlm.nih.gov/pubmed/23329688
https://doi.org/10.1111/evo.12550
http://www.ncbi.nlm.nih.gov/pubmed/25330405
https://doi.org/10.1006/anbe.2000.1446
http://www.ncbi.nlm.nih.gov/pubmed/10973716
https://doi.org/10.1111/j.1469-185X.1999.tb00040.x
http://www.ncbi.nlm.nih.gov/pubmed/10740892
https://doi.org/10.1146/annurev.ecolsys.36.102403.112501
https://doi.org/10.1146/annurev.ecolsys.36.102403.112501
https://doi.org/10.1146/annurev.ecolsys.37.091305.110259
https://doi.org/10.1146/annurev.ecolsys.37.091305.110259
https://doi.org/10.1111/j.1469-7998.2010.00701.x
https://doi.org/10.1371/journal.pgen.1010660


89. Boulton RA. Polyandry and Mating System Evolution. eLS. 2020; p. 1–8.

90. Uyenoyama MK, Waller DM. Coevolution of self-fertilization and inbreeding depression I. Mutation-

Selection Balance at One and Two Loci. Theoretical Population Biology. 1991; 40(1):14–46. https://

doi.org/10.1016/0040-5809(91)90045-H PMID: 1948770

91. Uyenoyama MK, Waller DM. Coevolution of self-fertilization and inbreeding depression. III. Homozy-

gous lethal mutations at multiple loci. Theoretical Population Biology. 1991; 40(2):173–210. https://doi.

org/10.1016/0040-5809(91)90052-H PMID: 1788823

92. Roze D. Effects of interference between selected loci on the mutation load, inbreeding depression,

and heterosis. Genetics. 2015; 201(2):745–757. https://doi.org/10.1534/genetics.115.178533 PMID:

26269503

93. Lande R, Porcher E. Maintenance of quantitative genetic variance under partial self-fertilization, with

implications for evolution of selfing. Genetics. 2015; 200(3):891–906. https://doi.org/10.1534/genetics.

115.176693 PMID: 25969460

94. Lande R, Porcher E. Inbreeding depression maintained by recessive lethal mutations interacting with

stabilizing selection on quantitative characters in a partially self-fertilizing population. Evolution. 2017;

71(5):1191–1204. https://doi.org/10.1111/evo.13225 PMID: 28321843

95. Abu Awad D, Roze D. Effects of partial selfing on the equilibrium genetic variance, mutation load, and

inbreeding depression under stabilizing selection. Evolution. 2018; 72(4):751–769. https://doi.org/10.

1111/evo.13449 PMID: 29442366

96. Porcher E, Lande R. The evolution of self-fertilization and inbreeding depression under pollen dis-

counting and pollen limitation. Journal of Evolutionary Biology. 2005; 18(3):497–508. https://doi.org/

10.1111/j.1420-9101.2005.00905.x PMID: 15842479

97. Johnston MO. Evolution of intermediate selfing rates in plants: Pollination ecology versus deleterious

mutations. Genetica. 1998; 102-103:267–278. https://doi.org/10.1023/A:1017039010191

98. Morgan MT, Wilson WG, Knight TM. Plant population dynamics, pollinator foraging, and the selection

of self-fertilization. American Naturalist. 2005; 166(2):169–183. https://doi.org/10.1086/431317 PMID:

16032572

99. Vallejo-Marı́n M, Uyenoyama MK. On the evolutionary costs of self-incompatibility: Incomplete repro-

ductive compensation due to pollen limitation. Evolution. 2004; 58(9):1924–1935. https://doi.org/10.

1554/04-277 PMID: 15521452

100. Dornier A, Munoz F, Cheptou PO. Allee effect and self-fertilization in hermaphrodites: Reproductive

assurance in a structured metapopulation. Evolution. 2008; 62(10):2558–2569. https://doi.org/10.

1111/j.1558-5646.2008.00464.x PMID: 18637959

101. Johnston MO, Porcher E, Cheptou PO, Eckert CG, Elle E, Geber MA, et al. Correlations among fertility

components can maintain mixed mating in plants. American Naturalist. 2009; 173(1):1–11. https://doi.

org/10.1086/593705 PMID: 19055444

102. Devaux C, Lepers C, Porcher E. Constraints imposed by pollinator behaviour on the ecology and evo-

lution of plant mating systems. Journal of Evolutionary Biology. 2014; 27(7):1413–1430. https://doi.

org/10.1111/jeb.12380 PMID: 24750302

103. Pannell JR, Auld JR, Brandvain Y, Burd M, Busch JW, Cheptou PO, et al. The scope of Baker’s law.

New Phytologist. 2015; 208:656–667. https://doi.org/10.1111/nph.13539 PMID: 26192018

104. Porcher E, Lande R. Inbreeding depression under mixed outcrossing, self-fertilization and sib-mating.

BMC Evolutionary Biology. 2016; 16(1):1–14. https://doi.org/10.1186/s12862-016-0668-2 PMID:

27188583

PLOS GENETICS Gametic selection and mating system evolution

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010660 February 16, 2024 24 / 24

https://doi.org/10.1016/0040-5809(91)90045-H
https://doi.org/10.1016/0040-5809(91)90045-H
http://www.ncbi.nlm.nih.gov/pubmed/1948770
https://doi.org/10.1016/0040-5809(91)90052-H
https://doi.org/10.1016/0040-5809(91)90052-H
http://www.ncbi.nlm.nih.gov/pubmed/1788823
https://doi.org/10.1534/genetics.115.178533
http://www.ncbi.nlm.nih.gov/pubmed/26269503
https://doi.org/10.1534/genetics.115.176693
https://doi.org/10.1534/genetics.115.176693
http://www.ncbi.nlm.nih.gov/pubmed/25969460
https://doi.org/10.1111/evo.13225
http://www.ncbi.nlm.nih.gov/pubmed/28321843
https://doi.org/10.1111/evo.13449
https://doi.org/10.1111/evo.13449
http://www.ncbi.nlm.nih.gov/pubmed/29442366
https://doi.org/10.1111/j.1420-9101.2005.00905.x
https://doi.org/10.1111/j.1420-9101.2005.00905.x
http://www.ncbi.nlm.nih.gov/pubmed/15842479
https://doi.org/10.1023/A:1017039010191
https://doi.org/10.1086/431317
http://www.ncbi.nlm.nih.gov/pubmed/16032572
https://doi.org/10.1554/04-277
https://doi.org/10.1554/04-277
http://www.ncbi.nlm.nih.gov/pubmed/15521452
https://doi.org/10.1111/j.1558-5646.2008.00464.x
https://doi.org/10.1111/j.1558-5646.2008.00464.x
http://www.ncbi.nlm.nih.gov/pubmed/18637959
https://doi.org/10.1086/593705
https://doi.org/10.1086/593705
http://www.ncbi.nlm.nih.gov/pubmed/19055444
https://doi.org/10.1111/jeb.12380
https://doi.org/10.1111/jeb.12380
http://www.ncbi.nlm.nih.gov/pubmed/24750302
https://doi.org/10.1111/nph.13539
http://www.ncbi.nlm.nih.gov/pubmed/26192018
https://doi.org/10.1186/s12862-016-0668-2
http://www.ncbi.nlm.nih.gov/pubmed/27188583
https://doi.org/10.1371/journal.pgen.1010660

