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ABSTRACT

Inbreeding depression resulting from partially recessive deleterious alleles is
thought to be the main genetic factor preventing self-fertilizing mutants from spread-
ing in outcrossing hermaphroditic populations. However, deleterious alleles may also
generate an advantage to selfers in terms of more efficient purging, while the effects
of epistasis among those alleles on inbreeding depression and mating system evolution
remain little explored. In this paper, we use a general model of selection to disentangle
the effects of different forms of epistasis (additive-by-additive, additive-by-dominance
and dominance-by-dominance) on inbreeding depression and on the strength of se-
lection for selfing. Models with fixed epistasis across loci, and models of stabilizing
selection acting on quantitative traits (generating distributions of epistasis) are con-
sidered as special cases. Besides its effects on inbreeding depression, epistasis may
increase the purging advantage associated with selfing (when it is negative on aver-
age), while the variance in epistasis favors selfing through the generation of linkage
disequilibria that increase mean fitness. Approximations for the strengths of these

effects are derived, and compared with individual-based simulation results.
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INTRODUCTION

Self-fertilization is a widespread mating system found in hermaphroditic plants
and animals (e.g., Jarne and Auld, 2006; Igic and Busch, 2013). In Angiosperms, the
transition from outcrossing to selfing occurred multiple times, leading to approximately
10—15% of species self-fertilizing at very high rates (Barrett et al., 2014). Two possible
benefits of selfing have been proposed to explain such transitions: the possibility for a
single individual to generate offspring in the absence of mating partner or pollinator
(“reproductive assurance”, Darwin, 1876; Stebbins, 1957; Porcher and Lande, 2005a;
Busch and Delph, 2012), and the “automatic advantage” stemming from the fact that,
in a population containing both selfers and outcrossers, selfers tend to transmit more
copies of their genome to the next generation if they continue to export pollen —
thus retaining the ability to sire outcrossed ovules (Fisher, 1941; Charlesworth, 1980;
Stone et al., 2014). The main evolutionary force thought to oppose the spread of self-
ing is inbreeding depression, the decreased fitness of inbred offspring resulting from
the expression of partially recessive deleterious alleles segregating within populations
(Charlesworth and Charlesworth, 1987). When selfers export as much pollen as out-
crossers (leading to a 50% transmission advantage for selfing), inbreeding depression
must be 0.5 to compensate for the automatic advantage of selfing (Lande and Schemske,
1985). However, observations from natural populations indicate that self-fertilizing in-
dividuals do not always export as much pollen as their outcrossing counterparts, as
some of their pollen production is used to fertilize their own ovules (see references
in Porcher and Lande, 2005a). This phenomenon, known as pollen discounting, de-

creases the automatic advantage of selfing (Nagylaki, 1976; Charlesworth, 1980), thus
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reducing the threshold value of inbreeding depression above which outcrossing can be
maintained (e.g., Holsinger et al., 1984). It may also lead to evolutionarily stable
mixed mating systems (involving both selfing and outcrossing) under some models of
discounting such as the mass-action pollination model (Holsinger, 1991; Porcher and
Lande, 2005a).

Several models explored the evolution of mating systems while explicitly rep-
resenting the genetic architecture of inbreeding depression (e.g., Charlesworth et al.,
1990; Uyenoyama and Waller, 1991; Epinat and Lenormand, 2009; Porcher and Lande,
2005b; Gervais et al., 2014), and highlighted the importance of another genetic factor
(besides the automatic advantage and inbreeding depression) affecting the evolution of
selfing. This third factor stems from the fact that selection against deleterious alleles is
more efficient among selfed offspring (due to their increased homozygosity) than among
outcrossed offspring, generating positive linkage disequilibria between alleles increas-
ing the selfing rate and the better alleles at selected loci. Alleles increasing selfing thus
tend to be found on better purged genetic backgrounds, which may allow selfing to
spread even when inbreeding depression is higher than 0.5 (Charlesworth et al., 1990).
This effect becomes more important as the strength of selection against deleterious
alleles increases (so that purging occurs more rapidly), recombination decreases, and
as alleles increasing selfing have larger effects — so that linkage disequilibria can be
maintained over larger numbers of generations (Charlesworth et al., 1990; Uyenoyama
and Waller, 1991; Epinat and Lenormand, 2009). This corresponds to Lande and
Schemske’s (1985) verbal prediction that a mutant allele coding for complete selfing
may increase in frequency regardless of the amount of inbreeding depression.

Most genetic models on the evolution of selfing assume that deleterious alleles


https://doi.org/10.1101/809814

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

bioRxiv preprint doi: https://doi.org/10.1101/809814. The copyright holder for this preprint (which was not peer-reviewed) is the

author/funder. All rights reserved. No reuse allowed without permission.

have multiplicative effects (no epistasis). Charlesworth et al. (1991) considered a de-
terministic model including synergistic epistasis between deleterious alleles, showing
that this form of epistasis tends to flatten the relation between inbreeding depression
and the population’s selfing rate, inbreeding depression sometimes increasing at high
selfing rates. Concerning the spread of selfing modifier alleles, the results were qual-
itatively similar to the multiplicative model, except that, for parameter values where
full outcrossing is not stable, the evolutionarily stable selfing rate tended to be slightly
below 1 under synergistic epistasis (whereas it would have been at exactly 1 in the
absence of epistasis). Other models explored the effect of partial selfing on inbreed-
ing depression generated by polygenic quantitative traits under stabilizing selection
(Lande and Porcher, 2015; Abu Awad and Roze, 2018). This type of model typically
generates distributions of epistatic interactions across loci, including possible compen-
satory effects between mutations. When effective recombination is sufficiently weak,
linkage disequilibria generated by epistasis may greatly reduce inbreeding depression,
and even generate outbreeding depression between selfing lineages carrying different
combinations of compensatory mutations. However, the evolution of the selfing rate
was not considered by these models.

In this paper, we use a general model of epistasis between pairs of selected loci
to explore the effects of epistasis on inbreeding depression and on the evolution of self-
ing. We derive analytical approximations showing that epistatic interactions affect the
spread of selfing modifiers through various mechanisms: by affecting inbreeding depres-
sion, the purging advantage of selfers and also through linkage disequilibria between
selected loci. Although the expressions obtained can become complicated for interme-

diate selfing rates, we will see that the condition determining whether selfing can spread
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in a fully outcrossing population often remains relatively simple. Notably, our model
allows us to disentangle the effects of additive-by-additive, additive-by-dominance and
dominance-by-dominance epistatic interactions on inbreeding depression and selection
for selfing — while the models used by Charlesworth et al. (1991), Lande and Porcher
(2015) and Abu Awad and Roze (2018) impose certain relations between these quan-
tities. The cases of fixed, synergistic epistasis and of stabilizing selection acting on
quantitative traits (Fisher’s geometric model) will be considered as special cases, for
which we will also present individual-based simulation results. Overall, our results
show that, for a given level of inbreeding depression and average strength of selection
against deleterious alleles, epistatic interactions tend to facilitate the spread of selfing,

due to the fact that selfing can maintain beneficial combinations of alleles.

METHODS

Life cycle. Our analytical model represents an infinite, hermaphroditic population
with discrete generations. A proportion o of ovules produced by a given individual
are self-fertilized, while its remaining ovules are fertilized by pollen sampled from the
population pollen pool (Table 1 provides a list of the symbols used throughout the
paper). A parameter x represents the rate of pollen discounting: an individual with
selfing rate o contributes to the pollen pool in proportion 1 — ko (e.g., Charlesworth,
1980). Therefore, k equals 0 in the absence of pollen discounting, while x equals 1
under full discounting (in which case complete selfers do not contribute to the pollen

pool). We assume that the selfing rate o is genetically variable, and coded by ¢, loci
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with additive effects:
Lo

a:Z(UlM—l—aiP) (1)

=1

where the sum is over all loci affecting the selfing rate, and where oM and o} represent
the effect of the alleles present respectively on the maternally and paternally inherited
genes at locus ¢ (note that the assumption of additivity within and between loci may
not always hold, in particular when selfing rates are close to 0 or 1). The model does
not make any assumption concerning the number of alleles segregating at loci affecting
the selfing rate.

The fitness W of an organism is defined as its overall fecundity (that may depend
on its survival), so that the expected number of seeds produced by an individual is
proportional to W, while its contribution to the population pollen pool is proportional
to W (1 — ko). We assume that W is affected by a possibly large number ¢ of biallelic
loci. Alleles at each of these loci are denoted 0 and 1; the quantity XM (resp. X7)
equals 0 if the individual carries allele 0 on its maternally (resp. paternally) inherited
copy of locus j, and equals 1 otherwise. The frequencies of allele 1 at locus 7 on the
maternally and paternally inherited genes (averages of XJM and XJP over the whole
population) are denoted p)' and p}. Finally, p; = (pé\4 + ) /2 is the frequency of

allele 1 at locus j in the whole population.

Genetic associations. Throughout the paper, index ¢ will denote a locus affecting
the selfing rate of individuals, while indices 7 and k will denote loci affecting fitness.
Following Barton and Turelli (1991) and Kirkpatrick et al. (2002), we define the cen-
tered variables:

CM:O’M_@M’ Cz‘P:UzP_O-sz (2)
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G =X -0 G =X -y (3)

where oM and o} are the averages of o} and o)

over the whole population. The
genetic association between the sets U and V of loci present in the maternally and

paternally derived genome of an individual is defined as:

Dyyv = E [(uv] (4)

where E stands for the average over all individuals in the population, and with:

Cuw = (H @4) (H Cf) . (5)

zcU yeV
For example, D;; = E [(XM — p}") (X — pl')] is a measure of departure from Hardy-
Weinberg equilibrium at locus j, while Dy j = E [(X] — p}) (X§ — pj) ] measures the
linkage disequilibrium between loci j and k£ on paternally derived haplotypes. Finally,
DUV is defined as (Dyv + Dyy) /2, and DU,@ will be denoted Dy.
Using these notations, the variance in selfing rate in the population can be

written as:

V,=E (Z (G + cf’))2 : (6)

i

Ignoring genetic associations between different loci affecting the selfing rate, this be-

comes:

V,~2y (D“- + Diﬂ) . (7)

General expression for fitness, and special cases. The fitness of an individual
divided by the population mean fitness W can be expressed in terms of “selection

coefficients” ay v representing the effect of selection acting on the sets U and V of loci
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(Barton and Turelli, 1991; Kirkpatrick et al., 2002):

w

AR 1+ Z avy (Cuv — Duyw) - (8)

A%

Throughout the paper, we assume no effect of the sex-of-origin of genes on fitness, so
that ayv = ayy. The coefficient a;y = ag ; will be denoted a; and represents selection
for allele 1 at locus j. The coefficient a; ; represents the effect of dominance at locus j,
while a9 and a; represent cis and trans epistasis between loci j and k. Coefficients
a;r,; and a;i ji respectively correspond to additive-by-dominance and dominance-by-
dominance epistatic interactions between loci j and k, measured as deviations from
additivity.

We will consider different examples of fitness functions (for which approximate
expressions for ayy coefficients are given in Supplementary File S1). The first corre-
sponds to the case where allele 1 at each fitness locus j is deleterious, with selection
and dominance coefficients s and h. Epistatic interactions occur between pairs of loci,
and are decomposed into additive-by-additive (€., ), additive-by-dominance (e,yq) and
dominance-by-dominance (eqyq) epistasis. We assume multiplicative effects of epistatic

components on fitness W (i.e., additive effects on log W), so that:
W = (1 — hs)nhc (1 — S)nho (1 + eaxa)m (1 + eaxd)m (1 + edxd)”“ (9)

where ny,, and ny,, are the numbers of loci at which a deleterious allele is present in the
heterozygous (ny.) or homozygous (ny,) state, while ny, n3 and ny are the numbers of

interactions between 2, 3 and 4 deleterious alleles at two different loci, given by:

1
No = §nhe (nhe - 1) + thenho + 2nh0 (nho - 1> ) <1O)

N3 = NheNho + 2nho (nho - 1) ) (1]')
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1
ng = inho (npo — 1) (12)

Note that epistatic interactions are the same for all pairs of deleterious alleles. In
such models, with fixed epistasis and possibly large numbers of loci, combinations of
mutations quickly become advantageous when epistasis is positive, in which case they
go to fixation and polymorphism is not maintained. We therefore focused on cases
where €,xa, €axa and egxq are negative. Charlesworth et al. (1991) explored the effect
of synergistic epistasis (measured by a parameter () on inbreeding depression, using a
fitness function that imposes relations between h, €,4a, €axa and €4xq. As explained in
Supplementary File S1, their fitness function (equation 2 in Charlesworth et al., 1991)
is equivalent to setting €., = —Bh?, €axa = —Bh (1 —2h) and eqq = —3 (1 — 2h)2 in
our equation 9.

Our second fitness function corresponds to stabilizing selection acting on an
arbitrary number n of quantitative traits, with a symmetrical, Gaussian-shaped fitness
function. The general model is the same as in Abu Awad and Roze (2018): r,; denotes
the effect of allele 1 at locus j on trait «, and we assume that the different loci have

additive effects on traits:

= Y (34 0) &

J

where g, is the value of trait « in a given individual (note that g, = 0 for all traits
in an individual carrying allele 0 at all loci). We assume that the values of r,; for all
loci and traits are sampled from the same distribution with mean zero and variance

a®. The fitness of individuals is given by:

n 2
W =exp [—20‘2—‘1/%} (14)

10
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where V; represents the strength of selection. According to equation 14, the optimal
value of each trait is zero. This model generates distributions of fitness effects of
mutations and of pairwise epistatic effects on fitness (the average value of epistasis
being zero), while deleterious alleles have a dominance coefficient close to 1/4 in an
optimal genotype (Martin and Lenormand, 2006b; Martin et al., 2007; Manna et al.,
2011).

The last fitness function we examined is a generalization of the fitness function
given by equation 14, in order to introduce a coefficient () affecting the shape of the

fitness peak:

: (15)

oo ()

where d = m is the Euclidean distance from the optimum in phenotypic space
(e.g., Martin and Lenormand, 2006a; Tenaillon et al., 2007; Roze and Blanckaert, 2014;
Abu Awad and Roze, 2018). The fitness function is thus Gaussian when () = 2, while
@ > 2 leads to a flatter fitness peak around the optimum. As shown by Gros et
al. (2009), the value of @ affects the average value of epistasis (on fitness) between

mutations, which becomes negative when ) > 2.

Quasi-linkage equilibrium (QLE) approximation. Using the general expression
for fitness given by equation 8, the change in the mean selfing rate per generation can
be expressed in terms of genetic associations between loci affecting the selfing rate
and loci affecting fitness. Expressions for these associations can then be computed us-
ing general methods to derive recursions on allele frequencies and genetic associations
(Barton and Turelli, 1991; Kirkpatrick et al., 2002). For this, we decompose the life cy-

cle into two steps: selection corresponds to the differential contribution of individuals

11
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due to differences in overall fecundity and/or survival rates (W), while reproduction
corresponds to gamete production and fertilization (involving either selfing or out-
crossing). Associations measured after selection (that is, weighting each parent by its
relative fitness) will be denoted Dy, while associations after reproduction (among
offspring) will be denoted Dyjy,. Assuming that “effective recombination rates” (that
is, recombination rates multiplied by outcrossing rates) are sufficiently large relative to
the strength of selection, genetic associations equilibrate rapidly relative to the change
in allele frequencies due to selection. In that case, associations can be expressed in
terms of allele frequencies by computing their values at equilibrium, for given allele
frequencies (e.g., Barton and Turelli, 1991; Nagylaki, 1993). Note that when allele fre-
quencies at fitness loci have reached an equilibrium (for example, at mutation-selection
balance), one does not need to assume that the selection coefficients ay v are small rela-
tive to effective recombination rates for the QLE approximation to hold, but only that
changes in allele frequencies due to the variation in the selfing rate between individuals
are small. We will thus assume that the variance in the selfing rate in the population
V, stays small (and therefore, the genetic variance contributed by each locus affecting
the selfing rate is also small), and compute expressions to the first order in V,. This
is equivalent to the assumption that alleles at modifier loci have small effects, as is

commonly assumed in modifier models.

Individual-based simulations. In order to verify our analytical results, individual-
based simulations were run using two C++ programs, one with uniformly deleterious
alleles with fixed epistatic effects (equation 9) and the other with stabilizing selection

on n quantitative traits (equation 14). Both are described in Supplementary File S5

12
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(and are available from Dryad). Both programs represent a population of N diploid
individuals with discrete generations, the genome of each individual consisting of two
copies of a linear chromosome with map length R Morgans. In the first program (fixed
epistasis), deleterious alleles occur at rate U par haploid genome per generation at an
infinite number of possible sites along the chromosome. A locus with an infinite number
of possible alleles, located at the mid-point of the chromosome controls the selfing rate
of the individual (given by averaging the selfing rate coded by the two alleles at this
locus). In the program representing stabilizing selection, each chromosome carries ¢
equidistant biallelic loci affecting the n traits under selection (as in Abu Awad and
Roze, 2018). The selfing rate is controlled by 10 additive loci evenly spaced over the
chromosome, each with an infinite number of possible alleles (the selfing rate being
set to zero if the sum of allelic values at these loci is negative, and one if the sum
is larger than one). In both programs, mutations affecting the selfing rate occur at
rate Uy = 1072 per generation, the value of each mutant allele at a selfing modifier
locus being drawn from a Gaussian distribution with standard deviation os¢ centered
on the allele value before mutation. The selfing rate is set to zero during an initial
burn-in period (set to 20,000 generations) after which mutations are introduced at

selfing modifier loci.

RESULTS

Effects of epistasis on inbreeding depression. We first explore the effects of

epistasis on inbreeding depression, assuming that the selfing rate is fixed. Throughout

13
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the paper, inbreeding depression ¢ is classically defined as:

—self

w

—7out

§=1- (16)

where " and W™ are the mean fitnesses of offspring produced by selfing and by
outcrossing, respectively (e.g., Lande and Schemske, 1985). In Supplementary File
S2, we show that a general expression for ¢ in terms of one- and two-locus selection
coefficients, in a randomly mating population (o = 0) is given by:

1 1 ~
0~ —3 > a5pia;— 3 > g (1 =205 (1= i)l pigiea — > e Dy (17)

J i<k i<k

where the sums are over all loci affecting fitness, and with:

ik = g + [ajr; (1 —2p;) + ajer (1= 2pg)] (1 — pjr) , (18)

pjr being the recombination rate between loci j and k. With arbitrary selfing, and
assuming all pjp ~ 1/2, equation 17 generalizes to:

1 1 )
0~ —3 > a;; (14 F)piq; — 1 > gk [(1+ F)* + Ge] pjaspran (19)

j j<k

with several higher-order terms depending on genetic associations between loci gen-
erated by epistatic interactions (f)jk, Djyk, Djk’j, see equation B17 in Supplementary
File S2 for the complete expression). The term F' in equation 19 corresponds to the

inbreeding coefficient (probability of identity by descent between the maternal and

paternal copy of a gene), given by:

(20)

at equilibrium, while G, is the identity disequilibrium between loci j and k& (Weir and
Cockerham, 1973), given by:

o 2—0—2(2-30)pj (1 — pj)

Gix = pju — F? ith ¢, =
e e G T o = 2o (1 - )

(21)

14
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(¢jx is the joint probability of identity by descent at loci j and k). Under free recom-

bination (p;; = 1/2), it simplifies to:

Gk = (22)

which will be denoted G hereafter.
In the case of unconditionally deleterious alleles with fixed epistasis (equation

9), equation 19 and the expressions for ayy coefficients given in Supplementary File

S1 yield:

1 x
0~ 1 —exp | = [s (1= 2h) = 2easanal (1+ F)na + e(;d [(1+F)?+G]n2|  (23)

where nqg = ) ;pj is the average number of deleterious alleles per haploid genome.
Equation 23 assumes that deleterious alleles stay rare in the population (so that terms
in p;2 may be neglected) and that the different terms of equation 19 contribute multi-
plicatively to d (which often yields better approximations than the additive expression).

The equilibrium value of nq can be obtained by solving
Asel ng + U=0 (24)

where Aggng = ) ; Asepj is the change in ng due to selection and U is the deleterious
mutation rate per haploid genome. From equation B26 in Supplementary File S2, we

have to the first order in the selection coefficients:
Aselpj ~ aj (1 + F) pj —+ ajyj ij + Zamk [F (1 + F) + ij] pjpk
Py

+ > g [P+ G pypx
Py

(25)

Summing over loci and using the expressions for ayy coefficients given in Supplemen-
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tary File S1, one obtains:

Aging = —s[h+ (1 — h) F]ng + 2€axa (1 + F) 0]
(26)
+ eaxd [F (3 + F) + G]n3 + eqxa (F? + G) nj

that can be used with equation 24 to obtain the equilibrium value of ngq. Equation
26 shows that, for non-random mating, negative values of €., €axqa O €4qxq reduce
the mean number of deleterious alleles at equilibrium, thereby reducing inbreeding
depression (the effects of e,.q and eqeq on the equilibrium value of ngq vanish when
mating is random, as ' = G = 0 in this case). As shown by equation 23, negative
values of e,4q and egyq also directly increase inbreeding depression (even under random
mating), by decreasing the fitness of homozygous offspring. Figures 1A-C compare
the predictions obtained from equations 23 and 26 with simulation results, testing
the effect of each epistatic component separately. Negative e,y, reduces inbreeding
depression by lowering the frequency of deleterious alleles in the population (equation
26, Figure 1A); furthermore, it reduces the purging effect of selfing, so that inbreeding
depression may remain constant or even slightly increase as the selfing rate increases.
When the selfing rate is low, e,.q and eqcq have little effect on the mean number of
deleterious alleles ng, and the main effect of negative e,q and egyq is to increase in-
breeding depression by decreasing the fitness of homozygous offspring (equation 23,
Figures 1B-C). As selfing increases, this effect becomes compensated by the enhanced
purging caused by negative e,.q and eqyq (equation 26). Figure 1D shows the results
obtained using Charlesworth et al.’s (1991) fitness function, yielding e,.., = —8h?,
eaxd = —Bh (1 —2h) and eqq = —fB (1 —2h)°. Remarkably, the increased purging
caused by negative epistasis almost exactly compensates the decreased fitness of ho-

mozygous offspring, so that inbreeding depression is only weakly affected by epistasis
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in this particular model, for the parameter values used in Figure 1.

An expression for inbreeding depression under Gaussian stabilizing selection
(equation 14) is given in Abu Awad and Roze (2018). As shown in Supplementary
File S2, this expression can be recovered from our general expression for ¢ in terms of
ayy coefficients. Because the average epistasis is zero under Gaussian selection (e.g.,
Martin et al., 2007), inbreeding depression is only affected by the variance in epista-
sis, whose main effect is to generate linkage disequilibria that increase the frequency
of deleterious alleles (see also Phillips et al., 2000) and thus increase §. As shown
by Abu Awad and Roze (2018), a different regime is entered above a threshold selfing
rate when the mutation rate U is sufficiently large, in which epistatic interactions lower
inbreeding depression (see also Lande and Porcher, 2015). Selection coefficients ayy
under the more general fitness function given by equation 15 are derived in Supple-
mentary File S1, showing that a “flatter-than-Gaussian” fitness peak (@) > 2) generates
negative dominance-by-dominance epistasis (a;; jx < 0), increasing inbreeding depres-
sion (by contrast, the first term of equation 17 representing the effect of dominance
is not affected by @)). In the absence of selfing, and neglecting the effects of genetic

associations among loci, one obtains (see Supplementary File S2 for derivation):

§~1—exp [—U (1+%)1 (27)

where the term in (@) — 2) /8 is generated by the term in ajy, j in equation 17. Although
this expression differs from equation 29 in Abu Awad and Roze (2018) — that was
obtained using a different method — both results are quantitatively very similar as
long as @ is not too large (roughly, @ < 6). Generalizations of equation 27 to arbitrary

o, and including the effects of pairwise associations between loci (for o = 0) are given
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in Supplementary File S2 (equations B40 and B54).

Evolution of selfing in the absence of epistasis. In Supplementary File S3, we
derive an expression for the change in the mean selfing rate o per generation, neglecting
the effects of epistatic interactions and associations between loci affecting fitness. This

expression can be decomposed into three terms:

AT = Aputo0 + Adepr0 + ApurgeT (28)
with:
Aquto0 R 11—_:3%’ (29)
Ngepr =2 a;; Dy, (30)
ij
Apurge? =2 a5 (D + Dy ) (31)
ij

where the sums are over all loci ¢ affecting the selfing rate and all loci j affecting fitness.
The term A,.,0 represents selection for increased selfing rates due to the automatic
transmission advantage associated with selfing (Fisher, 1941). It is proportional to
the variance in selfing rate after selection V, and vanishes when pollen discounting is
complete (k = 1). The second term corresponds to the effect of inbreeding depression.
It depends on coefficients a;; representing the effect of dominance at loci affecting
fitness; in particular, a;; < 0 when the average fitness of the two homozygotes at
locus j is lower than the fitness of heterozygotes (which is the case when the deleterious
allele at locus j is recessive or partially recessive). It also depends on associations Dij,j
that are shown to be positive at QLE, reflecting the fact that alleles increasing the
selfing rate tend to be present on more homozygous backgrounds. Finally, the last

term depends on coefficients a; representing directional selection for allele 1 at locus

18


https://doi.org/10.1101/809814

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

bioRxiv preprint doi: https://doi.org/10.1101/809814. The copyright holder for this preprint (which was not peer-reviewed) is the

author/funder. All rights reserved. No reuse allowed without permission.

7, and associations Dij and Di,j which are positive when alleles increasing the selfing
rate at locus ¢ tend to be associated with allele 1 at locus j, either on the same or
on the other haplotype. This term is generally positive (favoring increased selfing
rates), representing the fact that alleles coding for higher selfing increase the efficiency
of selection at selected loci (by increasing homozygosity), and thus tend to be found
on better purged genetic backgrounds, as explained in the Introduction (we show in
Supplementary File S3 that Dij and Di,j are also generated by other effects involving
the identity disequilibrium between loci i and j, when 0 <& < 1).

The variance in the selfing rate after selection V!, and the associations D;; ;,
Dij and Di,j can be expressed in terms of V, and of allele frequencies using the QLE
approximation described in the Methods. The derivations and expressions obtained
for arbitrary values of @ can be found in Supplementary File S3 (equations C31, C47,
C48, C55 and C64), and generalize the results given by Epinat and Lenormand (2009)
in the case of strong discounting (x = 1). When the mean selfing rate in the population

approaches zero, one obtains:

. 1.
VIia~V,, Diyj==Dipjiq, (32)

g

[\]

Poa Lt a5 (1—2p;)
T 2py = a; (1 - 2p5) (1 py

)[714' pig;, Dij~0. (33)
Using the fact that V, = 23", D;; under random mating (equation 7), equations 29 —

33 yield, for & ~ 0:

1—k

AautOE ~ Voa Adepra ~ _5 Vm (34)
where 6 = — (Z ey quj> /2 is inbreeding depression, neglecting the effect of inter-

actions between selected loci (see equation 17), while

1 v,
Aureaz E a.a/._i_a/.’. 1_2p Diq; _o 35
" Z{ TERE e RCATIRE Rtk
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where the sum is over all loci j affecting fitness, and where £ is the average over all
loci 7 affecting the selfing rate. Because Apyge0 is of second order in the selection
coeflicients (a;, a;;), it will generally be negligible relative to Agepr@ (which is of first
order in a; ), in which case selfing can increase if 6 < (1 — x) /2 (Charlesworth, 1980).
When @ > 0, Agep,0 is not simply given by 6 V,, (in particular, it also depends on the
rate of pollen discounting and on identity disequilibria between loci affecting the selfing
rate and loci affecting fitness, as shown by equation C31 in Supplementary File S3),
but it is possible to show that Agep,0 tends to decrease in magnitude as @ increases
(while A,u00 becomes stronger as @ increases), leading to the prediction that @ = 0
and @ = 1 should be the only evolutionarily stable selfing rates (Lande and Schemske,
1985).

As shown by equation 35, the relative importance of A0 should increase
when the strength of directional selection (a;) increases, when deviations from addi-
tivity (a;;) are weaker and when linkage among loci is tighter. In the case where
allele 1 at each fitness locus is deleterious with selection and dominance coefficients s
and h (and assuming that p; < 1) we have a; = —sh and a;; = —s (1 — 2h), while
pjq; ~ u/ (sh) at mutation-selection balance (where u is the per locus mutation rate

towards allele 1). In that case, equation 35 simplifies to:

1 Ve
s(1—-h)U-Z 36
pij +sh (1= pi) ( 105 (36)

Apurge0 = E

where U is the deleterious mutation rate per haploid genome and £ is now the average
over all pairs of loci ¢ and j. Figure 2A compares the prediction obtained from equa-
tions 34 and 36 with simulation results, in the absence of pollen discounting (k = 0),

and when alleles affecting the selfing rate have weak effects (o = 0.01). Simulations
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confirm that selfing may evolve when inbreeding depression is higher than 0.5 (due to
the effect of Apuge0), provided that the fitness effect of deleterious alleles is sufficiently
strong. The prediction for the case of unlinked loci (obtained by setting p;; = 0.5 in
equation 36) actually gives a closer match to the simulation results than the result
obtained by integrating equation 36 over the genetic map. This may stem from the
fact that equation 36 overestimates the effect of tightly linked loci. The effect of the
size of mutational steps at the modifier locus does not affect the maximum value of
inbreeding depression for which selfing can spread, as long as mutations tend to have
small effects on the selfing rate (compare Figure 2A and 2B). However, the relative
effect of purging (observed for high values of s) becomes more important when selfing
evolves by mutations of larger size (s = 0.3 in Figure 2C, while mutations directly
lead to fully selfing individuals in Figure 2D), in agreement with the results obtained
by Charlesworth et al. (1990) — note that our approximations break down when selfing
evolves by large-effect mutations.

In the case of multivariate Gaussian stabilizing selection acting on n traits
coded by biallelic loci with additive effects (equation 14) we have (to the first order
in the strength of selection 1/V;): a; = —¢; (1 —2p;) and a;; = —2g;, where ¢; =
S Tai?/ (2V4) is the fitness effect of a heterozygous mutation at locus j in an optimal
genotype. Assuming that polymorphism stays weak at loci coding for the traits under
stabilizing selection, so that (1 — 2pj)2 ~ 1, and using the fact that p;¢; ~ u/g; under
random mating (when neglecting interactions between loci), one obtains from equation

35:

36, V.
Aureﬁzé’{ J ]U—U 37
P pi; + < (1 — pij) 2 (37)

which is equivalent to equation 36 when introducing differences in s among loci, with
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h = 1/4 (note that the homozygous effect of mutation at locus j in an optimal genotype
is ~ 4¢;). When neglecting the term in ¢; in the denominator of equation 37, this

simplifies to:

35UV,
Apurgea ~ = °
2 Ph,oz

(38)

where ¢ is the mean heterozygous effect of mutations on fitness in an optimal genotype,
and where py . is the harmonic mean recombination rate over all pairs of loci ¢ and
j, where ¢ affects the selfing rate and j affects the traits under stabilizing selection.
Using the fitness function given by equation 15 (where @) describes the shape of the

fitness peak), equation 38 generalizes to:

302 (4U) -
A uree0 R b Vo- 39
e Ph,oz Qg ( )

Qv

(see Supplementary File S1), which increases as () increases in most cases. Therefore,
for a given value of inbreeding depression, a flatter fitness peak tends to increase
the relative importance of purging on the spread of selfing mutants in an outcrossing

population.

Effects of epistasis on the evolution of selfing. FExpressions for the change
in mean selfing rate @, including the effects of epistasis between pairs of selected
loci are derived in Supplementary File S4. Because the expressions quickly become
cumbersome under partial selfing, we restrict our analysis to the initial spread of selfing
in an outcrossing population (g &~ 0). The change in mean selfing rate per generation
now writes:

AT = Aputo0 + AdeprT + ALpT + Apyrge0 - (40)

As above, A,u00 represents the direct transmission advantage of selfing and is still
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given by equation 34 as o tends to zero. The term Agep, 0 corresponds to the effect of

inbreeding depression; taking into account epistasis between selected loci, it writes:
NaeprT =2 ;5 Dijj+2 Y ajijr Dijrn

i,J 1,j<k

+ 2 Z ajk (ngk + Dik,j) +2 Z Ajk,;j <Dijk,j + Dij,jk)

i,5<k 1,5,k

(41)

As shown in Supplementary File S4, expressing the different associations that appear
in equation 41 at QLE, to leading order (and when & tends to zero) yields Agep,0 =
—0'V,, where ¢’ is inbreeding depression measured after selection, that is, when the
parents used to produced selfed and outcrossed offspring contribute in proportion
to their fitness (an expression for ¢ in terms of allele frequencies and associations
between pairs of loci is given by equation B9 in Supplementary File S2). Indeed, what
matters for the spread of selfing is the ratio between the mean fitnesses of selfed and
outcrossed offspring, taking into account the differential contributions of parents due
to their different fitnesses. With epistasis, inbreeding depression is affected by genetic
associations between selected loci, and ¢ thus depends on the magnitude of those
associations after selection. Note that epistasis may also affect inbreeding depression
through the effective dominance a; ; and equilibrium frequency p; of deleterious alleles
(as described earlier), and these effects are often stronger than effects involving genetic
associations when epistasis differs from zero on average.

The new term Appo appearing in equation 40 represents an additional effect of

epistasis (besides its effects on inbreeding depression ¢), and is given by:

ALDE =2 Z ajk Dijk . (42)

ij<k
The association [?ijk represents the fact that the linkage disequilibrium Dj; between

loci j and k (generated by epistasis among those loci) tends to be stronger on hap-
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lotypes that also carry an allele increasing the selfing rate at locus i. Indeed, the
magnitude of D;;, depends on the relative forces of selection generating D;;, and recom-
bination breaking it, and selfing affects both processes: by increasing homozygosity,
selfing reduces the effect of recombination (e.g., Nordborg, 1997), but it also increases
“effective” epistasis, given that when a beneficial combination of alleles is present on
one haplotype of an individual, it also tends to be present on the other haplotype due
to homozygosity, enhancing the effect of fitness differences between haplotypes.

An expression for Dijk at QLE is given in Supplementary File S4, showing that
Dij1, is generated by all epistatic components (aj, @, Gk, ajrr and aj ). In the

case of uniformly deleterious alleles with fixed epistasis (equation 9), one obtains:

_ Caxa (2 + Pjk?) + €axd + (Caxd T 3€axa) [1 — 2pji (1 — pji)] V,
ALDJ ~ 5 Caxalld —~
Pijk — (]' - pzjk) (aj + ay + 6axa) 2

(43)

where £ is the average over all triplets of loci 4, j and &, p;j is the probability that at
least one recombination event occurs between the three loci 7, j and k& during meiosis
(note that the denominator is approximately p;j, when recombination rates are large
relative to selection coefficients), and where nq is the mean number of deleterious
alleles per haploid genome. Assuming free recombination among all loci (p;, = 1/2,

pijk = 3/4), equation 43 simplifies to:

eaxa

ALDE ~ (9€axa + 66axd -+ edxd) nd2 VU. (44)

Using Charlesworth et al.’s (1991) fitness function, equation 44 yields:

Arpa ~ [Bh (1 + h) ngl? % (45)

Finally, under stabilizing selection acting on quantitative traits (and assuming that
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recombination rates are not too small), one obtains:
24 pji”
Arp7 ~ & {ﬂ} = v, (46)

(where n is the number of selected traits) independently of the shape of the fitness
peak @, simplifying to (6U%/n) V, under free recombination (see Supplementary File
S4).

As in the previous section, the term A0 equals 2 ZZ 4 D,;j under random
mating and represents indirect selection for selfing due to the fact that selfing increases
the efficiency of selection against deleterious alleles. At QLE and to the first order in
ay,v coefficients, the linkage disequilibrium f),-j is given by (see Supplementary File S4
for derivation):

Dn’qu]'
pij — a; (1 —2p;) (1 — py;)

1

aj + a;; (1 —2p;)
(47)

+ Z [jkn + [ajrp + ajrge (1 —2p;)] [1 = 205 (1 — pji)]] Prear | -
k

The term on the first line of equation 47 is the same as in equation 33, representing
the fact that increased homozygosity at locus j improves the efficiency of selection act-
ing at this locus. Note that epistatic interactions may affect this term (in particular
when the average epistasis between selected loci differs from zero) through the selec-
tion coefficients a; and a;; as well as equilibrium allele frequencies p;. The term in the
second line of equation 47 shows that negative additive-by-dominance or dominance-
by-dominance epistasis between deleterious alleles increase the benefit of selfing, by
increasing the efficiency of selection against deleterious alleles in homozygous individ-

uals. In the case of unconditionally deleterious alleles with fixed epistasis, one obtains
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(to the first order in epistatic coefficients):

h{s(1—h)—3eaxana — [1 = 2pjx (1 — pjr)] (€axa + €dxd) Na] — 2€axama

A ur ea’wg
e pij — (1 = pij) a;

X Vo
SNg— .
19
(48)
Under free recombination, this simplifies to:
_ Vo
Apurged = [h[25 (1 — h) — (Teaxd + €dxd) Na] — 4€axand] sndz ) (49)

Under Gaussian stabilizing selection, the coefficients aji ; and aji ;i are small relative
to the other selection coefficients (as shown in Supplementary File S1), and the term
on the second line of equation 47 may thus be neglected (in which case Apyge0 is still
given by equation 38). With a flatter fitness peak (equation 15 with @) > 2), using the
expressions for aj ; and a;i ji given by equations A54 and A55 in Supplementary File

S1 yields:

U? 7(@-2)} (4U)5
A ur e_% 3+— A= VO’ 20
purgeC Ph,oz |: 4 Qg ( )

where the term in ) —2 between brackets corresponds to the term on the second line of
equation 47 (effects of additive-by-dominance and dominance-by-dominance epistasis).

Figure 3 shows the parameter space (in the x — ¢’ plane) in which an initially
outcrossing population (¢ = 0) evolves towards selfing, in the case of uniformly dele-
terious alleles (fixed epistasis, equation 9). Note that when selfing increased in the
simulations (green dots), we always observed that the population evolved towards self-
ing rates close to 1. Figures 3A—C show that negative e,yq or eqxq (the other epistatic
components being set to zero) slightly increase the parameter range under which selfing
evolves: in particular, selfing can invade for values of inbreeding depression ¢’ slightly

higher than 0.5 in the absence of pollen discounting (k = 0). Epistasis has stronger
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effects when negative e,.q and/or eqyq are combined with negative e,y,, as shown by
Figures 3D-F (we did not test the effect of negative ey, alone, as ¢’ is greatly reduced
in this case unless €,x, is extremely weak). The QLE model (dashed and solid curves)
correctly predicts the maximum inbreeding depression ¢’ for selfing to evolve, as long
as this maximum is not too large: high values of ¢’ indeed imply high values of U, for
which the QLE model overestimates the strength of indirect effects (in particular, the
model predicts that selfing may evolve under high depression, above the upper parts
of the curves in Figures 3D-F, but this was never observed in the simulations). In
all cases shown in Figure 3, the increased parameter range under which selfing can
evolve is predicted to be mostly due to the effect of negative epistasis on Apye0, the
effect of Appa remaining negligible. Finally, one can note that the maximum ¢’ for
selfing to evolve is lower with e,x, = —0.005, €.xqg = €axa = —0.01 (Figure 3E) than
with e,ca = —0.005, €axqg = —0.01, egxqa = 0 (Figure 3D). This is due to the fact that
negative e,.q and egyq have two opposite effects: they increase the effect of selection
against homozygous mutations (which increases Apyee@), but they also increase the
strength of inbreeding depression for a given mutation rate U (see Figure 1), decreas-
ing the mean number of deleterious alleles per haplotype nq associated with a given
value of ¢’ (which decreases Apuge0)-

Supplementary Figure S1 shows the effect of the size of mutational steps at
the selfing modifier locus, in the absence of epistasis (corresponding to Figure 3A),
and with all three components of epistasis being negative (corresponding to Figure
3E). Increasing the size of mutational steps has more effect in the presence of negative
epistasis, since negative epistasis increases the purging advantage of alleles coding for

more selfing (Apuge0), whose effect becomes stronger relative to A,u00 and Agep, &
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when modifier alleles have larger effects (as previously shown in Figure 2).

Figure 4 shows the results obtained under Gaussian stabilizing selection (equa-
tion 14) acting on different numbers of traits n, keeping the mean deleterious effect
of mutations < constant. Under stabilizing selection, inbreeding depression reaches an
upper limit as the mutation rate U increases (this upper limit being lower for lower
values of n), explaining why high values of ¢’ could not be explored in Figure 4. Again,
epistasis increases the parameter range under which selfing can invade (the effect of
epistasis being stronger when the number of selected traits n is lower), and the QLE
model yields correct predictions as long as inbreeding depression (and thus U) is not
too large. In contrast with the fixed epistasis model discussed above, the model pre-
dicts that Apyge0 stays negligible, the difference between the dotted and solid/dashed
curves in Figure 4 being mostly due to Appo: selfers thus benefit from the fact that
they can maintain beneficial combinations of alleles (mutations with compensatory
effects) at different loci. Interestingly, for n = 5 and sufficiently high rates of pollen
discounting k, selfing can invade if inbreeding depression is lower than a given thresh-
old, or is very high. The latter case corresponds to a situation where polymorphism is
important (high U) and where large numbers of compensatory combinations of alleles
are possible. Although the model predicts that the same phenomenon should occur
for higher values of n, it was not observed in simulations with n = 15 and n = 30,
except for n = 15 and x = 0.4. However, Supplementary Figures S2 and S3 show
that the evolution of selfing above a threshold value of § occurs more frequently when
the fitness peak is flatter (@) > 2), and when mutations affecting the selfing rate have
larger effects.

Finally, Figure 5 provides additional results on the effect of the number of se-
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lected traits n, for fixed values of the overall mutation rate U. Inbreeding depression
is little affected by epistatic interactions when n is large, while low values of n tend
to decrease inbreeding depression, explaining the shapes of the dotted curves showing
the maximum level of pollen discounting for selfing to spread, when only taking into
account the effects of the automatic advantage and inbreeding depression. The differ-
ence between the dotted and solid/dashed curves shows the additional effect of linkage
disequilibria generated by epistasis (Appa), whose relative importance increases as the
number of traits n decreases, and as the mutation rate U increases. Because U stays
moderate (U = 0.2 or 0.5), the analytical model provides accurate predictions of the

parameter range in which selfing is favored.

DISCUSSION

The automatic transmission advantage associated with selfing and inbreeding
depression are the two most commonly discussed genetic mechanisms affecting the
evolution of self-fertilization. When these are the only forces at play, a selfing mutant
arising in an outcrossing population is expected to increase in frequency as long as
inbreeding depression is weaker than the automatic advantage, whose magnitude de-
pends on the level of pollen discounting (Lande and Schemske, 1985; Holsinger et al.,
1984). However, because selfers also tend to carry better purged genomes due to their
increased homozygosity, several models showed that selfing mutants may invade under
wider conditions than those predicted solely based on these two aforementioned forces
(Charlesworth et al., 1990; Uyenoyama and Waller, 1991; Epinat and Lenormand, 2009;

Porcher and Lande, 2005b; Gervais et al., 2014). Our analytical and simulation results
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confirm that the advantage procured through purging increases with the strength of
selection against deleterious alleles and with the degree of linkage within the genome.
The simulation results also indicate that the verbal prediction, according to which mu-
tations causing complete selfing may invade a population independently of its level of
inbreeding depression (Lande and Schemske, 1985, p. 33), only holds when deleterious
alleles have strong fitness effects, so that purging occurs rapidly (Figure 2D).
Whether purging efficiency should significantly contribute to the spread of self-
ing mutants depends on the genetic architecture of inbreeding depression. To date,
experimental data point to a small contribution of strongly deleterious alleles to in-
breeding depression: for example, Baldwin and Schoen (2019) recently showed that
in the self-incompatible species Leavenworthia alabamica, inbreeding depression is not
affected by three generations of enforced selfing (which should have lead to the elimina-
tion of deleterious alleles with strong fitness effects). Previous experiments on different
plant species also indicate that inbreeding depression is probably generated mostly by
weakly deleterious alleles (Dudash et al., 1997; Willis, 1999; Carr and Dudash, 2003;
Charlesworth and Willis, 2009). Data on the additive variance in fitness within pop-
ulations are also informative regarding the possible effect of purging: indeed, using
our general expression for fitness (equation 8) and neglecting linkage disequilibria,
one can show that the additive component of the variance in fitness in a randomly
mating population (more precisely, the variance in W/W) is given by the sum over
selected loci of 2a;%p;q; (see also eq. A3b in Charlesworth and Barton, 1996), a term
which also appears in the effect of purging on the strength of selection for selfing
(equation 35). Although estimates of the additive variance in fitness in wild popula-

tions remain scarce, the few estimates of the “evolvability” parameter (corresponding
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to the additive component of the variance in W/W) available from plant species are
small, of the order of a few percents (Hendry et al., 2018). Note that strictly, the
effect of purging on the strength of selection for selfing is proportional to the quan-
tity Zj ajla; + a;; (1 —2p;)| p;q; (equation 35), which may be larger than Zj a;*p;jq;
(for example, in the case of deleterious alleles with fixed s and h, the first quantity
is approximately s (1 — h) U and the second shU). However, the small values of the
available estimates of > i a;%p;q;j, together with the experimental evidence mentioned
above on the genetics of inbreeding depression, indicate that selfing mutants probably
do not benefit greatly from purging. Nevertheless, it remains possible that the strength
of selection against deleterious alleles (a;) increases in harsher environments (Cheptou
et al., 2000; Agrawal and Whitlock, 2010), leading to stronger purging effects in such
environments.

The effects of epistasis between deleterious alleles on inbreeding depression and
on the evolution of mating systems have been little explored (but see Charlesworth et
al., 1991). In this paper, we derived general expressions for the effect of epistasis be-
tween pairs of loci on inbreeding depression and on the strength of selection for selfing,
that can be applied to more specific models. Our results show that different compo-
nents of epistasis have different effects on inbreeding depression: in particular, while
negative additive-by-additive epistasis tends to lower inbreeding depression by reducing
the frequency of deleterious alleles, negative additive-by-dominance and dominance-by-
dominance epistasis increase inbreeding depression by lowering the fitness of homozy-
gous offspring. Very little is known on the average sign and relative magnitude of these
different forms of epistasis. In principle, the overall sign of dominance-by-dominance

effects can be deduced from the shape of the relation between the inbreeding coefficient
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of individuals (F') and their fitness (Crow and Kimura, 1970, p. 80), an accelerating
decline in fitness as I increases indicating negative eqq. The relation between F' and
fitness-related traits was measured in several plant species; the results often showed
little departure from linearity (e.g., Willis, 1993; Kelly, 2005), but the experimental
protocols used may have generated biases against finding negative eqyq (Falconer and
Mackay, 1996; Lynch and Walsh, 1998; Sharp and Agrawal, 2016).

Most empirical distributions of epistasis between pairs of mutations affecting
fitness have been obtained from viruses, bacteria and unicellular eukaryotes (e.g., Mar-
tin et al., 2007; Kouyos et al., 2007; de Visser and Elena, 2007). While no clear con-
clusion emerges regarding the average coefficient of epistasis (some studies find that
it is negative, other positive and other close to zero), a general observation is that
epistasis is quite variable across pairs of loci. This variance of epistasis may slightly
increase inbreeding depression when it remains small (by reducing the efficiency of
selection against deleterious alleles, Phillips et al., 2000; Abu Awad and Roze, 2018),
or decrease inbreeding depression when it is larger and/or effective recombination is
sufficiently weak, so that selfing can maintain beneficial multilocus genotypes (Lande
and Porcher, 2015; Abu Awad and Roze, 2018). Besides this “short-term” effect on in-
breeding depression, the variance of epistasis also favors selfing through the progressive
buildup of linkage disequilibria that increase mean fitness (associations between alleles
with compensatory effects at different loci). Interestingly, this effect may allow selfers
to spread above a threshold value of the rate of mutation on traits under stabilizing
selection (Figures 4, S3). Is the variance of epistasis typically large enough, so that
this benefit of maintaining beneficial combinations of alleles may significantly help

selfing mutants to spread? Answering this question is difficult without better knowl-
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edge on the importance of epistatic interactions on fitness in natural environments.
Nevertheless, some insights can be gained from our analytical results: for example,
neglecting additive-by-dominance and dominance-by-dominance effects, equations 42
and D7 indicate that the effect of linkage disequilibria on the strength of selection for
selfing should scale with the sum over pairs of selected loci of a;x2p;q;prqr, which also
corresponds to the epistatic component of the variance in fitness in randomly mating
populations. Although estimates of epistatic components of variance remain scarce,
they are typically not larger than additive components (e.g., Hill et al., 2008), suggest-
ing that the benefit of maintaining beneficial multilocus genotypes may be generally
limited (given that the additive variance in fitness seems typically small, as discussed
previously).

A mixed mating system was never stably maintained in our simulations: the
selfing rate always evolved towards a value either close to zero or one. Using a de-
terministic model, Charlesworth et al. (1991) showed that in the presence of negative
epistasis between deleterious alleles, and when outcrossing is not stable, a selfing rate
slightly below one corresponds to the evolutionarily stable strategy (ESS). This can be
understood from the fact that negative epistasis favors non-zero rates of recombination
(e.g., Barton, 1995), while recombination becomes ineffective under complete selfing.
Similarly, Kamran-Disfani and Agrawal (2014) showed that selfing rates slightly below
one are selectively favored over complete selfing in finite populations, when deleterious
alleles occur at multiple loci: again, this probably results from selection for recom-
bination, generated by Hill-Robertson effects between selected loci (e.g., Barton and
Otto, 2005). Similar effects must have occurred in our simulations, although we did

not check that selfing rates slightly below one resulted from selection to maintain low
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rates of outcrossing, rather than from the constant input of mutations at selfing modi-
fier loci (this could be done by comparing the probabilities of fixation of alleles coding
for different selfing rates, as in Kamran-Disfani and Agrawal, 2014). It is possible that
mixed mating systems may be more easily maintained under changing environmental
conditions (for example, under directional selection acting on quantitative traits) than
under the stable conditions considered in the present paper; this represents an inter-

esting avenue for future research.
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Table 1: Parameters and variables of the model.

o Selfing rate
o, V, Mean and variance in the selfing rate in the population
K Rate of pollen discounting
ly Number of loci affecting the selfing rate
W, W Fitness of an individual, and average fitness
14 Number of loci affecting fitness
U Overall (haploid) mutation rate at loci affecting fitness
Djs G Frequencies of alleles 1 and 0 at loci affecting fitness
14 Number of loci affecting selected traits
ng Mean number of deleterious alleles per haploid genome
s, h Selection and dominance coefficients of deleterious alleles

€axa; Caxd, €dxd

Additive-by-additive, additive-by-dominance and

dominance-by-dominance epistasis between deleterious alleles

Strength of synergistic epistasis in Charlesworth et al.’s (1991)

5
model
n Number of quantitative traits under stabilizing selection
Vs Strength of stabilizing selection
Taj Effect of allele 1 at locus j on trait a
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Variance of mutational effects on traits under stabilizing
a2
selection
Q Shape of the fitness peak (equation 15)
Effect of selection on the sets U and V of loci present on the
ay,y maternally and paternally inherited haplotypes of an individual
(equation 8)
Genetic association between the sets U and V of loci present on
Dyy the maternally and paternally inherited haplotypes of an
individual (equation 4)
Pk Recombination rate between loci j and k
Uselr Mutation rate at loci affecting the selfing rate
02 Variance of mutational effects at loci affecting the selfing rate
o Inbreeding depression
o' Inbreeding depression measured after selection
F Inbreeding coefficient
Gk Identity disequilibrium between loci j and &
G Identity disequilibrium between freely recombining loci
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Figure 1. Inbreeding depression ¢ as a function of the selfing rate 0. A-C: effects of
the different components of epistasis between deleterious alleles, additive-by-additive
(eaxa), additive-by-dominance (€,.q) and dominance-by-dominance (e4yq) — in each
plot, the other two components of epistasis are set to zero. D: results obtained using
Charlesworth et al.’s (1991) fitness function, where /3 represents synergistic epistasis
between deleterious alleles (slightly modified as explained in Supplementary File S1).
Dots correspond to simulation results (error bars are smaller than the size of symbols),
and curves to analytical predictions from equations 23 and 26. Parameter values:
U =025 s = 0.05, h = 0.25. In the simulations N = 20,000 (population size)
and R = 20 (genome map length); simulations lasted 10° generations and inbreeding

depression was averaged over the last 5 x 10* generations.
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Figure 2. Evolution of selfing in the absence of epistasis. The solid curve shows
the maximum value of inbreeding depression o for selfing to spread in an initially
outcrossing population, as a function of the strength of selection s against deleterious
alleles (obtained from equations 34 and 36, after integrating equation 36 over the
genetic map), while the dashed curve corresponds to the same prediction in the case
of unlinked loci (obtained by setting p;; = 1/2 in equation 36). Dots correspond to
simulation results (using different values of U for each value of s, in order to generate a
range of values of §). In the simulations the population evolves under random mating
during the first 20,000 generations (inbreeding depression is estimated by averaging
over the last 10,000 generations); mutation is then introduced at the selfing modifier

locus. A red dot means that the selfing rate stayed below 0.05 during the 2 x 10°
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generations of the simulation, while a green dot means that selfing increased (in which
case the population always evolved towards nearly complete selfing). Parameter values:
k=0, h =0.25, R = 10; in the simulations N = 20,000, Uss = 0.001 (mutation rate
at the selfing modifier locus). In A, the standard deviation of mutational effects at the
modifier locus is set to o = 0.01, while it is set to e = 0.03 in B, and to ogr = 0.3
in C. In D, only two alleles are possible at the modifier locus, coding for ¢ = 0 or 1,

respectively.
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Figure 3. Evolution of selfing with fixed, negative epistasis. The different plots
show the maximum value of inbreeding depression ¢’ (measured after selection) for
selfing to spread in an initially outcrossing population, as a function of the rate of
pollen discounting . Green and red dots correspond to simulation results and have

the same meaning as in Figure 2 (¢’ was estimated by averaging over the last 10,000

generations of the 20,000 preliminary generations without selfing, simulations lasted
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2% 10° generations). The dotted lines correspond to the predicted maximum inbreeding
depression for selfing to increase obtained when neglecting Appo and Apyeeo (that is,
0 = (1 — k) /2), the dashed curves correspond to the prediction obtained using the
expressions for Aypo and Apyee0 under free recombination (equations 44 and 49),
while the solid curves correspond to the predictions obtained by integrating equations
43 and 48 over the genetic map (the effect of Appa is predicted to be negligible relative
to the effect of A0 in all cases). To obtain these predictions, the relation between
the mean number of deleterious alleles per haplotype nq (that appears in equations
43-44 and 48-49) and ¢’ was obtained from a fit of the simulation results. A: e,z =
€axd = €dxd = 0; B! €axa = €axa = 0, €axa = —0.01; C: €axa = €axa = 0, €axa = —0.01;
D: eaa = —0.005, e4eq = —0.01, eqeqa = 0; E: eqya = —0.005, €40qg = €gxqg = —0.01; F:
Charlesworth et al.’s (1991) model with 8 = 0.05. Other parameter values: s = 0.05,
h =0.25, R = 20; in the simulations N = 20,000, Usys = 0.001 (mutation rate at the
selfing modifier locus), gy = 0.03 (standard deviation of mutational effects at the

modifier locus).
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Figure 4. Evolution of self-fertilization under Gaussian stabilizing selection. The
three plots show the effects of inbreeding depression ¢’ (measured after selection) and
pollen discounting (parameter k) on the evolution of self-fertilization, for different
numbers of traits under selection (n = 5, 15 and 30). Green and red dots correspond to
simulation results and have the same meaning as in Figures 2 and 3 (0’ was estimated
by averaging over the last 10,000 generations of the 20,000 preliminary generations
without selfing, simulations lasted 5 x 10* generations). The fact that inbreeding
depression reaches a plateau as U increases (at lower values of §' for lower values of
n) sets an upper limit to the values of ¢’ that can be obtained in the simulations. The
dotted lines correspond to the predicted maximum inbreeding depression for selfing

to increase obtained when neglecting A;pg and Apyeeo (that is, ¢’ = (1 — k) /2), the
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dashed curves correspond to the prediction obtained using the expression for Appo
under free recombination (that is, 60UV, /n, see equation 46), while the solid curves
correspond to the predictions obtained by integrating equation 46 over the genetic
map (the effect of Apyee0 is predicted to be negligible relative to the effect of Apo).
To obtain these predictions, the relation between U and ¢’ was obtained from a fit of
the simulation results. Other parameter values: < = 0.01, R = 20; in the simulations
N = 5,000, Usrr = 0.001 (overall mutation rate at selfing modifier loci), oy = 0.01

(standard deviation of mutational effects on selfing).
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Figure 5. Evolution of self-fertilization under Gaussian stabilizing selection. The two
plots show the effect of the number of traits under selection n and pollen discounting
(parameter k) on the evolution of self-fertilization for two values of the mutation rate
on traits under stabilizing selection (U = 0.2 and 0.5). Green and red dots correspond
to simulation results and have the same meaning as in the previous figures. The dotted
curves show the maximum value of pollen discounting « for selfing to increase obtained
when neglecting Apg and A0 (that is, & = (1 — k) /2), while the dashed and
solid curves correspond to the predictions including the term Appa (from equation
46) under free recombination (dashed) or integrated over the genetic map (solid). To
obtain these predictions, the relation between n and ¢ was obtained from a fit of the
simulation results. Other parameter values: < = 0.01, R = 20; in the simulations
N = 5,000, Ugyr = 0.001 (overall mutation rate at selfing modifier loci), oy = 0.01

(standard deviation of mutational effects on selfing).
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