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Phylogenies indicate that the transition from outcrossing to selfing is frequent, with selfing populations being more prone to

extinction. The rates of transition to selfing and extinction, acting on different timescales, could explain the observed distributions

of extant selfing species among taxa. However, phylogenetic and theoretical studies consider these mechanisms independently,

that is transitions do not cause extinction. Here, we theoretically explore the demographic consequences of the evolution of

self-fertilization. Deleterious mutations and mutations modifying the selfing rate are recurrently introduced and the number

of offspring depends on individual fitness, allowing for a demographic feedback. We show that mutational meltdowns can be

triggered in populations evolving near strict selfing. Populations having survived a demographic crash are more stable than

ancestral outcrossing populations once deleterious mutations are purged. The relatively rapid time-scales at which extinctions

occur indicate that during evolutionary transitions the accumulation of deleterious mutations may not be the cause of extinctions

observed on longer time scales, but could lead to the underestimation of transition rates from outcrossing to selfing.
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The transition from predominantly outcrossing to self-fertilizing
reproductive systems is one of the most commonly observed and
well documented of evolutionary transitions (Schoen et al. 1997,
Goldberg et al. 2010; Igic and Busch 2013; Barrett et al. 2014).
The seeming unidirectionality of this evolutionary change (Igic
and Busch 2013) renders the relatively low frequency of pre-
dominant selfing in flowering plants (= 11% Wright et al. 2013)
somewhat paradoxical. Indeed, it has long been suggested that
self-fertilization is an evolutionary dead-end (Takebayashi and
Morrell 2001; Igic and Busch 2013). Recent phylogenetic stud-
ies on diversification rates of flowering plants have supported
this hypothesis. Results show lower net diversification rates of
self-fertilizing species compared to that of their outcrossing sister
taxa due to higher extinction rates (Schoen et al. 1997; Goldberg
et al. 2010; Igic and Busch 2013). These phylogenetic results are
supported by numerous theoretical investigations regarding the
evolution of selfing and the effect of self-fertilization on the via-
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Extinction, inbreeding, mating systems, models/simulations, mutations, population genetics.

bility of populations. The genetic consequences of the evolution of
self-fertilization can be summarized by two main points: (1) The
reduction of the effective population size (noted N,, Wright et al.
2013) due to a reduced genetic diversity, which leads to weaker
selection against deleterious mutations and weaker selection for
beneficial mutations; and (2) The reduction of effective recom-
bination and the increase of the Hill-Robertson effect (Kamran-
Disfani and Agrawal, 2014). The combined effects of decreased
genetic variation (i.e., lower adaptive potential, Glémin and Ron-
fort 2013) and reduced efficiency of recombination (leading to
the accumulation of deleterious mutations, Lynch et al. 1995;
Abu Awad et al. 2014) are expected to, in the long term, lead to
the extinction of self-fertilizing populations.

However, all these theoretical approaches suppose that the
evolution from outcrossing to selfing and the extinction of selfing
populations are independent, that is transitions from outcrossing to
selfing do not affect population viability per se. On the one hand,
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existing models studying the extinction of self-fertilizing popula-
tions have done so considering selfing as a fixed parameter and
not a variable (Lynch et al. 1995; Abu Awad et al. 2014), while the
change in reproductive systems can be relatively fast (Barrett et al.
2008; Shimizu and Tsuchimatsu 2015), implying that the evolu-
tionary transition and its ecological consequences can occur on
the same timescale. On the other hand, works examining the evo-
lution of mating systems showed that, providing that inbreeding
depression is sufficiently low and that populations are constantly
at their ecological and demographic equilibrium, an outcrossing
population will always be invaded by a self-fertilizing mutant (due
to Fisher’s automatic advantage, Fisher 1941; Charlesworth and
Charlesworth 1987; Charlesworth et al. 1990; Cheptou and Dieck-
mann 2002; Porcher and Lande 2005). Any potential feed-back
between the genetic and demographic states of populations during
the transition from outcrossing to selfing is therefore neglected.
This is especially problematic since we know that the evolution of
self-fertilization is accompanied by the purge of deleterious mu-
tations (Charlesworth et al. 1990; Gervais et al. 2014), which may
have demographic consequences. The question of whether the
transition from outcrossing to selfing allows for the necessary de-
mographic and genetic conditions for population extinction arises.
If a viable outcrossing population evolves towards a selfing repro-
ductive system is its probability of extinction increased? Or are
only initially demographically unstable populations susceptible?
It has been proposed that the purge of deleterious mutations can
influence population size (Abu Awad et al. 2014). However, the
speed at which the purge occurs may have different consequences:
if it is very efficient then population size will immediately in-
crease with the selfing rate; if it is not, populations may suffer
a decrease in size due to the introduction of inbred (hence less
fit) individuals. Another unanswered question is whether or not
initially outcrossing populations could naturally evolve to rates
of self-fertilization high enough to trigger a mutational meltdown
(Barrett 2010). To answer these questions, models considering the
joint evolution of self-fertilization, mutation load, and population
size are necessary.

Here, we propose a model where recurrent deleterious muta-
tions impact individual fitness (i.e., the reproductive rate) and con-
sequently population size. Mutations promoting self-fertilization
are also introduced recurrently at a modifier locus in an initially
outcrossing population at mutation-selection-drift balance. As the
genetic architecture and the strength of mutations affecting self-
ing rates seem to be variable (Barrett et al. 2008), we consider
two modes of the evolution of self-fertilization. We either contin-
uously introduce mutations drawn from a distribution at the mod-
ifier locus so that selfing can evolve to any rate between 0 and 1
(Cheptou and Dieckmann 2002; Epinat and Lenormand 2009), or
we consider the recurrent introduction of a single type of modifier
with a fixed and strong effect on the selfing rate (Charlesworth

et al. 1990; Gervais et al. 2014). We compare the two models
for the evolution of self-fertilization, noting their respective de-
mographic and genetic consequences, such as the mutation load
and effective relative census population size, thus evaluating the
importance of demographic feedback. Finally, we explore the im-
portance of demographic parameters such as the reproductive rate
and the carrying capacity.

Model

Both the deterministic and simulation models stem from those
presented in Abu Awad et al. (2014). We model a population of
hermaphroditic individuals of varying size N,, given by

Nr = Nt—lRt—l (1)

with R; the absolute fitness defined as

-

Rt:ro TWM ()

where r( is the intrinsic reproductive rate. Reproduction is as-
sumed density-dependent (K is the carrying capacity) and the
relative fitness W, at generation ¢ is assumed density-independent
(Chevin and Lande 2010). For an equilibrium relative fitness Wy,
(i.e., at mutation-selection balance) and in the absence of demo-
graphic and genetic stochasticity, the deterministic population size
Nyer 18

3)

Ln(W,
ng,:K<l+M>.

Ln(ro)

A population with a relative fitness equal to or below Wy, < ri”
is not viable as Ng,; < 0.

An approximation of the mean relative fitness W, at
mutation-selection balance in a large population with an infi-
nite number of selected loci can be obtained for a given set of
demographic and genetic parameters (the haploid mutation rate
U, the coefficient of selection s and the dominance /, and the self-

fertilization rate o) and taking into account the effects of linkage
disequilibrium (eq. 11 from Roze (2015)):
4h 4+ o(1 — 4h)

20
2h+a(1—2h)(1+11)+2—a12} @

Waer = (1 + IZ)EXP|: -U

with I} =2U(1 —h)(1 = 2m) 32T, L = U*(1 —2h)*T and

T = 20(1—a)
T (@4—d2hta(1-2n)] "

Similarly, we use Roze’s (2015) approximation for inbreed-
ing depression with linkage disequilibrium (eq. 14 in Roze 2015)
to determine the genetic parameters for which self-fertilization
could evolve:

bger = 1— [1+2)E v a2 6
det = 4| 2+ ol —2h) RSl b
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SIMULATION MODEL

To follow both the evolution of the selfing rate and its de-
mographic consequences, we used an individual-centred model
version of the deterministic model presented previously writ-
ten in C++4 and available on the Dryad Digital Reposi-
tory: http://doi.org/10.5061/dryad.ss553. We consider a popula-
tion with diploid hermaphroditic individuals and discrete non-
overlapping generations, with a variable population size and a
stable environment. The life cycle is as follows: mutation, selec-
tion, meiosis, and reproduction. At a given time ¢, population size
N, is given by

Nt—l
N =) X, ©6)

i=1
where X! is the number of viable offspring an individual i at time
t contributes via the female function to the next generation. Xf

N

is sampled from a Poisson distribution with mean R! = W/r, *

(the individual reproductive rate), where Wf is the individual’s rel-
ative fitness. Fitness is multiplicative and depends on the number
of homozygous (n;,) and heterozygous (n;.) deleterious muta-
tions, with a coefficient of selection s and dominance #, carried
by an individual i given by

Wi = (1 —s)" (1 — hs)". ©)

The genetic properties of this model are modeled as in Roze
(2009) and Abu Awad et al. (2014). We consider that each indi-
vidual is represented by two homologous chromosomes of length
2D with a potentially infinite number of loci. The map length
is considered to be D from the center of the chromosome to
the edge, hence representing a chromosome with a defined cen-
tromere. Near the centromere, we have included a modifier locus
that affects the rate of self-fertilization as well as a neutral locus
linked to the modifier. There are also two neutral loci integrated
within the chromosome (at positions — g and g) that recombine.
Recombination occurs during gamete production and is consid-
ered to be uniform along the chromosome. New individuals are a
combination of two gametes, either from two different individuals
via outcrossing, or the same individual via selfing.

The number of new deleterious mutations occurring per chro-
mosome per generation, is sampled from a Poisson distribution
with mean U, where 2U is the genomic mutation rate. Their
position on the chromosome is sampled from a uniform distri-
bution in [— D, D]. For simplicity we first consider that all dele-
terious mutations have the same coefficient of selection s and
dominance h. To evaluate the effect of the variance in muta-
tional effects on fitness, certain parameter sets were run using
a modified version of the script provided in Roze (2015), in
which the coefficient of selection is drawn from a log-normal
distribution (with mean . and variance o> and density function
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d(s) = exp[—(Log(s) — n)?/(26)*1/(so~/27), truncated at s = 1
(an approximation of Fisher’s geometric landscape model). We
assume that the heterozygous effect 1 is constant, making s and &
negatively correlated (i.e., very deleterious mutations are reces-
sive). The distribution of the dominance coefficients (A = n/s)
is given by (h) = (n/h>)d(n/ h). Self-fertilization of an ovule
produced by individual i occurs with probability ! and is given
by

o = %W, | ®)

. o W,/
ag W) + (1 — op) =]

where o is the proportion of an individual’s male gametes that are
available for self-fertilization. The probability of self-fertilization
depends on the individual’s relative fitness W/ compared to the av-
erage relative fitness of the other possible fathers in the population
(%). The lower an individual’s relative fitness as a father, the
lower the proportion of offspring produced via selfing. The pro-
portion of an individual’s offspring produced by self-fertilization
is sampled from a binomial distribution with parameters o/ and
X!. When oo = 0 the population is strictly outcrossing and the
population is automatically considered nonviable if N, < 2. When
outcrossing occurs, a father, say individual j, is randomly chosen
among all possible individuals, except the focal individual to be
sired. It successfully sires the focal individual with probability
W;. A father is drawn until fertilization is successful, hence there
is no limitation in the availability of male gametes.

We explore two modes of transition from outcrossing to a
self-fertilizing reproductive regime by introducing one of two
types of modifiers: (1) The rate of selfing of a new allele intro-
duced at the modifier locus via mutation is drawn from a uniform
distribution in [0y — d, a9 + d], hence centered around the self-
fertilization rate o (eq. 8) of the mutant’s parent, the new allele
inducing a change in the selfing rate oy of mean O and variance
‘13—2. In this mode of transition, the rate of self-fertilization can
evolve anywhere between 0 and 1 until it reaches an evolutionary
stable strategy (ESS); and (2) To estimate the effect of the selfing
rate induced by mutations at the modifier locus an allele resulting
in a fixed selfing rate w,, is introduced recurrently, with no back
mutations, thus only increasing the selfing rate. In both models,
alleles at the modifiers locus are codominant.

Initial conditions, measured variables, and parameters
run

Populations start at size K, with no deleterious mutations and
monomorphic neutral loci. Deleterious and neutral mutations
are then introduced and simulations are run until the popu-
lation reaches mutation-selection-drift balance or goes extinct.
Mutation-selection-drift balance is assumed to be reached when

mean relative fitness W, over one thousand generations varies by
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less than 1 per cent compared to the average W, of the previous
thousand generations. Once the equilibrium is reached, mutations
are introduced at the modifier locus. Simulations are then run
until population extinction or, once a new equilibrium is reached
(the selfing rate and fitness become stable), for at least a further
100 thousand generations. So as to determine the genetic and de-
mographic properties (e.g., the probability of extinction) of fully
outcrossing populations, as well as to evaluate consequences of
the selfing rate versus the consequences of the transition from
outcrossing to a given selfing rate, simulations in which no muta-
tions are introduced at the selfing modifier locus are also run for
150 thousand generations.

Population size, mean fitness (using eq. 7), inbreeding de-
pression, effective population size, and the effective rate of self-
fertilization are measured each generation. The mean and standard
deviation of all these variables are estimated (conditioned on sur-
vival of the population) over one thousand independent replicates
for each parameter set. Inbreeding depression 8, is estimated by
generating one selfed and one outcrossed offspring from a sample
of 200 individuals. If the population size N, is smaller than 200
then the entire population is sampled. To estimate the effective
population size N,, as we consider that the neutral loci follow an
infinite allele model, we use the expression for the expected mean
frequency of heterozygotes H, using the infinite alleles model in
a population of effective size N, (Gale 1990, p. 325):

4N,

_ AN 9

e

where | is the mutation rate at the locus considered. From our
simulations, we can calculate H, at each neutral locus using

Ho=1-) pj. (10)
i=1

(with na the number of alleles segregating at the neutral locus
and p; the frequency of allele i in the population at that locus).
We also measure the diversity at the neutral locus linked to the
modifier to asses the contribution of the recurrent introduction
of mutations at the modifier of the self-fertilization rate on the
observed N,.

We ran simulations for intrinsic reproductive rates ro = 2, 4,
and 10, with a haploid genomic rate U between 0.1 and 0.3 for
ro = 2 (as for higher values of U all populations go extinct) and
U between 0.1 and 0.6 for the other values of ry. Mutations in
simulations run with fixed values of s and & were either mildly
deleterious or very deleterious (coefficient of selection s = 0.02
and 0.2), and with either completely recessive with 7 =0 or
moderately recessive (& = 0.1 and 0.2). In simulations where the
coefficient of selection of new mutations is sampled from a log-
normal distribution, as in Roze (2015), the mean and variance
of the distribution are ~ —3.316 and 0.8, respectively, resulting

in a mean coefficient of selection s = 0.05 and & = 0.25 (the
mean of the product sk is therefore n =~ 0.00659). The recom-
bination rate D is set at 10, as D over 10 has very little effect
on the results (Roze 2012), even though selective interference
is expected when there is selfing (Roze 2015). The mutation at
the neutral loci is set at 1073, At the modifier locus, two mu-
tation rates are simulated, 10~3 and 1073. For the evolution of
self-fertilization to an ESS (mutations are drawn from a uniform
distribution [ag — d, oy + d]), simulations were run with new al-
leles introduced at the modifier locus having an effect range d
of 0.01, 0.1, 0.5, and 0.9 (giving means around the initial selfing
rate of 0 and variances 3.10~%, 3.1073, 0.08, and 0.27, respec-
tively). When selfing evolves due to a single type of mutant allele
at the modifier locus with selfing rate a,,, simulations are run
for different o, = 0.1, 0.3, 0.6, 0.9, 0.95, and 0.99. Simulations
without the evolution of selfing are run for fully outcrossing popu-
lations (o = 0) and values oy set at the same values as those used
for a,,.

Results

Our goal is to investigate the demographic consequences of the
evolution of self-fertilization under different scenarios. First, we
explore the expected demographic and genetic properties of popu-
lations without the evolution of self-fertilization, notably popula-
tion size (which directly reflects population fitness, see equations
(3) and (6)) and inbreeding depression. We compare simulation
results with analytical expectations detailed in the previous sec-
tion and from previous theoretical works (Roze 2015). We then
allow the evolution of self-fertilization using two approaches: (1)
Self-fertilization is allowed to evolve freely until it reaches an
evolutionary stable strategy (ESS) and (2) A modifier with a large
fixed effect is introduced recurrently into the population and can
go to fixation. Finally, we touch on the evolution of the effective
population size during and after the transition from an outcrossing
to a self-fertilizing reproductive system and discuss the effects of
the demographic parameters (the intrinsic reproductive rate ry and
the carrying capacity K) on population persistence.

We briefly summarize the results obtained from simulations
for different parameter sets in Table 1, taking into account the
initial (before the evolution of selfing) and final (after the evo-
lution of selfing) states of populations depending on the genetic
and demographic parameters. Initial outcrossing populations are
either stable or unstable: Stable populations are those that are
not expected to go extinct in a relatively short-time frame as all
simulations result in viable populations for at least 150 thou-
sand generations. Unstable populations are those susceptible to
extinction due to demographic and genetic stochasticity within
a relatively short-time frame (at least one out of one thousand
simulations resulted in extinction).
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Table 1. Summary of simulation results for stable and unstable populations depending on the form of evolution of self-fertilization

(continuous or with a single effect modifier).

Initial status Parameter sets

Evolution of selfing

Final status Details

Stable High r¢ and/or low U Evolution to ESS Extinction (low s) Evolutionary suicide
Stable (high s) Larger population sizes and
higher fitness
Modifier of fixed effect  Stable Larger population sizes and
higher fitness
Unstable Low ro and/or high U, low s Evolution to ESS Extinction Evolutionary suicide
Modifier of fixed effect ~ Stable Evolutionary rescue
Extinction Demographic consequences of
the purge of deleterious
mutations during transition
1.00{A T T 10000{B
h=0 o’
~m
= e S o
2075 T o 750002 . o
& o 3 U=03 .-=*" e
a, -3, e '
@ 8 < - ey
o A v ° e “n
bDO 50 h=01"® - o] 5000 U=04 .- . e
c % — P o )
G r'e 2 o5 _.® . ‘. ’2
: v S 500, |
5025 25001, .8 ,,
= h=02 pors
0.00 0 .
0.0 0.2 0.4 0.6 0.00 025 050 0.75 1.00

Deleterious mutation rate

Self-fertilization rate

Figure 1. Genetic and demographic properties of populations without the evolution of self-fertilization. (A) Observed mean inbreeding
depression over all the simulations run (1000) and conditioned on survival (points) in completely outcrossing populations (¢ = 0) as
a function of the haploid mutation rate (U) for different coefficients of dominance (h =0, 0.1 and 0.2). Deleterious mutations have
coefficients of selection s = 0.02 (circles) or s = 0.2 (squares), and ro = 10, K = 10, 000. Lines represent analytical expectations from
equation (5). (B) Mean population size over all the simulations run and conditioned on survival as a function of the self-fertilization rate.
The points are simulation results and the full gray lines the deterministic expectations from equation (3), replacing Weq with Wyt from

equation (4). ro =4, K = 10,000, s = 0.02, h = 0.2.

FIXED SELF-FERTILIZATION RATES

In Figure 1, we show that the expected inbreeding depression
and population size at mutation-selection equilibrium for pop-
ulations with fixed rates of self-fertilization are well predicted
by the analytical terms in equations (3), (4), and (5). When mu-
tations are completely recessive (h = 0, see Fig. 1A), inbreed-
ing depression is much higher than 0.5 and self-fertilization is
not expected to evolve in such populations. With partially re-
cessive mutations, inbreeding depression can be low enough to
allow the evolution of selfing, provided the deleterious muta-
tion rate is small enough (U <0.2 for h =0.1 and U <0.5
for 1 = 0.2). For levels of inbreeding depression slightly higher
than 0.5, the purging provoked by the recurrent introduction
of selfing modifiers, as well as the consequences of genetic
drift in small populations, could facilitate the evolution of self-
fertilization.
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In Figure 1B, we show that population size increases with
the selfing rate (as deleterious mutations are better purged) and
decreases with the deleterious mutation rate U. If the deleteri-
ous mutation rate is too high, or the reproductive rate too low,
populations may be nonviable (the expected population size at
equilibrium N, is negative). From Figure 1B, one can expect
that population size should increase as the mean selfing rate in-
creases during the transition from outcrossing to selfing because
of purging, but only if the demographic effects of purging are neg-
ligible, which, as we show below, is not always the case. However,
even if the effects of purging are negligible, if the coefficient of
selection is too small (i.e., s = 0.02), populations that evolve to
very high selfing rates are expected to go extinct as all simulations
run for a selfing rate o > 0.98 and s = 0.02 resulted in extinc-
tion (even for low deleterious mutation rates and high intrinsic
reproductive rates).
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EVOLUTION OF SELFING RATES TO THE ESS

We investigate the ESS of the selfing rate by introducing muta-
tions at a selfing modifier locus in an initially fully outcrossing
population. The effects of these mutations are drawn from a uni-
form distribution centered around the modifier’s current selfing
rate. New alleles introduced at the modifier locus can therefore
either decrease or increase the self-fertilization rate. We follow
the evolution of self-fertilization until we either reach an ESS
(defined as the stabilization of both the self-fertilization rate and
population fitness) or the population goes to extinction.

In populations where self-fertilization evolves (8 is suffi-
ciently low, i.e. U is not too high and /& > 0, see Fig. 1), the
observed rate of self-fertilization is not far from the expected ESS
of selfing rate o = 1 (the mean observed selfing rate & ~ 0.98,
Fig. 2). The coefficient of selection s influences the time needed
for populations to purge their deleterious load and reach the ESS,
as well as the viability of populations once the ESS value of self-
ing is reached (Fig. 2A). In the first phase, population size (hence
fitness) increases and inbreeding depression decreases with the
selfing rate. Once the ESS of the selfing rate is attained, popu-
lations either remain viable, or, if the coefficient of selection is
small (i.e., s = 0.02), deleterious mutations accumulate (Fig. S1),
leading to extinction (bottom frame of Fig. 2A). Extinction occurs
relatively fast once the ESS of the selfing rate is reached, with
the average time to extinction being situated between 2000 and
40, 000 generations depending on the parameter set considered
(for the parameter set shown in Fig. 2, extinction occurs within
2500 generations for s = 0.02). As expected from the simulations
run with a fixed selfing rate oy = 0.99 (Fig. 1B), eventually all
populations in which deleterious mutations have a small coeffi-
cient of selection go extinct after the evolution of high selfing
rates. This remains true for simulations run with a very small ef-
fect range of mutations at the selfing modifier locus (d = 0.01)
and also in the case of a coefficient of selection of deleterious
mutations sampled from a distribution, with mean s = 0.05 and
h = 0.25 (even for low deleterious mutation rates and high intrin-
sic reproductive rates, Fig. S2). Decreasing the mutation rate at the
modifier locus (u = 107>, Fig. S3) increases the time necessary
for populations to evolve selfing rates high enough to trigger the
accumulation of deleterious mutations, but has no effect on the
probability of extinction (i.e., all populations go extinct). Once
again, when high selfing rates evolve, time to extinction is rela-
tively short.

In Figure 2B, we examine how the change of the selfing
rate affects population genetics in comparison to expectations
from population genetics models. More specifically we follow
the changes in mean population fitness and inbreeding depression
conditioned on survival, not as a function of time, but of the mean
selfing rate &,. When compared to the expected relationship be-
tween the rate of self-fertilization and these two variables (fitness

and inbreeding depression) under the model with infinite loci and
linkage disequilibrium (eqs. 4 and 5), we find that as the rate of
self-fertilization increases, the genetic properties of populations
are well predicted by the analytical expressions from equations
(4) and (5) (represented by the line with the black contour in Fig.
2B), except for s = 0.02 where fitness plunges at high selfing
rates.

Despite the recurrent introduction of mutations at the selfing
modifier locus that could decrease the selfing rate, these do not go
to fixation, hence implying that the evolution to high selfing rates
is irreversible. The same patterns are observed for mutations of
a larger range of effects at the modifier (greater values of d, Fig.
S4), the main differences being a faster evolution to the ESS and,
for mildly deleterious mutations (i.e., s = 0.02), shorter times to
extinction due to the accumulation of deleterious mutations once
at the ESS or extinction due to the demographic consequences of
the purging of deleterious alleles (discussed below).

MODIFIERS WITH LARGE FIXED EFFECT

In the previous section, self-fertilization was allowed to evolve
freely and continuously toward the ESS. However, as it is possible
that selfing can evolve from a single effect mutation, we also
explore the consequences of introducing recurrent mutations of a
strong effect at the selfing modifier locus. The consequences of
the introduction of such mutations depends on the demographic
state of the initial outcrossing population, as different parameter
sets can lead to either stable or unstable populations (Table 1).
We define the former as populations that are part of a parameter
set for which all simulations result in viable populations in the
observed time frame and the latter are populations that are part of
a parameter set in which at least one population out of the 1000
simulated goes extinct before 150 thousand generations due to
demographic stochasticity.

As predicted in Figure 1B, population size at equilibrium
is higher once the alleles increasing the selfing rate are fixed at
the modifier locus due to a lower mutational load (hence higher
population fitness) than in the initial ouctrossing population. In
simulations run with s = 0.02 population size does not immedi-
ately increase as the selfing rate increases, but there is an initial dip
(resp. peak) in population size (resp. inbreeding depression, see
Fig. 3). This leads to an initial deviation from analytical expec-
tations regarding the relationship between self-fertilization and
the genetic properties of populations that is accentuated by the
mutants’ selfing rate a,, (Fig. 3B). This pattern (dip and peak of
fitness) is not observed for s = 0.2 (Fig. S5).

The dip in population size is due to the demographic conse-
quences of the purge: as individuals self-fertilize, they produce a
portion of nonviable offspring carrying deleterious mutations at
the homozygous state. As the selfing rate increases, this portion of
nonviable offspring increases, further decreasing the reproductive
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Figure 2. The demographic and genetic consequences of the evolution of self-fertilization to an ESS for mildly (s = 0.02, gray lines) and
strongly (s = 0.2, black lines) deleterious mutations in stable populations with ro =4, K = 10000, U = 0.4, h = 0.2, with a range of the
effect of mutations at the modifier set at d = 0.1 and the mutation rate at the modifier . = 10~3 using results from 1000 simulations
run for each parameter set. (A) From top to bottom: Changes with time in the mean selfing rate, the mean population size, inbreeding
depression over all simulations run conditioned on survival, and the percentage of surviving populations, that is simulations that have
not (yet) resulted in extinction at a given time. (B) The change in mean fitness and inbreeding depression during the evolution of self-
fertilization over all the simulations run and conditioned on survival. The line with the black contour represents analytical expectations

using equations (4) and (5).

rate and hence population size, until the mutations have been
purged and the population is at mutation-selection equilibrium,
after which populations go to their equilibrium size. A tempo-
rary increase of inbreeding depression could be explained by two
phenomena: the purging of deleterious mutations and the poten-
tially independent origins of selfing lineages. The latter hypothe-
sis seems to contribute little to this observation, as the amplitude
of the peak in the level of inbreeding depression is not greatly
affected by the mutation rates at the modifier locus and results
indicate that selfing lineages probably originate from a single self-
fertilizing ancestor (Fig. S6). Under the first hypothesis purging
has a tendency to eliminate inbred lineages that become highly
homozygous for deleterious alleles, while conserving those with
higher heterozygosity than initially present in the population. A
consequence of this increased heterozygosity is an increase in
inbreeding depression and a higher short-term diversity, as con-
firmed by the observed evolution of neutral genetic diversity (see
section below).

During the purging phase, unstable populations can go ex-
tinct (Fig. 3C) before the fixation of the self-fertilizing allele
at the modifier locus. The higher the selfing rate of the mutant
o, the stronger the initial dip in population size and the higher
the extinction rate in a relatively short-time frame (in less than
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500 generations, see Fig. 3C). The mutation rate at the modifier
locus has no effect on the amplitude of the dip in population
size, nor on the proportion of populations that go extinct during
the purging phase ( Fig. S6). Roughly, there are two outcomes:
populations suffering less drastic bottlenecks tend to recover and
reach the new equilibrium size, whereas those with smaller sizes
go to extinction. Once the new equilibrium has been reached,
contrary to their unstable initial state, populations become sta-
ble, with no extinctions observed for at least 150 thousand gen-
erations (populations run with oy = o, are also stable on the
long term). The transition towards higher selfing rates has thus
two contradictory effects: it decreases the survival rate of un-
stable populations on the short term, however populations that
survive the demographic consequences of the purge go on to be
stable on the long term, resulting in an evolutionary rescue. If
however after this initial fixation of a self-fertilizing modifier is
followed by an evolution of self-fertilization to the ESS (with
smaller modifier effects), we should expect that these popula-
tions would go to inevitable extinction (as shown in the previous
section). Indeed, when the range of the effects of the selfing modi-
fier are large (d > 0.1), we also observe the dip in population size
and in some cases extinction as for modifiers with a fixed effect
(Fig. S4).
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Figure 3. The mean demographic and genetic consequences of the evolution of self-fertilization (over 1000 independent simulations)
with modifiers of strong effect in stable (rp = 4, subfigures A,B) and unstable (rp = 2, subfigures C,D) populations with parameter
values K = 10,000, U = 0.3, h=0.2, s=0.02, and p = 1073, (A) Changes with time in the mean selfing rate, mean population size,
and inbreeding depression over all simulations run conditioned on survival, as well as the percentage of viable populations, during the
evolution of self-fertilization. o, = 0.3, 0.6 and 0.9 shown respectively by black, dark gray, and gray lines. (B) The change in mean fitness
and inbreeding depression during the evolution of self-fertilization over all the simulations run and conditioned on survival. The line
with the black contour represents analytical expectations using equations (4) and (5). (C) Same as (A) but for unstable populations. The
dotted line represents the percentage of surviving populations over 1000 simulations in which self-fertilization does not evolve (« = 0).

(D) Same as (B) but with unstable populations.

EFFECTIVE POPULATION SIZE AND LINEAGE
SELECTION

In Figure 4, we follow the changes in effective population size rel-
ative to demographic size (N,/N) using the recombinant neutral
loci. With selfing modifiers of a fixed effect and mildly delete-

rious mutations (s = 0.02) we can observe three phases in the
changes of the ratio N, /N (Fig. 4): An initial peak followed by a
rapid dip and finally a slow increase to the new equilibrium ratio
(lower than that observed in the initial outcrossing population).
These phases are accentuated by the amplitude of the effect of
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Figure 4. The mean change in the selfing rate and effective pop-
ulation size relative to demographic size with time over all simu-
lations run (1000 independent runs) and conditioned on survival
for am = 0.3 (black line) and 0.6 (gray line). ro =2, K = 10, 000,
U=0.3, h=0.2, s=0.02, and p = 103, The dotted lines rep-
resent the theoretical expectation of the ratio No/N = (2 — )/2,
where o the selfing rate is replaced by o in our simulations, there-
fore taking into account the changing selfing rate with time.

the alleles introduced at the selfing modifier locus (the range d
in the case of continuous evolution, and o, of the fixed effect
mutations). If self-fertilization evolves continuously with small
mutations at the modifier locus, this peak is never observed and
increasing self-fertilization leads to an almost linear decrease of
the NW ratio (Fig. S7). The initial peak of N, /N corresponds to the
dip in population size and peak in inbreeding depression (see Fig.
3C). This implies that the demographic consequences of the purge
occur at a faster pace than the decrease in genetic variability. This
indicates that this peak phase is in large part due to the purge
of homozygous deleterious mutations, initially leaving an excess
of heterozygous individuals (thus increasing inbreeding depres-
sion, Fig. 3). As population size recovers, the ratio NW decreases
to below its initial value, once again because of the differences
in time scales necessary for demographic and genetic equilibria,
then increases slowly to its new equilibrium value. New equilib-
rium population size is therefore reached before that of neutral
diversity, as expected from works exploring the time necessary
for the recovery of neutral diversity after the re-establishment of a
large population size following a demographic bottleneck (Tajima
1989). Indeed this pattern is not observed when the purge is not
accompanied by a demographic bottleneck (i.e., for low values of
d and for s = 0.2, Fig. S7).
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Figure 5. Effect of demographic parameters during the evolu-
tion of self-fertilization (with o, = 0.6) on population size and
extinction. In gray ro =2 and K = 10,000, in black rp =4 and
K = 2350, giving the same initial outcrossing population sizes.
U=0.3, h=0.2, s=0.02, and p = 10~3. Means obtained from
1000 independent simulations per parameter set and conditioned
on survival.

DEMOGRAPHIC PARAMETERS AND THEIR
CONSEQUENCES

Extinctions during the transition from outcrossing to self-
fertilization occur only in initially unstable populations (see
Table 1). To verify whether these extinctions are a consequence of
small population size, simulations for the same genetic parame-
ters and similar initial population sizes of outcrossing populations
(i.e., higher reproductive rates and lower carrying capacities) were
run. Figure 5 shows that, in spite of the dip in population size due
to the demographic consequences of the purge, no populations go
extinct when the reproductive rate is higher. Population size per
se is therefore not a deciding factor in the persistence probability
of a population during a mating system transition. This implies
that extinction is a consequence of the transition from outcrossing
to a selfing reproductive system coupled with small reproductive
rates.

Discussion

Models on the evolution of self-fertilization have so far not taken
into account the potential consequences of transition from out-
crossing to selfing on population demography as well as any
feedback between population size and selection. We first discuss
to what extent demographic feedback can affect the evolution
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of self-fertilization. Then we examine the mechanisms through
which self-fertilization can lead to population extinction both on
the short and long term. Third, we compare our results to existing
empirical data on the evolution of self-fertilization.

FINAL STATES ARE UNCHANGED BY DEMOGRAPHIC
FEEDBACK IN VIABLE POPULATIONS

The equilibrium states (i.e., mutation-selection-drift balance) of
viable populations that have successfully evolved from an out-
crossing to a self-fertilizing reproductive system agree with the
expected equilibria of self-fertilizing populations as in previous
models without demographic feedback (Figs. 2B and 3B, Lande
and Schemske 1985; Charlesworth et al. 1990; Kamran-Disfani
and Agrawal 2014; Roze 2015). As expected, in order for self-
fertilization to evolve, inbreeding depression must be low enough
and the purging of deleterious mutations must be possible. Selec-
tion can either facilitate the purge of deleterious mutations, and
(in the case of the continuous evolution of selfing) populations
evolve very high rates of self-fertilization (= 1), or deleterious
mutations cannot be purged and the population remains outcross-
ing (Charlesworth et al. 1990; Gervais et al. 2014).

We generally find that if the rate of self-fertilization were
to evolve continuously with small enough mutational steps, the
continuous evolution of selfing results in a smooth and continuous
change of the genetic and demographic variables and analytical
theory provides relatively good predictions of how the genetic
variables evolve with the change of self-fertilization (except for
small s when high selfing leads to extinction Fig. 2B). In this case,
the rate of selfing at a time ¢ can be used to predict population
fitness (hence size) as well as the level of inbreeding depression
(Fig. 3). However, for mildly deleterious mutations (s = 0.02)
and modifiers of stronger effects on the selfing rate (be it the
continuous evolution to the ESS or mutation to a fixed rate of
self-fertilization, with parameter «,,), there is an initial increase
(resp. decrease) in inbreeding depression (resp. fitness and size,
see Fig. 3) before the population reaches its equilibrium state.

The initial increase of inbreeding depression is not observed
when selfing evolves slowly as the purge occurs at the same
speed as the change in the level of inbreeding. However, this
phenomenon is intuitive as the selection against individuals ho-
mozygous for deleterious alleles increases the population’s het-
erozygosity, thus resulting in higher inbreeding depression. High
inbreeding depression in selfing populations may therefore be
an indicator of a recent shift in the reproductive regime. This is
further accentuated by the potential existence of several selfing
lineages with different mutational backgrounds, which increases
the variability between individuals. Independent appearances of
alleles promoting selfing rate have been documented in natural
populations (Shimizu and Tsuchimatsu 2015), such phenomena
during the transition from outcrossing are therefore plausible. A

snowball effect could also be in play, with one allele increasing
in frequency, triggering the purge, hence allowing the increase in
frequency of any other alleles segregating at the modifier locus
(see Fig. S6B).

TOWARD EVOLUTIONARY SUICIDE

As suggested both by theoretical and empirical works (Take-
bayashi and Morrell 2001; Wright et al. 2013), self-fertilization
can be an evolutionary dead-end. Theoretical works have pointed
to the accumulation of mildly deleterious mutations in populations
with high selfing rates being responsible for population extinction
(Lynch et al. 1995; Abu Awad et al. 2014), which seems to be the
case even when the effects of deleterious mutations are sampled
from a distribution ( Fig. S2B). However, these results depend
greatly on the properties of new deleterious mutations, requiring
them to have, on average, small selective coefficients, which is
supported by empirical estimations of the distribution of muta-
tional effects on fitness (Agrawal and Whitlock 2011; Keight-
ley 2012). Here, we show that high rates of self-fertilization are
not only an evolutionary dead-end but a mechanism for evolu-
tionary suicide. For this, three conditions must be fulfilled: (1)
Ancestral outcrossing populations must be viable, (2) The evo-
lution from outcrossing to selfing must be possible (inbreeding
depression in the initial population must be low enough), and (3)
The equilibrium rates of self-fertilization attained must be high
enough to trigger a mutational melt-down. Figure 2 shows that
all these conditions can indeed be fulfilled. Though it has also
previously been shown that interspecific interactions can cause
evolutionary suicide of selfing populations (Lepers et al. 2014)
due to feedback mechanisms between demography and genetics,
our work is the first to explicitly show that even without such com-
plex interactions initially stable populations continuously evolv-
ing from outcrossing to very high self-fertilization rates can go to
extinction.

PURGING: THE UP AND THE DOWN SIDE

For mating systems to evolve to strict selfing, deleterious muta-
tions must be purged, and when this is possible the final state
of populations is either long-term stability or relatively rapid
extinction due to either the demographic consequences of the
purge or, when selfing rates are very high, a mutational melt-
down is triggered. Though purging is often considered to be a
positive mechanism in the evolution of selfing, especially since
it is expected to decrease inbreeding depression (Charlesworth
et al. 1990; Frankham et al. 2001), any potential demographic
consequences of expressing deleterious mutations during purging
through inbreeding can be important and be the cause of popula-
tion extinction as shown empirically in Drosophila melanogaster
(Frankham et al. 2001). The strength of the purge depends not
only on the properties of deleterious mutations but also on the
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strength of mutations modifying the selfing rate: The smaller the
effect of deleterious mutations and the higher the selfing rate of
individuals carrying mutations at the selfing modifier locus, the
stronger the strength of the purge, and, despite the important ac-
companying decrease in inbreeding depression, the greater the
probability of extinction during the transition (see Fig. 3C).

Wright and Barrett (2010) have suggested that the high ex-
tinction rates observed in populations that have recently transi-
tioned to a self-fertilizing reproductive system could be due to the
unfavorable demographic properties of such populations and not
the reproductive system as such. Our results support this hypoth-
esis, as in unstable populations the introduction of mutations at
the modifier locus precipitates the extinction of populations that
are already at a high risk of extinction because of demographic
stochasticity. On the other hand, populations surviving this purge,
are then stable, in which case the evolution of self-fertilization
can be quantified as a mechanism of evolutionary rescue
(Fig. 3C). However, this remains true provided populations do
not evolve to extremely high rates of self-fertilization, triggering
a mutational meltdown in a relatively short time compared to the
initially outcrossing populations.

Population bottlenecks are commonly accompanied with
a decrease in neutral genetic diversity (or effective population
size N,, Frankham et al. 2002). The decrease in population
size brought on by the purge of mildly deleterious mutations
(s = 0.02) is associated with an increased NW ratio. When it is
small, this ratio is often viewed as a signal for population vul-
nerability in conservation biology (Frankham et al. 2014), but as
pointed out by Palstra and Fraser (2012), an NW ratio higher than
1 can be associated with a population with nonconstant size. In-
deed, the high % ratio from our simulations is associated with the

decline in population size during the purging phase. The peak in
N,
N
the neutral genetic diversity. Counter-intuitively, a recent transi-

indicates that population size declines at a different scale than

tion to selfing, or the increasing frequency of a self-fertilizing
genotype (Fig. 4 and Fig. S6), will result in a high NW and in some
cases may in fact be a signal of demographic vulnerability due to
decreasing population size.

The demographic and genetic consequences of the transition
from outcrossing to selfing may be reduced if we were to take
into account the consequences of sibmating on the frequencies
and states of segregating deleterious mutations, as suggested by
Porcher and Lande (2016). However, taking sib-mating into ac-
count would require a spatially structured model and would be
applicable only to species in which dispersion is limited.

IMPLICATIONS FOR MACRO-EVOLUTION
Self-fertilization has been considered an evolutionary dead-end
for at least half a century (Stebbins 1957). This has been sup-
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ported by empirical works, for instance in the Solonaceae, where
self-fertilizing species have been shown to have higher extinction
rates than their self-incompatible sister species (Goldberg et al.
2010). Higher extinction rates have been attributed to two major
phenomena: (1) The lack of adaptive potential due to lower stand-
ing variation in selfing species (Glémin and Ronfort 2013) and
(2) The accumulation of deleterious mutations, leading to a muta-
tional meltdown (Lynch et al. 1995; Abu Awad et al. 2014). Our
results support that the transition from an outcrossing to a selfing
reproductive system is associated with higher extinction rates due
to the accumulation of deleterious mutations. Also, due to the
feedback between population size and selection, populations can
become vulnerable during the transition from outcrossing, further
increasing the probability of extinction. However, the evolution
of self-fertilization is a mechanism that can increase population
viability as it is expected to increase population mean fitness,
hence population size. This should render populations less sus-
ceptible to extinction, all the more so in the presence of ecological
perturbations (Thomann et al. 2013).

The rapidity with which extinction occurs due to the con-
sequences of deleterious mutations leads us to conclude that the
extinctions observed on the time scales on which phylogenies
are based may not be due to mutational meltdowns but to a lack
of adaptive potential as would be expected from the very small
effective population sizes N, of selfing populations (Fig. 4 and
Fig. S7, Stebbins 1957; Takebayashi and Morrell 2001; Glémin
and Ronfort 2013). Contemporary selfing species are therefore
most probably those that have survived the initial purging pro-
cess and which possess genetic mechanisms that allow the avoid-
ance of long-term fitness decline as suggested by Wright et al.
(2008) (i.e., in our model if deleterious mutations were to have
stronger coefficients of selection, then a low effective population
size would not trigger a mutational meltdown, Fig. S7TB). However
our results have implications for the transition rates used in works
on plant phylogenies (Goldberg et al. 2010; Goldberg and Igic
2012), which may indeed be underestimated as such short-lived
transitions would not be easily detected.

Finally, we find that the populations most robust to the tran-
sition from outcrossing to selfing are, for a same initial population
size, those with a higher reproductive rate (Fig. 5). This implies
that selfing may be associated with high reproductive rates rela-
tive to those observed in outcrossing sister species and/or popu-
lations. r-strategies have indeed been observed in natural popula-
tions, with for instance Arabidopsis thaliana having reproductive
rates that are several orders of magnitude larger than outcross-
ing sister taxa (Van Daele et al. 2012) and self-fertilization being
associated with an annual life history (Morgan et al. 1997). Our
results therefore support that if the selfing lineages currently ob-
served generally follow r-strategies, it may be because of lineage
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selection: that is lineages have a higher probability of surviving
the transition from outcrossing to selfing when their reproductive
output is high.
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