N
N

N

HAL

open science

The genetic consequences of fluctuating inbreeding
depression and the evolution of plant selfing rates
Emmanuelle Porcher, John K Kelly, Pierre-Olivier Cheptou, Christopher G
Eckert, Mark Johnston, Susan Kalisz

» To cite this version:

Emmanuelle Porcher, John K Kelly, Pierre-Olivier Cheptou, Christopher G Eckert, Mark Johnston,
et al.. The genetic consequences of fluctuating inbreeding depression and the evolution of plant selfing
rates. Journal of Evolutionary Biology, 2009, 22 (4), pp.708-717. 10.1111/;.1420-9101.2009.01705.x .
mnhn-02265380

HAL Id: mnhn-02265380
https://mnhn.hal.science/mnhn-02265380
Submitted on 9 Aug 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://mnhn.hal.science/mnhn-02265380
https://hal.archives-ouvertes.fr

The genetic consequences of fluctuating inbreedirdgpression and the evolution of plant

selfing rates

Emmanuelle Porch&; John K. Kelly', Pierre-Olivier Cheptotl’, Christopher G. Eckéft
Mark O. Johnstoh and Susan Kali§z

1UMR 5173 MNHN-CNRS-UPMC, Conservation des EspeBestauration et Suivi des Populations,
Muséum national d’Histoire naturelle, 61 rue Buff&r75005 Paris, France.

2Department of Ecology and Evolutionary Biology, Wanisity of Kansas, 1200 Sunnyside Ave.,
Lawrence, Kansas 66045-7534 USA

SUMR 5175 CEFE, Centre d'Ecologie Fonctionnelleatltive (CNRS), 1919 Route de Mende, F-
34293 Montpellier Cedex 05, France.

“Department of Biology, Queen’s University, Kingst@ntario, K7L 3N6 Canada

*Department of Biology, Dalhousie University, HakfdNova Scotia B3H 4J1 Canada

%Department of Biological Sciences, University at$tiurgh, Pittsburgh, Pennsylvania 15260 USA

"Authors contributed equally to this work. Otherlaars are listed alphabetically.

Running title: Genetics of fluctuating inbreeding depression

Corresponding author: Emmanuelle Porcher

UMR 5173 CERSP, Muséum national d’Histoire nateredll rue Buffon, F-75005 Paris,
France.

Email: porcher@mnhn.fr

Phone: 00 33140 79 53 61

Fax: 00 3314079 38 35







10

11

12

13

14

15

16

17

18

Abstract

The magnitude of inbreeding depression, a cenaedrpeter in the evolution of plant
mating systems, can vary depending on environmeataditions. However, the underlying
genetic mechanisms causing environmental fluctoatim inbreeding depression, and the
consequences of this variation for the evolutiorself-fertilization, have been little studied.
Here, we consider temporal fluctuations of the eda coefficient in an explicit genetic
model of inbreeding depression. We show that sabatavariance in inbreeding depression
can be generated at equilibrium by fluctuating ctede, although the simulated variance
tends to be lower than has been measured in exgetaistudies. Our simulations also reveal
that purging of deleterious mutations does not ddpen the variance in their selection
coefficient. Finally, an evolutionary analysis stwothat, in contrast to previous theoretical
approaches, intermediate selfing rates are neva@utonarily stable when the variation in
inbreeding depression is due to fluctuations in #abection coefficient on deleterious

mutations.

Keywords: Mixed mating / genetic load / purging / enviromtad variation.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Introduction

Over the last thirty years, theoretical studiegplaint mating systems have considered
the role of inbreeding depression as central feretvolution of self-fertilization (Lloyd, 1979;
Lande & Schemske, 1985; Charlesworth & Charleswd®®0). Inbreeding depression is the
main evolutionary force that opposes the auton&dib advantage of selfing (Fisher, 1941),
it dictates the cost of seed discounting and detexsnthe extent to which selfing causes
reproductive assurance (Lloyd, 1992), so that thedipted outcome of mating system
evolution critically depends on inbreeding deprassvalues. Simple evolutionary models
with a constant inbreeding depressidy, predict a dichotomous outcome of evolution:
complete selfing whend < 0.5 and complete outcrossing whén> 0.5. Importantly,
incorporating purgingj.e. a decrease in inbreeding depression with incrgagopulation
selfing rate due to the elimination of recessivee@eious mutations by selection, does not
change these conclusions (Lande & Schemske, 198&rl€Sworth & Charlesworth, 1990;
but see Uyenoyama & Waller, 1991a). Yet, the ermgeof natural populations with
intermediate stable selfing rates is now widelyrasidedged and a variety of theoretical
models have been proposed to account for the nmainte of such mixed mating systems
(reviewed in Goodwillie et al., 2005). Although seal models rely on ecology (e.g.
pollination biology, Holsinger, 1991; Johnston, 89%allejo-Marin & Uyenoyama, 2004;
Porcher & Lande, 2005; Johnston et al., 2009 oufatipn dynamics, Morgan et al., 2005) to
explain mixed mating systems, numerous studies ktal@orated on the prominent role of
inbreeding depression by examining various gemagchanisms (including overdominance,
biparental inbreeding in isolated or structured yafons, or decline in fithess with
generations of selfing, Lloyd, 1979; Uyenoyama, @ 9Blolsinger, 1988; Uyenoyama &

Waller, 1991b; Latta & Ritland, 1993; Ronfort & Gaai, 1995; Rausher & Chang, 1999).
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Recently studies have demonstrated that the malgnitd inbreeding depression is
sensitive to environmental factors (reviewed in Aroster & Reed, 2005; Cheptou, 2006;
Willi et al., 2007). Some theoretical models havewn that environmentally-induced
variation in inbreeding depression is likely toligince the evolution of mating systems,
particularly to favour mixed mating systems (Chepg8oMathias, 2001; Cheptou & Schoen,
2002). However, these models do not incorporatengtic basis of inbreeding depression and
hence do not include the purging process that diéiges mixed mating systems in most
explicitly genetic models (e.g. Lande et al., 199disband & Schemske, 1996; Kelly, 2007).
In addition, the effectiveness of purging itselfyntlepend on environmental fluctuations, as a
result of environment-dependent inbreeding depresge.g. Bijlsma et al., 1999), a
phenomenon that has received little theoreticainéitin so far. To properly assess the actual
role of environmental fluctuations in inbreedingodession on the evolution of plant mating
systems, we therefore need to (1) determine thetgemechanisms underlying fluctuations
in inbreeding depression and (2) examine the coetbieffects of fluctuating inbreeding
depression and purging on the evolution of selfing.

Here, we use a common genetic model of inbreediggression to examine one
possible genetic mechanism of fluctuating inbregdilepression and to test whether such
fluctuations can maintain mixed mating systems wparging occurs. Consistent with the
bulk of experimental data (Charlesworth & Charlegtv01999), we assume that inbreeding
depression is caused by partly recessive, deleterioutations. Such a mutation can be
characterized by its selection coefficiel® @nd its dominance coefficienh)( From this
genetic perspective, environmental variation inrésoling depression could result from
fluctuations in eithe6 or h or both (Bijlsma et al., 1999; Armbruster & Re2805), but little
is known so far regarding the most likely sourcefg)variation in inbreeding depression

(Cheptou, 2006). Numerous experimental observatafnkrger inbreeding depression in
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stressful environments (e.g. Bijlsma et al., 1989 reviews in Armbruster & Reed, 2005;
Willi et al., 2007) suggest that environmental dtnds may influence the selection
coefficient of deleterious alleles, although otk&periments comparing the mean fitness of
Arabidopsis thaliana mutation accumulation lines across light and euatrigradients failed to
demonstrate any environment-specific effects ofnggpreous mutations (Chang & Shaw,
2003; Kavanaugh & Shaw, 2005). In the present study assume that fluctuations in
inbreeding depression are caused by temporal cbamgethe selection coefficient of
deleterious mutations. We apply an analytical apginoassuming an infinite population size.
We address (1) the effect of temporal fluctuatiohselection coefficients on the temporal
variation in inbreeding depression, and comparg pihedicted variation to that observed in
natural populations, (2) the effectiveness of muggiunder fluctuating selection, and (3) the
evolution of mating systems. We specifically invgste whether intermediate selfing rates
are evolutionarily stable when inbreeding depressosubjected to fluctuating selection and

is allowed to co-evolve with the mating system.
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The model

In the following theoretical approach, we definexed mating systems as mating
systems with a selfing rate > 0 andr < 1, which is broader than the definition used i
empirical studies (generally 0.2 <K< 0.8; reviewed in Goodwillie et al., 2005), base we
focus on genetically determined selfing rates, with environmental effects and no

measurement errors.

Inbreeding depression with a fluctuating selection environment

Inbreeding depression, the relative decrease imnnfigzess of selfed vs. outcrossed
individuals, is described by the model of Kondrasfit®85), which models the evolution of
the distribution of the number of homozygous antetuzygous deleterious mutations per
individual in an infinite population with selfingter. Mutation occurs at an infinite number
of loci, following a Poisson process with rdteper diploid zygote per generation. Each

generation, the selection coefficient of mutatiogsjs randomly sampled from a normal

distribution truncated to the interval [0,1], witheanus and variances? before truncation.

This selection coefficient is applied to all mutais, which also have the same dominance
coefficient, h. Mutations have multiplicative effects on fithessy that the fithess of an
individual carryingx homozygous mutations arydheterozygous mutations is given by (1 -
(1 -hsy.

Each generation, the modelled population undergosing, followed by mutation to
deleterious alleles and selection. Recursion egugtilescribing the distribution of number of
homozygous and heterozygous mutations per indiVidue detailed in an online appendix
and can also be found in Kondrashov (1985) or @karbrth et al. (1990). These equations
were iterated for 1000 generations (C++ code fanemnical iterations available upon request

from E.P.), by which time the population had reachsteady-state for all parameter
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combinations. To identify steady state, we congidethe growth rate in the number of
mutations across generatioig;1/Nt: the population was considered at steady staten whee
average growth rate over 50 generations did nderdgignificantly from 1 (one sample
Student’s t-test). Equations were subsequentlatieerfor another 1000 generations, to record
fluctuations in inbreeding depression at (stat@d}icteady state. For each set of parameter
values, we recorded (1) the mean and variance ef rthmber of homozygous and
heterozygous deleterious mutations per individuatl 42) the mean and variance of
inbreeding depression, measured over the last I1f€@erations. Because inbreeding
depression is constrained between 0O (in the predady) and 1, the variance in inbreeding
depression depends on the mean (e.g. the variansieb® O if the mean is 0 or 1). To account
for this dependence on the mean, we compared thnelaed variance in inbreeding
depression to the maximum possible variance:

O-riax = Hp @- /'IID) [1]

whereip is the mean inbreeding depression.

The predicted mean and variance in inbreeding dsjme were compared to empirical
means and variances in inbreeding depression, a&sfiimin contrasting environments
(compiled by Armbruster & Reed, 2005). Most of #estudies measured inbreeding
depression in only two environments, which wereiobsly not chosen at random, but
instead likely represent extremes of a distributferg. stressful vs. benign environments).

Therefore, it was not appropriate to estimate waea using the classical estimator

2 1 V)2 ; 1 v \2

S =—12(>g—x) . We thus chose to calculate the sample varlaaé,e,:EZ(x—x,D) ;
n_

due to small sample sizes and non-random samghigycrude procedure provides an order

of magnitude estimate for the actual variance meeding depression.
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Evolutionarily stable mating systems

We analyzed the joint evolution of selfing rate antreeding depression using an
adaptive dynamics framework (Dieckmann, 1997). fitmess of a rare mutant with selfing
rater’ is compared to that of the resident genotype, satlfing rater. We assumed that the
selfing rate is controlled by a single locus, witlo alleles. Once the population with selfing
rate r reached steady-state (after 1000 generations)utantallele with a selfing ratg
different from the resident was introduced at a lbequency in linkage and identity
equilibrium with deleterious mutations, and theursgn equations were numerically iterated
for 1000 generations to detect invasion (or notjHeymutant.

We deduce stable selfing rates using Pairwise Ibiig Plots (PIP), in which regions
of invasion (in grey) and non-invasion (in whitef) a rare mutant are plotted against the
selfing rate of the resident genotypeand the selfing rate of the mutant,(see Fig. 3).
Hence, regions located below the= r’ line correspond to emergence of a mutant with a
smaller selfing rate than the resident, and viasazelf a mutant with selfing raté > r can
invade (i.e. the point with coordinates (') is located in a region of invasion), then evaati
favours increased selfing rates and vice versaluigoary equilibria occur at the intersection
of ther =r’'line and a line separating regions of invasion amainvasion. Details regarding
the criteria to infer stability of equilibria care lbound in Dieckmann (1997). The equilibrium
selfing rates discussed here, denoted by whitéesitan the figures, are evolutionarily stable
(they cannot be invaded by neighbouring mutanirgglfates) and are evolutionary attractors
or convergence stable (evolution by a series ollssteps proceeds towards the equilibrium).

We refer to these equilibria as stable selfings.ate

Parameter values
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We either chose parameter values according to empetal values or we used a wide
range of biologically plausible values. The genommuatation rate to deleterious mutations
was U = 0.02, 0.2 or 1, which encompasses the rangexpéramental estimates among
multicellular organisms (reviewed in Garcia-Doradal., 2004). The dominance coefficient
of mutations was eithen = 0.02, as in the only available experimental datahighly
deleterious mutations (Simmons & Crow, 1977)hoe 0.3, a more reasonable value for
mildly deleterious mutations (Garcia-Dorado et 2004). Exploratory analyses showed that
the mean selection coefficient of deleterious momgt had little effect on the results
presented here, which is consistent with previbesity showing that equilibrium inbreeding
depression in a population depends little on thecten coefficient of deleterious mutations,
and is much more influenced by their dominance fmeft (e.g. Charlesworth et al., 1990).
Hence, we considered a single, intermediate vabneghfe average selection coefficient of
deleterious mutationsgis = 0.5, so that this coefficient, which is consietl between 0 and 1,
could be submitted to significant environmentaliatawn. The initial variances were set to
oi= 0.01 and 0.09, but the latter was actually smglt€= 0.06) due to truncation
values below 0 or above 1. Note that truncationrahtl bias the mean selection coefficient.

For comparative purposes, we also considered aunstection ¢Z= 0), with S= 0.5.

Finally, we considered different values of theisglfrate, across the rangerof 0 to 1.

Analytical approximation

To characterize the effect of purging on the sa@aadf self-fertilization in a fluctuating
environment, we compared the results of the Kormdnasnodel with stochastic variation in
selection coefficients to Cheptou and Schoen’s ZP0@nalytical phenotypic approach.
Following Lande and Schemske (1985), an approxinmaasure of the strength of selection

on a rare genotype with selfing rates given by the expected fitness of such genotypes:

10
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W=r'(1—5)+%(1—r')+%(1—r) 2]

wherer is the mean selfing rate in the population amslthe inbreeding depression.

If 6 varies in time and if evolution of the selfingeatccurs much slower than the fluctuations
in inbreeding depression, the conditions for ingaxf a rare genotype with selfing ratare
given by its long-run growth rate (Lande, 2007, 200.e. the geometric mean of fithess over
time or similarly by the expectation of the loghant of the annual fitness, E[Log)] (Kisdi &
Meszena, 1995). Without any specific informationtba distribution o®, this quantity can

be approximated using a second order approximgfiensen approximation: Bulmer, 1994)

by:

s = E[log(w)] =log[E(W)] — var(w) [3]

1
2E(w)®
Assuming small effects of mutation on the selfiater the evolution of self-fertilization can
be analysed by modelling the invasion of a rareogygre with selfing’ in a population with
selfing rater. The success of invasion can be evaluated D{a), the selection gradient
os/or' atr: if the latter is positive (negative) mutants walightly higher (lower) selfing rate

may successfully invade. The selection gradiddfr) for an inbreeding depression

distribution with meary;, and variances; is given by:

05-4 (1';jr
P = 1- -y’ s

(see Cheptou & Schoen, 2002 for details). A necgssandition for mixed selfing rates to be
stable is thus thaD(r) = 0 (no mutant can invade) for intermediate valoiethe selfing rate
(0 <r < 1). Moreover, a sufficient and more stringeandition for mixed selfing rates to
evolve is that boundaries £ 0 andr = 1) are unstable, i.e.:

(1) bO)>0 (Increased selfing is favoured in a fully outsiog population)

11



H

10
11

2)D@®<0 (Increased outcrossing is favoured in a fullfisglpopulation)
We incorporated purging in this analytical approdmsh making both x4, ando?

functions of the population selfing rate,This and equation [4] yield the following conditis

for maintenance of mixed mating:
(1) #4;(0)<0.5 [5]
(2) 05(0)>2[1-p; W] { 0.5- 1, (1) [6]
We tested whether the values generated by the Kehdv model with fluctuating selection

(mean and variance of inbreeding depressian=a0 andr = 1) met these conditions for the

maintenance of mixed mating.

12
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Results
Effectiveness of purging under fluctuating inbreeding depression

Temporal variation in the selection coefficient déleterious mutations appeared to
have little effect on the extent of purging (Fig. Regardless of the mean (not shown) and
variance of selection coefficients, the relatiopshetween the average inbreeding depression
at equilibrium and the population selfing rate eliéfd little between variable vs. constant
selection, i.e. the occurrence of purging was unghd as the variance in selection
coefficients was increased. As expected, inbreedegression was large in predominantly
outcrossing populations, and decreased with ingrgaselfing rate. The decrease was
progressive under moderate mutation rdfe= 0.02 or 0.2, Fig. 1) or large dominance
coefficient fy = 0.3, Fig. 1), but sharper under higher mutateies and with nearly recessive
mutations U = 1 andh = 0.02, Fig. 1). This pattern was unaffected luctiliations in the
selection coefficient of deleterious mutationshaiigh the average inbreeding depression in a
predominantly outcrossing population tended to Ightty lower under large fluctuations of

selection than in a constant environment (Figisls 0.3 anch = 0.02).

Magnitude of variation in inbreeding depression

As expected, temporal fluctuations in the selectioafficient of deleterious mutations
generated variation in inbreeding depression acgms®erations. Variation in inbreeding
depression increased with the selection coeffica&htup to ca. 0.05. It was also affected by
the population selfing rate and the purging procesth a peak in variance when the average
inbreeding depression was closest to 0.5. Becausannand variance of inbreeding
depression are not independent (equation [1]), dhanges in variance under different
population selfing rates were in great part attable to changes in mean inbreeding

depression. Depending on the mutation rate and mbBome coefficient of deleterious

13
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mutations, variation in mean inbreeding depres®&gplained 51-97% of the variance of
inbreeding depression (these values were obtaigegkédmining the correlation between the
variance in the simulations and the maximum vaeaimcinbreeding depression calculated

from equation [1]).

Comparison of simulated vs. observed variation in inbreeding depression

Overall, the empirical data generally exhibited engariation in inbreeding depression

than simulations (Fig. 2¢7 up to 0.18 and 0.046, respectively). The paransgiace ofis

(mean inbreeding depression) araf (variance in inbreeding depression) where the

analytical model of Cheptou and Schoen (2002) ptedstable mixed mating systems
(equation [4], D) = 0) are plotted on Figure 2 (shaded area). éstergly, none of the
empirical points fall within this parameter spadespite relatively low variance in
inbreeding depression generated by our theored@iparoach, the simulations nonetheless
generated some situations for which Cheptou and&th (2002) model predicts stable
mixed mating: this was the case with= 0.2,h = 0.02,0s= 0.3 andJ = 1,h = 0.02,05s= 0.3

(combination ofus andos? within the shaded area, Fig. 2).

Evolution of self-fertilization under fluctuating inbreeding depression.

Evolutionarily stable selfing rates can be dedufredn Pairwise Invasibility Plots
(PIP, Fig. 3), where regions of invasion (in gragd non-invasion (in white) of a rare mutant
are plotted against the selfing rate of the regdidgmotype,r and that of the mutant,.
Evolutionarily stable selfing rates are locatedha intersection of the =r’ line and a line
separating regions of invasion and non-invasiom are characterized by the fact that no
mutant can invade (i.e. the areas just above aluviere white on the PIP). The main result

of our study is that intermediate selfing rateseveever evolutionarily stable (Fig. 3), even

14
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though large variances in the selection coefficiefnt deleterious mutations generated
fluctuations in the magnitude of inbreeding depmessThis was true regardless of the
mutation rate, the dominance coefficient of deletes mutation, as well as the mean and
variance of the selection coefficient of mutatiof@end hence variance in inbreeding
depression). The only stable mating systems wenaptaie outcrossing with nearly

codominant deleterious mutationis £ 0.3, Fig. 3) and complete outcrossing or coneplet
selfing (depending on the initial conditions) witbarly recessive mutationis € 0.02, Fig. 3).

In addition, the threshold for the selection ofgselfing or pure outcrossing did not depend
on the variance in inbreeding depression. Thuspuin genetic model, fluctuations in

inbreeding depression do not favour the maintenahogxed mating.

This was confirmed by considering the modified w@rsof Cheptou and Schoen
(2002) analytical approach, accounting for purging selfing rate dependent inbreeding
depression. Under this model, condition (2) for thaintenance of stable mixed mating
(namely D(1) < 0O, invasion of a mutant with selfing ratel in a completely selfing
population) requires substantial variance in inbmeg depression in a completely selfing
population where average inbreeding depressiorererglly low. Under the Kondrashov
model, high variance is generated by a high mutatade (e.gU = 1, Fig. 1). However, this
set of parameters also generates high averageenibhgedepressioru close to 1) at = 0,
which invalidates condition (1) for the maintenarmfemixed mating (namelp(0) > O,
invasion of a mutant with the selfing rate > Oaircompletely outcrossing populatios;

Ms < 0.5). Hence, although some combinationgiénd os fell within the ‘mixed mating’
window of Fig. 2, sufficient conditions for stalieixed mating (1) and (2) were never met.
Mixed mating can therefore never be maintained wimmeeding depression is modelled

with partly recessive deleterious mutations inrd&mite population (as in Kondrashov, 1985).

15
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Discussion

In this study, we generated fluctuating inbreeddgpression using a genetic model
where environmental variation affects the selecticoefficient. This allowed us to
characterize purging under a fluctuating environimand analyse the evolution of plant
mating systems in this context, specifically tegtiar conditions that allow the maintenance

of mixed mating.

Fluctuations in selection coefficients have little effect on purging

Temporal variation in the selection coefficient tbké deleterious mutations has very
little effect on the average equilibrium inbreedidegpression. This is consistent with single
locus theory in randomly mating populations: Cromd &Kimura (1970) showed that with
incompletely recessivén > 0), mildly deleterious mutation$ &> u) mutant homozygotes are
kept sufficiently rare by selection so that moseson occurs against mutant heterozyogtes.
As a result, the dynamics of the mutant allele roastant environment are approximately a
linear function of the selection coefficier8, and can be writtedg/dt ~ u — hSg (Crow &
Kimura, 1970; Lande & Schemske, 1985), wheiis the mutant allele frequency auds the
per locus mutation rate. With fluctuating selectiohnis yields Edg/dt) = u — EQSqg. At
equilibrium @dg/dt = 0),qg = WE(hS). Hence, in randomly mating populations undertfiating
selection, inbreeding depression at a single ladegends solely on the mean selection
coefficient (or dominance coefficient) of the delddus mutation, not on its variance. Our
results extend these predictions with a single dotau many loci, as well as non-random
mating. Similarly, when selfing is enforced in aeypusly completely outcrossing
population, fluctuations do not affect the time uiegd for the population to reach the new
equilibrium inbreeding depression (not shown), whi due to the fact that, under complete

selfing, highly recessive deleterious mutations gueckly exposed to selection and a few

16
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generations of strong selection are enough to ponags of the load (e.g. Lande & Schemske,
1985).

A number of experimental approaches have demoadtridiat inbreeding depression
varies across environments and generally appeardetostronger in more stressful
environments, generally defined as environmentaaied mean fitness (Armbruster & Reed,
2005). As a consequence, purging might be inefficia relatively benign environments,
where inbreeding depression is weak (e.g. Bijlshalg 1999; Keller & Waller, 2002;
Armbruster & Reed, 2005). Such faster reductiombreeding depression was observed by
Kristensen et al. (2003) and Swindell and Bouz@0@) in inbred laboratory populations of
Drosophila species submitted to stressful environments (higimperature, competition,
chemical stress) vs. benign environments. Theosophila data are however not directly
comparable to our theoretical results suggestirag Hariable selection has little effect on
purging because in these experimental studiesr@mient-dependent purging was examined
in two or more contrasting, but constant environtseim the variable environment simulated
here, our results suggest that only five to tenegaions of stress can increase inbreeding
depression and are enough to purge most of the(lo@dshown), regardless of the average
effects of mutations/stress in the environmentahbee the rate of purging is much faster than

mutation accumulation (Lande & Schemske, 1985).

Fluctuations in selection coefficients can generate substantial variation in inbreeding
depression

Although the time-averaged inbreeding depressioditie affected by fluctuating
selection, thecurrent inbreeding depression can exhibit substantial tiana across
environments. In the present study, we considene@tions that were moderately deleterious

on average/s = 0.5), but this intermediate selection coeffitiaas allowed to vary between

17
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0 (neutral mutations) and 1 (lethal mutations)dwaiing a truncated normal distribution with
variance between 0.01 and 0.06. As a result, tisergbd variance in inbreeding depression
ranged between 5 x TGand 0.05, and was highest when the mean inbreedipgession was
close to 0.5, which was generally observed at inégliate selfing rates (with nearly recessive
deleterious mutationsy = 0.02, Fig. 1). Although empirical data on vaoatin inbreeding
depression magnitude are scarce, several studggsl{ménez et al., 1994; Koelewijn, 1998;
Cheptou et al., 2001; Haag et al., 2002) find thair study organisms exhibit more variation
in inbreeding depression than any of our simulati(negardless of parameter values). This
would suggest that varyin§ in time, as simulated here, might not be the anbchanism
generating the observed variation in the experialatdta. It is however important to keep in
mind that experiments on inbreeding depressionalamnacessarily mimic natural conditions,
and that the variance in inbreeding depressiongeagrally estimated from two data points
(i.e. two experimental conditions). Obviously thesea need for experimental studies that
estimate inbreeding depression over wider rangesngironmental conditions. In addition,
the magnitude of inbreeding depression in natucgufations depends on the history of
populations (Kristensen et al., 2003; Leimu et 2008), so that it could be less sensitive to
environmental variation than suggested by greershoeisperiments (e.g. Galloway &
Etterson, 2007). Comparison of inbreeding depressgaviation in the wild (see for instance

Dole & Ritland, 1993) would be more relevant.

Purging cancels out the role of fluctuating inbreeding depression in the maintenance of mixed
mating systems

Based on a phenotypic model with no purging of deleus mutations, Cheptou and
Schoen (2002) predicted that intermediate selfiages can be stable with fluctuating

inbreeding depression under some combinations odnmand variance in inbreeding
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depression (see Fig. 2). Our results with an ekplenetic model of inbreeding depression
contrast with their predictions: mixed mating systewere never evolutionarily stable,
although some parameter combinations appear taaeng mean and variance of inbreeding
depression consistent with stable mixed mating esyst under Cheptou and Schoen’s
approach (Fig 2, e.g. a high mutation rate to delets allelesy = 1), nearly recessive
mutations § = 0.02) and substantial fluctuation in the setectcoefficient of deleterious
mutations). Evidently, it is purging in our mode&t makes mixed mating unstable. While the
mean and variance are independent parameters ipt@heand Schoen’s model, these
guantities intrinsically covary in an explicit geizemodel. Purging creates a strong positive
feedback that selects for selfing (Lande & Schem$R85) and that overwhelms the negative
feedback produced by fluctuating inbreeding depoes&Cheptou & Schoen, 2002).

A heuristic understanding of why the genetic aegttiire of inbreeding depression can
disrupt the maintenance of intermediate selfinggatas seen using an analytical approach.
By incorporating selfing rate-dependent mean andamee of inbreeding depression into
Cheptou and Schoen’s (2002) analytical approachdevieed sufficient conditions for mixed
mating: moderate mean inbreeding depression undemplete outcrossingpé < 0.5)
together with appreciable variance in inbreedingression under complete selfing. In our
simulations, these conditions were never met bec#us genetic architecture of inbreeding
depression generates two contrasting situations depend on the characteristics of the
deleterious mutation. First, a low mutation ratet(shown) or nearly codominant deleterious
mutations that can be eliminated by selection ewea heterozygous statb € 0.3, Fig. 1)
result in moderate inbreeding depression in a cetalyl outcrossing population (condition
(1)). However, this also generates a low inbreediagression (and hence a low variance in
inbreeding depression) under complete selfing,tdwextensive purging, so that condition (2)

is not met. Alternatively, a high mutation ratertearly recessive mutationsl & 1 andh =
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0.02, Fig. 1) creates situations in which the medreeding depression under complete
selfing is close to 0.5, so that the variance toréieding depression can be large (condition
(2)). However, with this characteristic of mutasorcondition (1) is not met due to the
absence of purging in a completely outcrossing f[adjmn, generating large mean inbreeding

depression.

Some limits of the model

Although fluctuating selection coefficients can gete substantial inbreeding
depression, our approach suggests that when purgoayrs, fluctuating inbreeding
depression is very unlikely to maintain intermegiaelfing rates. This probably depends
strongly on several assumptions of our model. Fiksnhdrashov’s (1985) approach assumes
infinite population size, whereas in natural pogiolas purging is a stochastic process (Byers
& Waller, 1999) that can be slowed down in smalpplations (Glémin, 2003), but should
also be reinforced by the possibility of biparentddreeding in finite populations. The role of
demographic stochasticity in the evolution of gendébad and mating systems has been
addressed in a limited number of studies (e.g. IEbaprth et al., 1992; Wang et al., 1999;
Bataillon & Kirkpatrick, 2000; Theodorou & Couve2002; Glémin, 2003; Guillaume &
Perrin, 2006) but the interaction between demogragknetics and environmental variation
remains to be explored. Second, we assumed thatoemental variation affected the
selection coefficient of a large number of stridtentical, unlinked deleterious mutations.
Although little is known regarding the actual megisans for environment-dependent
inbreeding depression (Armbruster & Reed, 2005eme studies suggest the existence of
environment-specific deleterious alleles (e.g. Vewian & Bijlsma, 2004), i.e. alleles that are
usually neutral but become deleterious in specfog. stressful) environments. Such

environment specific alleles, which are rarely sitted to selection, may accumulate in the
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genome and eventually add up to environment-inddg@ninbreeding depression in stressful
environments, which can affect the evolution of ingatsystems. However, our model
suggests that their effects are likely to remainaniif these alleles are expressed frequently
enough, because purging occurs within a couplesokrations under selection. Lastly, other
genetic mechanisms such as variation in dominanesen purely additive gene action when
the strength of stabilizing selection varies magate inbreeding depression variance under

heterogeneous environments (Lande & Schemske, 1985)

Conclusion

Our model attempts to link theoretical genetic nied# inbreeding depression with the
empirical observations that inbreeding depressgosensitive to environmental conditions.
We extend Kondrashov's framework to heterogeneonsiranments and show that

temporally varying selection on deleterious mutaiomaintains substantial variance in
inbreeding depression. However, this mechanism atam itself maintain stable mixed

selfing rates. Additional experimental and theaadtiwork is needed to elucidate the genetic
basis of environmental variation in inbreeding @sgron and its consequences for the

evolution of mating systems.
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Figure Legends

Figure 1: Equilibrium inbreeding depression under fluctngtselection.

Mean inbreeding depression (thick black lines) wadance in inbreeding depression (grey
lines, measured over generations) are calculated 100 generations at steady state. The
average selection coefficient of deleterious matetiisps = 0.5. Expected inbreeding
depression in a constant environmerg £ 0, thin black lines) is sometimes exactly

superimposed on the curves of mean inbreeding ggipre

Figure 2: Predicted and empirically derived estimates efrtiean and variance in inbreeding
depression. Empirical data (black circles) are flarnmbruster and Reed (2005). Predicted
values (squares and triangles) are from our sinomapproach and are the same as in Figure
1. The shaded area corresponds to combinationgahmnd variance in inbreeding
depression for which mixed mating systems are a@rpgeo be stable under Cheptou and
Schoen’s (2002) model, based on Jensen approxim@se Cheptou & Schoen, 2002 for a
numerical example using a truncated Gaussian loigioin). The dotted black envelope line

represents the maximum variance in inbreeding @éspeps(1-U1 ), as a function of the

mean inbreeding depressiqy (0 < pus < 1).

Figure 3: Evolutionarily stable selfing rates under fluding inbreeding depression. The
average selection coefficient of deleterious matetiisys = 0.5. Regions where the mutant
invades (‘+’) are in grey, regions where it doesingade are in white. White circles indicate

evolutionarily stable selfing rates.
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Supporting information
Recursion equations for Kondrashov’'s model with fletuating selection.

I. General equations

Here we derive recursion equations for the modstwaleing the dynamics of inbreeding
depression due partly recessive deleterious muttio an infinite population with selfing
rater undergoing fluctuating selection. The dominanceffoi@ent of mutations i and their
selection coefficient,S is sampled at random each generation in a tradc&aussian

distribution with meanus and variance;. Mutation occurs at an infinite number of locidan

affects the number of heterozygous loci only, iteoccurs exclusively at loci that do not
already carry mutations.

Let q(ij) be the frequency of individuals carryingiutations in the heterozygous sate

andj mutations in the homozygous state. Similaffy), is the frequency of gametes carrying
deleterious mutations.

a. Selfing

The probability that a plant carrying heterozygous loci and> homozygous loci
produces by selfing an offspring carryin¢0 < i < n1) heterozygous loci and(n> <j <m +

nz) homozygous loci is:
(M= )™

Hence, the frequency of plants wittheterozygous loci andhomozygous loci obtained by
selfing is:

g @)=rS Y (M=) anny) (A1)

=i n,=0

b. Outcrossing

The probability that ang, n2) plant produces a gamete witmutations iz <i < nz + ny) is:

(m ) 2

Hence, the frequency of gametes carryingutations in the population is:

f(i):iz 3 (2,)2 anny)  (A2)

n,=0n,=i-n,

Because each mutation is unique, random matinghimfnite population never generates
homozygous mutations. Therefore, the probabiligt #n individual carrying: heterozygous
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and n; homozygous mutations produces by outcrossing ateygvith i heterozygous
mutations (and no mutation in the homozygous staie)

qi0) =AY ff  (A3)

c. Mutation and selection

Mutation follows a Poisson process, with mean nuntdifenew heterozygous deleterious
mutations per genome &f per generation. The frequencies of zygotes aftetation are
therefore:

=y ¢

o (I—K)!

q(§) (Ad)

The probability that a zygote witk homozygous mutations andheterozygous mutations
survives to maturity is (1 (1 —hS). The frequency of mature plants witheterozygous
loci andj homozygous loci in the next generation is then:

g (i) =L~ (1;_Vhs)l a0) (A5)

wherew is the mean fitness of the population:

w=Y 3 [a-9)a-hs)q ()] (A6)

i=0 j=0

Equations (A1-A6) completely define the recursiogstem. For each run, the initial
population contained no deleterious mutation. Flathg selection was modeled by sampling
each generation the selection coefficient of del@tis mutationsS, in a Gaussian distribution

with meanus and variance? (equations A5 and A6). Simulations were run uthtd system
closely approached mutation-selection balance.

Il. Addition of a locus controlling the selfing rate

We assume that selfing rate is controlled by alsitarus (hereafter named ‘modifier
locus’), with two alleles: A is the resident andsBhe mutant allele.

faa(ij), fae(i,j), andfes(i,j) are the frequencies of the three diploid genaype
carryingi andj mutation in the heterozygous and homozygous stedgegectively.

fa(i) andfg(i) are the frequencies of gametes carrying allel@espectively B) and
mutations.

a. Sdifing

qf (i) is the frequency of zygotes with genotype G atrttoalifier locus, carrying

heterozygous loci angd homozygous loci and originating from selfing ofydnotypes. We
have:
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=3 > (M)(0)E™ du ) (A7)
R > (p)(m 2™ que () (A8)
)3 (M) () (2™ dea(nuny) (A9)
. Zl: () () 2™ aw(nny) (A10)

Qi)=23 Y ()(m) 2" g (i) (A11)

b. Outcrossing

f3 (i) is the frequency of gametes with haploid genotyp the modifier locus, carrying
mutations and originating from plants with diplgjdnotypes G.

£ 0) = n:zw;i_nz(&nz)[;]“ G (11,) (A12)
0 =ZZ( )2 dus () (A13)
f2 (i) = ZZ (1 )(2)" tes (many) (A14)
20=3Y 3 (%) aen) (A15)

n,=0n=i-n,

py(i) is the frequency of pollen grains with genotypatghe modifier locus and carrying
mutations.

Pa () = fa0 (i) + fu5 (1) (A16) Pa (i) = faa () + o (1) (A17)

¢. Recursion equations for mating

Letraa, rag, andrge be the selfing rates of genotypes AA, AB and B&spectively.
In the main textraa =r andrgg =r".

Gun (10)= 1, G 10)+ 5 G5 (O (15, {Zzﬁ R (—k)}(l—,xs {2; kR (—k)} (A18)

k=0

Oan (i) = Taa O () + 1 e (i) . ] >0 (A19)

35



H

w

0 ~NOoO O b~

10
11

12
13
14
15
16
17

18

19
20
21

22

23
24

25

26
27
28

29

30
31
32
33
34

qIBB (i 0) = rBBqBBBB (i O)+ rABqES G O)+ (1_ l'eg {Z fBBB 4( )pB ( -k )} + (1_ Me {Z fABB (( X-?s (_ k )} (AZO)
Oes (i]) = TagOgp (i) + TasOas (i) ,] > 0 (A21)
s (10) = 1108 (0)+ (1= 1o )[Z 02 OR a—k)}+ -t )[Z €2 € (—k)}

+H1- rAB){Z( fa (R G —K)+ 2 (<) € —k))} (A22)

Oe (i) = 1ag 0ig (i]) . > O (A23)

c. Mutation and selection

The frequencies of zygotes after mutation areafgor genotype G:

i) = Y o e K) (n24)

Selection acts both on mutations in heterozygodshamozygous state

i () = EELETSIR W)

wherew is the mean fitness of the population:

=3 3 [(1-S) (1-hS) Gy )+ s )+ G))]  (A26)

i=0 j=0

Equations (A7-26) completely define the recursigstem. As before, fluctuating selection
was modeled by sampling each generation the safecbefficient of deleterious mutations,
S in a Gaussian distribution with meas and variance? (equations A5 and A6). For each
run, a small frequency of a mutant allele, witHieglraterggs, was introduced in linkage and
identity equilibrium with deleterious mutations,tana population with selfing rateaa at
mutation-selection equilibrium. Simulations wera ffor 1000 generations to detect invasion
(or not) by the mutant.
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