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ABSTRACT: Sexual reproduction leads to an alternation between hap-
loid and diploid phases, whose relative length varies widely across
taxa. Previous genetical models showed that diploid or haploid life
cycles may be favored, depending on dominance interactions and on
effective recombination rates. By contrast, niche differentiation between
haploids and diploids may favor biphasic life cycles, in which develop-
ment occurs in both phases. In this article, we explore the interplay be-
tween genetical and ecological factors, assuming that deleterious muta-
tions affect the competitivity of individuals within their ecological niche
and allowing different effects of mutations in haploids and diploids (in-
cluding antagonistic selection). We show that selection on a modifier
gene affecting the relative length of both phases can be decomposed into
a direct selection term favoring the phase with the highest mean fitness
(due to either ecological differences or differential effects of mutations)
and an indirect selection term favoring the phase in which selection is
more efficient. When deleterious alleles occur at many loci and in the
presence of ecological differentiation between haploids and diploids,
evolutionary branching often occurs and leads to the stable coexistence
of alleles coding for haploid and diploid cycles, while temporal varia-
tions in niche sizes may stabilize biphasic cycles.

Keywords: evolution of life cycles, density dependence, deleterious
mutations, multilocus model, evolutionary branching.

Introduction

Alternation of meiosis and syngamy in sexual eukaryotes
results in the alternation of haploid and diploid genera-
tions, whose relative duration and degree of development
vary largely among taxa. Most animals and some protists
(e.g., diatoms, oomycetes) have diploid life cycles: the hap-
loid phase is reduced to a single cell, the gamete. Other or-
ganisms (e.g., ascomycetes, charophytes, dinoflagellates) have
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haploid cycles, where the diploid phase is reduced to the
zygote, which undergoes meiosis before any mitotic develop-
ment. Finally, many species present haploid-diploid life
cycles, where somatic development occurs in both haploid
and diploid phases. While the relative development of the
haploid (gametophytic) generation is rather limited in seed
plants (spermatophytes)—with only a few cell divisions to
form the pollen grain and the embryo sac—it is much more
important in many fungi, mosses, and macroalgae. In par-
ticular, the life cycle of many red algae involves an alterna-
tion between haploid and diploid individuals (which may
have very different morphologies), while many different life
cycles are observed among brown algae, from the isomor-
phic, haploid-diploid cycle of Dictyotales to the diploid cycle
of Fucales.

The limited development and/or short duration of one
phase may strongly limit the opportunity for selection. For
instance, in many female animals, there is virtually no hap-
loid phase (since the last meiotic division of the egg takes
place only at fertilization). By contrast, much selection can
occur among male gametes, even though they have very lim-
ited development (Joseph and Kirkpatrick 2004). As a con-
sequence, the problem of the evolution of life cycles (i.e., the
relative degrees of development of the haploid and diploid
phases) is often recast in terms of the opportunity of selec-
tion within each phase. From the early nineties, different
theoretical studies have explored how genetical or ecological
factors may affect the evolution of life cycles (for reviews,
see, e.g., Valero et al. 1992; Mable and Otto 1998; Otto and
Gerstein 2008). From a genetical perspective, diploids may
benefit from more efficient repair of DNA damage because
of the presence of a homologous chromosome that may serve
as a template (Michod and Wojciechowski 1994). In addi-
tion, diploids may benefit from an increased fitness as a re-
sult of the masking of deleterious mutations: for this, the
fitness effect of mutations in the heterozygous state must
be sufficiently low to compensate for the fact that a diploid
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tends to carry twice as many mutations as a haploid. Under
random mating, and assuming that mutations have the
same effect in haploids and homozygous diploids, this re-
quires only that deleterious alleles are partially recessive
on average (Perrot et al. 1991), which seems to be the case
(Halligan and Keightley 2009; Manna et al. 2011). However,
mutations increasing the relative length of the diploid phase
may not necessarily be favored in this situation. In particu-
lar, Otto and Goldstein (1992) showed that modifier alleles
coding for a longer diploid phase tend to be associated with
more heavily loaded genomes because selection is less effi-
cient among diploids. If linkage is sufficiently tight, this ef-
fect may favor modifier alleles increasing the haploid phase,
while diploidy is favored under looser linkage because of
the masking effect (as long as deleterious alleles are partially
recessive). As a consequence, reproductive systems that re-
duce the effective recombination rate (inbreeding, partial
asexuality) tend to increase selection for haploidy (Otto and
Marks 1996). Similar results are obtained when considering
the spread of beneficial alleles within a population: selection
should generally be more efficient in haploids (which was con-
firmed by evolution experiments on Saccharomyces cerevisiae;
e.g., Zeyl et al. 2003; Gerstein et al. 2010), but partially dom-
inant beneficial alleles may favor diploidy in sexual popula-
tions (Orr and Otto 1994). Finally, Nuismer and Otto (2004)
proposed that host-parasite interactions should favor dip-
loidy in the host (because of the benefit of a higher number
of recognition alleles) and haploidy in the parasite (for the
opposite reason). In general, these genetic models predict
evolution toward either haploidy or diploidy (depending, for
example, on the degree of dominance of deleterious muta-
tions or on the mating system) but cannot explain the evolu-
tionary stability of haploid-diploid life cycles unless con-
sidering additional mechanisms directly favoring biphasic
cycles.

Importantly, most of these previous models assume that
deleterious alleles have the same fitness effect in haploids
and in homozygous diploids. However, haploids and dip-
loids often differ in terms of physiology, morphology, or ecol-
ogy (Thornber 2006). Transcriptomic studies on haploid-
diploid species show that a fraction of genes is expressed in
one phase only (Coelho et al. 2007; Von Dassow et al. 2009;
Rokitta et al. 2011), and mutations in these genes should
thus have no effect on fitness in the other phase. More gen-
erally, selective pressures on different genes may differ quan-
titatively in both phases, leading to different selection coef-
ficients of mutations in both phases. The fact that mutations
may have different fitness effects in haploids and diploids is illus-
trated by several experimental studies on yeast: in particular,
Szafraniec et al. (2003) found that ethyl methanesulfonate-
induced spontaneous mutations were more deleterious in
haploids than in homozygous diploids, while Gerstein (2013)
showed that mutations conferring tolerance to nystatin often

have larger fitness effects in haploids than in homozygous
diploids. Furthermore, Thompson et al. (2006) observed that
beneficial mutations fixed during the adaptation of haploid
and diploid mutator populations have different properties,
with the mutations fixed in diploids being more generalist.
One can also imagine that selection at some loci may favor
different alleles in haploids and diploids; such ploidally antag-
onistic selection can maintain stable polymorphism (Ewing
1977; Immler et al. 2012) and was recently shown to have
the potential to drive (in combination with sexually antago-
nistic selection) the evolution of ploidy differences between
sexes (Immler and Otto 2014). However, the overall impact
of quantitative and qualitative variations of mutational effects
across phases on the evolution of the relative duration of these
phases has received very limited attention.

One reason why selection may differ among phases is
that haploids and diploids may not be ecologically equiv-
alent. These differences may be cryptic and occur even among
morphologically similar haploids and diploids, such as in the
isomorphic red alga Gracilaria gracilis (Destombe et al. 1993;
Hughes and Otto 1999) or the nearly isomorphic brown alga
Ectocarpus crouaniorum, where sporophytes and gameto-
phytes are typically found on different substrata (rock/shells
versus other algal species; Couceiro et al. 2015). In addition,
temporal variations of the relative abundance (Bolton and
Joska 1993; Otaiza et al. 2001; Dyck and De Wreede 2006)
or fecundity (Santos and Duarte 1996) of haploids and dip-
loids have been reported, suggesting that environmental fluc-
tuations may favor alternatively diploid sporophytes or hap-
loid gametophytes. As shown by Hughes and Otto (1999)
using a model incorporating density dependence effects, dif-
ferentiation between the haploid and the diploid ecological
niches may favor biphasic life cycles over purely haploid or
diploid cycles (since a mutant using a relatively empty niche
tends to increase in frequency). This model thus provides a
plausible mechanism for the maintenance of biphasic cycles,
given that many haploid-diploid species (such as algae or
mosses) are often found in dense populations, in which indi-
viduals may be strongly affected by intraspecific competition
(e.g., Reed 1990; Paalme et al. 2013). However, in the presence
of genetic variability for fitness, ecological differentiation be-
tween phases may also affect the relative importance of purg-
ing and masking effects, depending in particular on the level
of competition within and between phases. For example, the
masking advantage associated with diploidy (when deleteri-
ous alleles are partially recessive) should vanish when the
haploid and diploid niches are fully separated (i.e., when
haploids do not compete against diploids) and when selec-
tion is soft within each niche, so that the total reproductive
output from a niche is not affected by selection (e.g., Wallace
1975; Agrawal 2010). Furthermore, different experimental
studies (to which we will return in the discussion) suggest
that the overall strength of selection against deleterious
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alleles may increase with density, in which case ecological
differences between haploids and diploids may affect the rel-
ative efficiency of selection in the two phases.

In this article, we explore the interplay between ecolog-
ical and genetic effects on the evolution of life cycles. As in
Hughes and Otto (1999), our ecological model is based on a
logistic model of population growth, with a variable degree
of overlap between the haploid and diploid niches. We as-
sume that deleterious alleles affect the efficiency with which
individuals compete for resources within each niche and
allow them to have different effects in haploids and homo-
zygous diploids (including ploidally antagonistic selection).
In the following, we first use a two-locus model to derive
analytical results on the strength of selection on a modifier
gene affecting the probability of developing as a diploid or
as a haploid (using the approach of Otto and Goldstein 1992),
and we explore the effects of niche differentiation and dif-
ferences in mutational effects between phases. In general, we
will see that selection on the modifier can be decomposed into
a term stemming from differences in mean fitness between
ploidy levels (short-term effect, due to differences in niche
availability and in the fitness effect of mutations between
phases) and terms involving linkage disequilibria between
the modifier and selected locus (indirect selection), favoring
the phase in which natural selection is most efficient. We
will then extrapolate from our two-locus model to consider
deleterious alleles occurring at a large number of loci and
check our analytical predictions using multilocus, individual-
based simulations. These simulations show that in the ab-
sence of deleterious mutation, many different strategies may
coexist in the population, provided that the haploid and dip-
loid niches are sufficiently differentiated (in agreement with
predictions from Hughes and Otto 1999). With deleterious
mutations, however, only extreme strategies (corresponding
to purely haploid or purely diploid cycles) are maintained,
either alone or coexisting. Finally, in both cases (with or with-
out deleterious mutation), adding temporal fluctuations in
the relative sizes of ecological niches may lead to the fixation
of biphasic life cycles, in agreement with bet-hedging theory
(e.g., Philippi and Seger 1989).

Model
Analytical Model

Our model represents a panmictic population undergoing
a biphasic life cycle with nonoverlapping generations. The
first event of each generation corresponds to gamete union,
assumed to be random. As in the study by Otto and Gold-
stein (1992), diploid zygotes can either enter meiosis imme-
diately to form new haploid individuals or develop as dip-
loids. The probability to develop as a diploid or as a haploid
is controlled by a modifier locus with two alleles, M and m:
zygotes MM, Mm, and mm develop as diploids with proba-
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bilities d, d + h,,6, and d + §, respectively; h,, thus measures
dominance of allele m (the different parameters and vari-
ables of the model are summarized in table 1). The popula-
tion follows a discrete-time logistic model of population
growth. The fitness of the different genotypes in the differ-
ent phases depends on several parameters. We first consider
the fitness of haploids (W) and diploids (W), defined as the
number of offspring—or half the number of gametes—that
will participate to the next generation, in the absence of del-
eterious mutation. It is given by

Ny, + 1N,
W, =1+7'h<1_ w>,
K,
Ny +va N,
Wd=1+rd<1_w), N
Ky

where N, and N, are the numbers of parental haploids and
diploids (haploid individuals produce gametes by mitosis,
while diploids produce gametes by meiosis). As can be seen
from equation (1), K;, and K, correspond to the carrying
capacities of a purely haploid (d = 0) and purely diploid
(d = 1) population, which depends on resource abundance
within the haploid and diploid niches and on the efficiency
with which individuals use those resources. Coefficient vq,
(respectively, y,4) measures the efficacies by which haploids
(diploids) compete for the diploid (haploid) resources (Hughes
and Otto 1999). If y4, = v1a = 1, both phases use the same
resources and thus compete directly against each other, while
Yan = Yna = 0 corresponds to the case where haploids and
diploids occupy different ecological niches. As shown by
Hughes and Otto (1999), haploid-diploid life cycles (i.e.,
intermediate values of d) may be favored when 74,714 < 1.
Finally, note that the baseline reproductive factors 1 + r,
and 1 + r, (corresponding to the fitness of haploids and dip-
loids in the absence of intraspecific competition) incorpo-
rate all effects of the environment on fertility and mortality
(e.g., gamete or zygote mortality) that do not depend on
density.

We then introduce a second locus affecting the sensitiv-
ity of individuals to competition. Following Christiansen
and Loeschcke (1980), we consider two different forms of
selection. In the first scenario, genotypes differ in their effi-
ciency in using limited resources, so that individuals carry-
ing more deleterious alleles need more resources to produce
offspring. This may be represented by multiplying the co-
efficients K, and K, in equation (1) by factors that depend
on the genotype of the individual. Note that selection af-
fects demography under this scenario because it changes
carrying capacities. The second scenario corresponds to a
situation where genotypes differ in their competitivity for
resources: individuals suffer more from competition with
genotypes carrying fewer deleterious alleles and less from
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Table 1: Parameters and variables used in the model

Symbol Definition

N Population size

d Probability that a zygote with genotype MM at the modifier locus develops as a diploid

6 Change in the probability to develop as a diploid caused by the modifier allele 7 in the homozygous state

b, Dominance coefficient of allele m

Wi, W, Fitness (number of offspring at the next generation) of a haploid individual with genotype i and average
fitness of haploids

Wi, Wy Fitness of a diploid with genotype i and average fitness of diploids

Thy Ta Baseline growth rate of haploids and diploids (W,, = 1+ r, and Wy = 1 + r4 in the absence of competition)

K, K4 Haploid and diploid carrying capacities

Yhd> Yn Competitive effect of diploids on haploids (y.4) and of haploids on diploids ()

Cw Cy Strength of density-dependent competition acting on haploids and diploids (see eq. [7])

AT Amplitude (N\) and period (7) of the temporal fluctuations of K, and K,

wh, @y Sensitivity to competition of a haploid with genotype i and average sensitivity to competition of haploids

wh, @ Sensitivity to competition of a diploid with genotype i and average sensitivity to competition of diploids

G Degree of softness of selection on sensitivity to competition

a Effect of allele a on the sensitivity to competition of homozygous diploids

h Dominance coefficient of allele a

pa Effect of allele a on the sensitivity to competition of haploids (p is thus the ratio between the effect of
allele a in haploids and diploids)

Shy Sa Strength of selection against allele a in haploids and diploids (see eq. [10])

u Mutation rate from allele A to allele a

Toma Recombination rate between the (M, m) and (A, a) locus

P> Pa> Dina Frequencies of alleles m and a and linkage disequilibrium between these alleles

U Genomic deleterious mutation rate (multilocus model)

R Genome map length (multilocus model)

competition with genotypes carrying more deleterious alleles.
Under this scenario, selection may not affect demography
(soft selection): indeed, the fact that some individuals leave
fewer offspring (because they are poor competitors) may be
compensated by the fact that better competitors leave more
offspring. If we consider for a moment that haploids and
diploids do not compete against each other (ya, = yna = 0),
the fitnesses of haploids with genotype i for the two sce-
narios just mentioned may be written as

. Nh (.!);1
Wi=l+4n(1—2 9 ) 2
b ”‘( Kh1—6+6wh> @

The same equation holds for diploids, with all h subscripts
replaced by d subscripts. In this equation, wj, represents
the sensitivity to competition of haploid genotype i, and @,
is the average sensitivity to competition of the different hap-
loid genotypes. When 8 = 1, the genotype with the lowest
sensitivity is favored by selection. However, the overall de-
mography is not affected by variation in sensitivities, since
the decrease in net growth rate of high-sensitivity genotypes
is exactly compensated by the opposite increase in growth
rate of low-sensitivity genotypes (the division by @, ensures
this behavior). This situation thus represents the soft selec-
tion regime mentioned above (selection through difference
in competitivity). When 3 = 0, the genotype with the lowest

sensitivity is still favored by selection, but selection now
affects the overall demography, as the carrying capacity of
genotype i becomes K; /wj,. This situation represents varia-
tion among genotypes in their efficiency in using resources,
as mentioned above. In fact, changing the parameter 3
allows one to tune the softness of selection and consider se-
lective scenarios that are intermediate between the two ex-
treme scenarios just described (selection through differences
in competitivity for 8 = 1 or differences in efficiency of us-
ing resources for 8 = 0).

Now, genetic variation in sensitivity to competition can
be combined with partial competition between haploids
and diploids introduced in equation (1), yielding the full
fitness functions

) wh N, Ny
Wi=1+n|1— 2 + :
' "‘{ Kh(1—6+3w—h 7hd1—6+6w—d)]
. 0-’21 Nh Nd
Wi=1+r|1— 2 + :
d ’d[ Kd<7d*‘1—6+6w—h 1—6+Bw—d>}

€)

where W; and W} are the fitnesses of haploids and diploids
with genotype i. Overall, fitness is density dependent as in
a classical logistic model but also depends on (1) the degree
of competition between haploid and diploids (Y, yna mea-
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suring the degree of niche overlap); (2) individual sensitiv-
ity to competition, which is genotype dependent (wj, });
and (3) the degree of softness of selection against individ-
uals with higher sensitivities (8). In our two-locus model,
sensitivities depend on genotype at a single locus with two
alleles A and a (located at recombination distance r,,, from
the modifier locus) and are written as

Wit =1,
wi* =1+ ha,
o =1+a, (4)
ot =1,
wp =1+ pa.

The parameter o thus measures the effect of allele a in ho-
mozygous diploids, & is the dominance coefficient of g,
and p measures the effect of a in haploids relative to homo-
zygous diploids. We will treat separately situations where
0 >0 (selection has the same direction in both phases) and
p <0 (ploidally antagonistic selection).

In the two-locus analysis, we assume that the modifier
effect and the strength of selection against the deleterious
allele are weak (¢, 6 small), so that selection acting at both
loci has a weak effect on population size at equilibrium.
Assuming that both population size and the frequency
of allele a have reached equilibrium, we express the change
in frequency of the modifier Ap,, as a function of the fre-
quencies of alleles a and m (p, and p,,) and of the linkage
disequilibrium D,,, (D,.. = P — PapPm> Where p,,, is the fre-
quency of ma haplotypes). In a second step, we use a quasi-
linkage equilibrium (QLE) approximation to express the
linkage disequilibrium in terms of allele frequencies; this
approximation assumes that selection is weak relative to
recombination, so that D,,, equilibrates quickly relative to
the rate of change of allele frequencies.

As we will see, these two-locus results can be extrapo-
lated to obtain an expression for the change in frequency
of the modifier when deleterious mutations (a>0, p>0)
occur at a large number of loci, assuming that the effects
of different deleterious alleles on sensitivity to competition
are multiplicative (see “Multilocus Simulations”). When se-
lection affects the efficiency of resource use (8 = 0), muta-
tions may have a strong effect on population size, which
must be taken into account. As shown in the appendix,
available online, the equilibrium population size and mean
number of deleterious alleles per genome can be obtained
by solving numerically a system of equations.

Multilocus Simulations

We used individual-based simulations (C++ program
available in the Dryad Digital Repository: http://dx.doi

Ecology, Genetics, and Ploidy Evolution 23

.0rg/10.5061/dryad.40qp5; Rescan et al. 2015) to test pre-
dictions from our analytical model when deleterious mu-
tations (a>0, p>0) segregate at a large number L of loci.
Each individual carries either one or two copies of a chro-
mosome (depending on its ploidy level) represented by a
modifier locus (located at the midpoint of the chromosome)
and a sequence of L bits (0 or 1) corresponding to the dif-
ferent loci. Mutations occur at a rate U per generation: the
number of new mutations per chromosome is sampled from
a Poisson distribution with parameter U and are distributed
randomly; alleles at mutant loci are switched from 0 to 1 or
from 1 to 0. Mutation and back mutation thus occur at the
same rate, but back mutations should generally have negli-
gible effects under the parameter values that we use (as del-
eterious alleles remain at low frequencies). We assume that
all deleterious alleles have the same effects on sensitivity to
competition («, h, p) and that these effects multiply across
loci: the sensitivity of a haploid carrying » deleterious alleles
is given by w, = (1 + pa)”, while the sensitivity of a diploid
carrying my,. deleterious alleles in the heterozygous state
and nmy,, in the homozygous state is given by wy = (1 +
ho)™ (1 + o)™,

At the start of each generation, diploid zygotes undergo
meiosis or not with probabilities depending on their alleles
at the modifier locus. We assume additivity among modifier
alleles (which can take any value between 0 and 1): a zygote
with alleles coding for rates of diploidy d, and d, develops
as a diploid with probability (d, + d,)/2. If the individual
develops as a haploid, meiosis occurs to produce a recombi-
nant haplotype: the number of crossovers is sampled from a
Poisson distribution with parameter R, while the position of
each crossover is sampled from a uniform distribution. The
next generation of zygotes is then generated as follows: the
number of successful gametes (gametes that will participate
to the next generation) produced by each individual is sam-
pled from a Poisson distribution with parameter set to twice
the fitness of the individual (calculated as explained above;
see also appendix). If the individual is diploid, a recombi-
nant haplotype is generated for each of these gametes, while
gametes produced by haploid parents carry the same geno-
type as the parent. Finally, gametes fuse randomly to form
the next generation of zygotes.

During the first few preliminary generations (generally
200), the modifier locus is fixed for an allele coding for
an initial diploidy rate d,,;, while all selected loci are fixed
for allele 0, so that the population can reach its ecological
equilibrium in the absence of mutation. Then, deleterious
mutations are introduced at rate U per chromosome (the
diploidy rate being still fixed to d), so that the popula-
tion reaches mutation-selection equilibrium (after gener-
ally 2,000 generations). After that, mutations at the modi-
fier locus are introduced at a rate py per generation. When
a mutation occurs, the rate of diploidy coded by the mu-
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tant allele is sampled from a uniform distribution between
dyg — 0.1 and dyy + 0.1, where d,q is the value of the parent
allele; if the new value is negative or higher than 1, it is set
to0or 1, respectively. Simulations generally lasted 20,000 gen-
erations, which was sufficient in most cases for the rate of dip-
loidy to reach equilibrium.

Finally, in additional simulations, we explored the effect of
temporal fluctuations in the relative niche sizes of haploids
and diploids. For this, we set K; = Ky[1 + Asin(wt/7)] and
K, = Ky[1 — Asin(wt/7)] (where ¢ is time in generations),
so that both K, and Kj, undergo oscillations with amplitude
A (€10, 1]) and period 7, while the ratio K4/Ki, also fluctuates
over time.

By default, growth rates r, and r4 were set to 1.8 so that
population size reaches a stable equilibrium and the popu-
lation remains viable for values of the deleterious mutation
rate U up to 1 or 2. Carrying capacities Kj, and K, were set to
15,000, so that population size reaches values that are com-
patible to what may be observed in real populations (in par-
ticular, large enough so that drift is not too strong). The de-
gree of softness of selection was set to either 0 or 1, in order
to contrast the two scenarios mentioned above concerning
the effect of selection on demography. Finally, the default
values of v and /1 (0.05 and 0.3) generate selection and dom-
inance coefficients of deleterious alleles that are in the range
of estimated values from mutation accumulation studies
(e.g., Halligan and Keightley 2009; Manna et al. 2011).

Results

The change in frequency of a modifier allele affecting the
probability to undergo selection as a diploid depends on pop-
ulation size, the frequency of allele a (that may be deleterious
in both phases or under antagonistic selection), and linkage
disequilibrium between the two loci. We first compute the
equilibrium population size and equilibrium frequency of
allele a and then use a QLE approximation to express linkage
disequilibrium D,,,. Details of the mathematical derivations
are given in the appendix. Wy and W, stand for the mean
fitnesses of diploids and haploids (averages of W} and W}
given by eq. [3] over all diploids and haploids). All results
are derived under the assumption that the modifier effect
(6) and selection acting on allele a (through its effect o on
sensitivity to competition) are weak.

Equilibrium Population Size

Neglecting the effect of the modifier, population size at the
next generation is given by N' = N[dW, + (1 — d) W, |. At
equilibrium, we thus have

AW+ (1—d)W, = 1. (5)

Neglecting the effect of selection acting on allele a and the
modifier effect, we have from equation (3)

Wd=1+rd_NCd,

Wh =1+ Th —NCh, (6)

where C,; and C, measure the strength of competition act-
ing on diploids and haploids:

Cd I’;—dd [d+ <1 - d)’ydh:|)
G = Ir(—‘; Kl —d) +d7hd}. @)

In absence of genetic variation for the rate of diploidy and
the sensitivity to competition (6 = o = 0), population size
reaches an equilibrium value N;:

oo drd+(1_d)rh
No = dc,+(1—-d)G,~ ®)

Population size increases with the diploid and haploid car-
rying capacities K, and K, and is maximized for intermedi-
ate levels of diploidy d when the haploid and diploid niches
are at least partly separated (ya,yna<1).

Equilibrium Frequency of Allele a

As discussed in “Model,” we consider two different situations:
(1) allele a is deleterious in both phases (>0, p>0) and
(2) allele a is beneficial in one phase but deleterious in the
other (ploidally antagonistic selection; p<0). In the first
case, we assume that allele a is generated by mutation from
allele A at a rate u per generation (and neglect back muta-
tion), while in the second case, we focus on situations where
polymorphism is maintained by selection only, and we ne-
glect mutation. In both situations, we assume that popu-
lation size is sufficiently large so that genetic drift can be
ignored. As shown in the appendix, a first-order approxima-
tion for the change in frequency of a over one generation is
given by

Ap,={dsglh + (1 =2h)p,] + (1 — d)sy }puq. + uq., (9)

where s, and s, measure the strength of selection against al-
lele a in haploids and diploids, respectively, and g, = 1 — p,.
To the first order in «, 54 and s, are given by

sy = paNG,,

Sq = O[NCd (10)
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As expected, density-dependent selection becomes more in-
tense when competition is harsher (as measured by NG,
NC,); however, for a given value of N, s, and s, are not af-
fected by the degree of softness of selection ().

From equation (9), one obtains three possible equilibria
for p,. The first, p, = 1, is trivial and corresponds to the
fixation of allele a. The second equilibrium corresponds
to mutation-selection balance when a is deleterious in both
phases. The third corresponds to polymorphism main-
tained by antagonistic selection (p <0).

Mutation-Selection Balance. Assuming that p, is small at
equilibrium, we can neglect terms in p2 in equation (9).
Furthermore, we can replace N by N, in equation (10) to
express Ap, to the first order in « at the demographic equi-
librium, which yields

del= u - u
b= dhsa v = d)s,  RoaldhCy + (1 — d)pCy]

. (11)

This equilibrium frequency takes the same form as in Otto
and Goldstein’s (1992) model and decreases as the intensity
of competition among individuals increases. In a purely hap-
loid population (d = 0), we have p¢® = u/s, with s, = par,
while in a purely diploid population (d = 1), p = u/hs,,
with s; = ary (note that baseline fecundities 7, and ry deter-
mine the intensity of competition among haploid or diploid
offspring in populations at demographic equilibrium).

The previous expressions neglect the effect of the dele-
terious allele on population size at equilibrium. While this
is legitimate in the case of a single mutation, deleterious alleles
occurring at many loci are more likely to affect population
size (in particular when selection acts through differences
in the efficiency of resource use, i.e., small §). In the appen-
dix, we consider a situation where all deleterious alleles have
the same effect (o, p, h) and where epistasis is absent. Ne-
glecting linkage disequilibria among loci, the equilibrium val-
ues of population size and of the mean number of mutations
per haploid genome can be obtained by solving numerically a
system of two equations. As expected, genetic variation in
competitivity (6 = 1) has virtually no effect on population
size. On the contrary, variation in the efficiency of resource
use (8 = 0) has much stronger effects, which are reasonably
well captured by our analytical results (fig. Al, available
online).

Antagonistic Selection. Ploidally antagonistic selection may
maintain polymorphism in the absence of recurrent muta-
tion. From equation (9), we have at equilibrium

anta dth + (l - d)pCh
T (2h-1)dG

(12)
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This equilibrium is biologically relevant (i.e., between 0
and 1) if

max(l —h,h)<p< —(li%min(l — h, h).

_ d

(1—d)G,
It is stable if the allele that is disfavored in diploids (a if
a>0, A if «<0) is partially recessive. If allele a is totally re-
cessive (dominant if «<0) and if the population is mainly
diploid, the parameter range allowing a stable polymor-
phism is wide, while it tends to shrink when the proportion
of haploids increases (small d), when competition in hap-
loids is stronger (C, > C;), or when mutations become more
additive (h close to 1/2), which corroborates previous results
by Ewing (1977) and Immler et al. (2012).

Evolution of the Ploidy Level

Change in Frequency at the Modifier Locus. To leading or-
der in the effects of alleles 7 and a (6 and ), the change in
frequency of the modifier allele m can be decomposed into
two terms (for derivation, see appendix):

+ [dsshy + (1 —d)(1 — 70)84 | Dias (13)

where g,, = 1 —p,,, h,, = h,,(1 —p,) + (1 — h,)p,, (simpli-
fyingto 1/2whenh,, = 1/2),and h, = h(1 — p,) + (1 — h)p,
(which is approximately & when p, is small). The first term
of equation (13) is proportional to the difference in mean
fitness between haploids and diploids and favors diploidy
when W, > W,. The second term is proportional to D,
and represents indirect selection on m through its associa-
tion with allele a; when the direction of selection on allele
a is the same in both phases, this term disfavors the modifier
allele that tends to be associated with the deleterious allele.
Following previous models (e.g., Cailleau et al. 2010), we will
denote the first term direct selection (selection to produce
more of the phase that has the highest mean fitness), while
the second term will be denoted indirect selection (effect of
the linkage disequilibrium).

Direct Selection. Direct selection in turn decomposes into
two terms: a term of order 6 representing differences in mean
fitness between haploids and diploids due to different ecolog-
ical parameters, and a term of order dap,g, representing ad-
ditional differences in mean fitness due to the selection act-
ing at the locus affecting the sensitivity to competition, for
example, increased mean fitness of diploids due to the fact
that recessive deleterious alleles are partially masked (Otto
and Goldstein 1992; Cailleau et al. 2010). This second term
is generally negligible relative to the first when only a single
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locus segregates for a deleterious allele (as shown by eq. [11],
ap.q, is of order u at mutation-selection balance); however,
we will see that the overall effect of deleterious alleles on
mean fitnesses may become more important when they seg-
regate at many loci.

Effect of ecological differences between haploids and diploids.
In the absence of selection at the second locus (o = 0 or
P.q. = 0), our model corresponds to a simplified version
of Hughes and Otto’s (1999) model and confirms that eco-
logical differences between haploids and diploids generate
direct selection on the modifier locus. From equations (6)
and (7), one obtains

W, — CaGy < "h 4

M= ra-aG\G cd> = S (1)
while the change in frequency of the modifier simplifies
to Ap,, = 6h,SecopPmqn- The term S, thus represents the
strength of selection on the modifier generated by ecological
differences between phases (favoring the phase where fecun-
dity is highest and competition lowest). This term cancels
when ry/Cy = 1,/C,, which occurs when the rate of diploidy
d equals

_ Ky = KyYan
Ki(1— 'Yhd) + Ky(1— ’Ydh) .

(15)

0
In addition,

d(SeCO)
d(d) ) ’

and d, thus represents the evolutionarily stable rate of dip-
loidy (evolutionarily stable strategy [ESS]; Maynard Smith
1982) when it is comprised between 0 and 1. We can note
that the ratios r4/Cy and r,/C, are independent of r; and 7,
(see eq. [7]); therefore, differences in the baseline fecundity
of haploids and diploids do not affect the sign of S, or the
ESS. Furthermore, carrying capacities Ky and K, affect only
d, through the ratio Ky/K;. With weak or no ecological dif-
ferentiation (ya, and 7,4 close to 1), the population should
evolve toward the phase with the highest carrying capacity
(i.e., most efficient resource usage). Confirming Hughes
and Otto’s (1999) results, we predict that intermediate rates
of diploidy may be maintained when the ecological niches
of haploids and diploids are sufficiently differentiated (see
fig. 1A). In this situation, Hughes and Otto (1999) showed
that the population may consist of a mixture of genotypes
coding for different rates of diploidy (as long as this combi-
nation of genotypes fully exploits the available resources).
Indeed, figure 1B shows that when 4, = 14 = 0.5 and

Ky = K, (so that the predicted ESS rate of diploidy is d, =
0.5), a high level of polymorphism is maintained at the mod-
ifier locus: although the average value of d is 0.5, many alleles
coding for values between 0 and 1 coexist in the population.
In a stable environment, niche differentiation between hap-
loids and diploids therefore does not lead to the fixation of a
strategy corresponding to a biphasic life cycle (intermediate
value of d). However, results from bet-hedging theory (e.g.,
Philippi and Seger 1989) suggest that genotypes coding for
intermediate values of d may be favored when the relative
abundance of resources used by haploids and diploids fluc-
tuate over time (indeed, producing both haploid and diploid
offspring may be seen as a bet-hedging strategy). As shown
in figure 1C and 1D, this prediction is confirmed by intro-
ducing fluctuations in the relative sizes of the haploid and
diploid niches (K4/K;) over time: as the amplitude of these
fluctuations increases, the distribution of values of d in the
population narrows around d = 0.5 (decreasing the period
of oscillations also reduces the variance in d; simulations
performed with 7€{1, 2, 4, 8, 16, 64} and A = 1/15, not
shown).

Effect of genetic variation in the sensitivity to competi-
tion. Genetic variation for fitness (e.g., due to recurrent
deleterious mutations) may not have the same quantitative
effect on the mean fitness of haploid and diploid individ-
uals, generating direct selection on ploidy even in the ab-
sence of ecological difference between haploids and dip-
loids (Otto and Goldstein 1992). This introduces a new
component to the direct selection term, which becomes
Ahy(Seco T Sadivect)PmGm> Where S, it is the effect of allele a
on Wy — W,. At mutation-selection balance, S, 4. s given
by

a(p —2h)CyC,
dC,+ (1 —d)C,

Ay + (1 — d)z'Ydh +2d(1 — d)YanYna } Crdel
(1—d+dya)d+ (1 —d)yal o

~
Sa,di rect ~

x {(1 B +B
(16)

(see appendix).

Interestingly, the sign of S, 4. is entirely determined by
the sign of « (p — 2h) (because dC; + (1 —d)C, and the
term within curly brackets are always positive), so that eco-
logical parameters (y,, B, r, and K;) modulate only the
strength of S, 4.« Equation (16) bears some similarity with
previous results on the benefits of diploidy stemming from
masking of deleterious alleles (Otto and Goldstein 1992); in
particular, when p = 1 (so that allele g has the same effect
on the sensitivity to competition of haploids and homo-
zygous diploids), diploidy is favored when the deleterious
allele is partially recessive (h<1/2). However, in Otto
and Goldstein’s model, the sign of direct selection is deter-
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Figure 1: A, Evolutionarily stable strategy rate of diploidy (d.,) as a function of the ratio of carrying capacities K,/K,, and for different levels
of differentiation between phases (yaq, = Yyna = 7y). Lines, analytical prediction in the absence of deleterious mutations (eq. [15]). Circles,
multilocus simulations in the absence of deleterious mutations. Blue, v = 1; green, y = 0.5; red, y = 0. B-D, Distribution of alleles present at
the modifier locus throughout the simulation, in the absence of deleterious mutation, with Ky = K;, = 15,000, ry = r, = 1.8, and ypq = yan =
0.5. Shading corresponds to the frequencies f of different ranges of values of d in the population, from light gray to black: f € [1%, 5%, f € [5%,
10%], f € [10%,20%], and f >20%. B, When the environment stays constant, a large range of values of d is maintained in the population.
C, Fluctuations of the relative sizes of the haploid and the diploid niches of low amplitude (A = 1/15, 7 = 4) narrow this range. D, Increasing
the amplitude of fluctuations (N = 1/2, 7 = 4) further narrows the range around the ESS value of d. In all cases, the average value of d in the

population stays near 0.5 (red lines).

mined by the fitness effect of the deleterious allele in haploids
and heterozygous diploids: s, — 2hsy, which should thus de-
pend on ecological parameters (given that s, = paNC, and
sa = aNCy). By contrast, in our model, a deleterious allele
may generate direct selection for a given ploidy phase even
if it has a stronger fitness effect in that phase (provided that
sy — 2hsy and p — 2h have opposite signs). This seemingly
surprising result comes from the fact that in our model of
density-dependent selection, there is not a simple correspon-
dence between the fitness effect of adding a mutation in a
given haploid or diploid (s, or sy, to the first order in &) and
the mean fitness of haploids and diploids at equilibrium.
When polymorphism at the selected locus is maintained
by ploidally antagonistic selection, terms in p} cannot be
neglected, and the term p — 2/ in equation (16) is replaced

by p —2h, =p —h(l —p,) — (1 — h)p,, which is always
negative (recall that p<0 under antagonistic selection).
Therefore, S, s has the sign of —ou direct selection favors
the phase in which ploidally antagonistic selection increases
mean fitness (haploidy if «>0 and diploidy if «<0).
Finally, as expected, S, 4.« vanishes when the ecological
niches of haploids and diploids are fully disjoint (y4, =
vre = 0) and selection is soft (selection through differences
in competitivity: 8 = 1; see eq. [16]). When deleterious mu-
tations impact resource use (3 = 0), however, S, .. does
not depend on the degree of overlap between the haploid
and diploid niches: mutations generate a direct selection
component favoring the phase whose carrying capacity is
least impacted by the presence of deleterious mutations. Be-
tween these two extreme situations, equation (16) indicates
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that direct selection on the modifier decreases linearly with
B (as long as yuaya < 1).

Indirect Selection. Finally, genetic variation for fitness gen-
erates indirect selection (through the linkage disequilibrium
between the modifier and the selected locus) favoring the
ploidy phase in which selection is more efficient. From
equation (13), the change in frequency of the modifier is af-
fected by linkage disequilibrium (D,,,) through the term

Sa,indirect = [dsdhz + (1 - d)(l - rma)sh]Dma' (17)
At QLE, and to the first order in « and 6, D,,,, is given by

oh, .
D,.~ —= S sy
Wi Wy

(18)

)Whmpqm

rma

(for derivation, see appendix), where pg,.. = PumgmPaqa> Tma
is the recombination rate,and W, and Wj are given by equa-
tion (6) (replacing N by N,). When allele a is deleterious in
both phases, it thus tends to be associated with the modifier
allele increasing the phase in which selection is less efficient
(diploidy if hsy/ Wy<s,/ Wy, haploidy otherwise). When
the rate of diploidy d is such that the direct selection term
cancels (i.e, when Wy = W,), D, has the sign of 8(s, —
hsy). Importantly, and in contrast to the direct selection
term S, gireer discussed in “Direct Selection,” the sign of indirect
selection depends on ecological parameters 7, 7, and K;
(through s, and s,): it is the effect of the deleterious allele on
fitness (and not on sensitivity to competition) that matters.

Under ploidally antagonistic selection («<0), inserting
the expression of the equilibrium frequency of a given by
equation (12) into equation (18) yields

#

oh,,
D = Shpqmaa

ma d o

indicating that the modifier allele increasing a given ploidy
level tends to be associated with the allele that is favored
in this ploidy level; that is, D,,, >0 if m increases diploidy
and a is advantageous in diploids (s, <0, s4>0) or if m in-
creases haploidy and a is advantageous in haploids (s, >0,
54<0). From equation (17), the indirect selection term is
then

(19)

Su,indirect = (1 - d)rmaStha) (20)

which has the sign of d,: therefore, indirect selection gen-
erated by ploidally antagonistic polymorphisms always fa-
vor modifier alleles that increase diploidy. This result can
be understood as follows: during selection, each modifier
allele benefits from the increase in frequency of the selected
allele with which it is associated (within the ploidy phase
where this allele is favored); however, this hitchhiking ef-
fect is weaker for the allele that increases haploidy, because

recombination occurs before haploid selection (reducing the
linkage disequilibrium before selection).

As can be seen from the equations above, indirect selec-
tion is not affected by the parameter (8 (indicating the de-
gree of softness of selection). Under complete differentia-
tion of the haploid and diploid niches (yq, = 1w = 0) and
soft selection (8 = 1), the selected locus therefore affects
the evolution of the modifier through indirect selection
only, since the direct selection term S, 4. Vanishes in this
situation (eq. [16]). In other situations, the effect of indi-
rect selection (of order 60p.q.) is expected to be weak rel-
ative to direct selection (S, i, Of order doep.q.). However,
stronger effects of indirect selection may arise at mutation-
selection balance either when linkage is tight (as shown
previously in Otto and Goldstein 1992) or when ecological
parameters of haploids and diploids (in particular, their
baseline fecundities r, and ry) are very different, so that
density-dependent selection is much stronger in one phase
than in the other (since the strength of indirect selection is
proportional to p/Cy — h/G,).

Extrapolation to Many Loci at Mutation-Selection Balance.
As discussed previously, the effect of a single deleterious
allele should generally be negligible compared with direct
selection stemming from ecological differences between hap-
loids and diploids (unless these ecological differences are
very slight). However, the overall effect of deleterious alleles
occurring at many loci could be more important. To explore
that, we extrapolated results from our two-locus model to an
arbitrary number of selected loci, assuming a deleterious mu-
tation rate U per haploid genome per generation. Neglecting
linkage disequilibria between loci at which deleterious alleles
are segregating, the overall effect of all selected loci on the
change in frequency of the modifier can be approximated
by the sum of the individual effects of these loci (provided
by the two-locus analysis above). When the average number
of deleterious alleles per genome (n) is large (so that s n may
be of order 1), more accurate results can be obtained numer-
ically as explained in the appendix.

Figure 2 compares the ESS rate of diploidy predicted by
our analytical model with multilocus simulation results
(with deleterious alleles occurring at 5,000 loci and a map
length of 10 Morgans). Note that analytical extrapolations
assume unlinked loci rather than a continuous genetic map,
since our QLE results (eq. [18]) diverge for tightly linked loci.
However, simulations indicate that linkage does not have
much effect on the ESS rate of diploidy for the parameter
values used in the figures (simulating free recombination
yields very similar results; not shown).

In the absence of genetic variation for sensitivity to com-
petition (U = 0), the evolution of ploidy is only driven by
ecological differences between haploids and diploids (S...).
Because Ky = K, while g, = y4a =7y for all graphs of
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Figure 2: Evolutionarily stable strategy ploidy level as a function of the mutation rate U when mutations affect the efficiency of resource use
(8 =0) or the competitivity (8 = 1). Lines, analytical results from equations (13), (A5), (A6), and (A7) (eqq. [A5], [A6], and [A7] in the
appendix, available online); dashed lines correspond to unstable equilibria predicted by the model, while solid lines correspond to stable equi-
libria. Circles, multilocus simulations with 5,000 loci under selection and a map length of 10 Morgans. Simulations are run for 20,000 gen-
erations, with a mutation rate of 10> at the modifier locus. Open circles correspond to cases where evolutionary branching occurred during
the simulation. Blue, y = 1; green, v = 0.5; yellow, v = 0.2; red, v = 0. Other parameters values: Ky = K;, = 15,000, p = 1, h = 0.3, a =
0.05. Error bars (computed using the spAMM]1.2.4 R package [Rousset and Ferdy 2014] to deal with autocorrelated data) were smaller than
the size of symbols in most cases and are thus not shown.
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figure 2, the evolutionarily stable rate of diploidy is d = 0.5
if y <1, while selection on ploidy vanishes when v = 1. In-
deed, we can see on figure 2 that d always converges to 0.5
as U tends to 0, as long as y<1.

When U >0, we have seen that deleterious alleles gener-
ate direct selection for diploidy (term S, i) Whenever p >
2h (and selection for haploidy otherwise), which vanishes
when selection is soft (8 = 1) and haploids and diploids
occupy totally separated niches (y = 0). In figure 2, delete-
rious alleles have the same effect on sensitivity to competi-
tion in haploids and homozygous diploids (p = 1) and are
partially recessive (h = 0.3), generating direct selection for
diploidy. Increasing the degree of niche overlap () or the
mutation rate U generally increases the relative effect of
deleterious alleles (S,aiet) OVer ecological differentiation
(Seco) and displaces the ESS rate of diploidy d from 0.5 to-
ward 1. Interestingly, lower baseline fecundities (ry, 1, =
0.18) also increase the relative effect of S, 4., leading to
higher rates of diploidy. Indeed, decreasing baseline fecun-
dities decreases the strength of the ecological component of
selection S.., by reducing competition between individuals
(see eq. [14]), while the direct selection advantage gener-
ated by deleterious alleles (S, 4i..) is less affected by r4 and
r, because of the fact that deleterious alleles are more fre-
quent when fecundities are lower (eq. [11]).

Finally, indirect selection generated by deleterious mu-
tations (S,inairecr) 1S generally negligible but causes slight
displacements from d = 0.5 when S, 4. Vanishes; that is,
selection is soft (8 = 1), and haploids and diploids occupy
totally separated niches (y = 0; red lines in fig. 2). In this
case, deleterious alleles tend to favor haploidy, unless selec-
tion is stronger in diploids (ry > r,; see eqq. [7], [10]). Al-
though our analytical model predicts stronger deviations

1.0*A

0.8}

d

0.6

0.4+ .

0.2+

10000 20000 30000 40000 50000
generations

toward haploidy when ry < 1, and U'is large, d remains close
to 0.5 in the simulations (this discrepancy may be due to the
fact that our analytical model neglects higher-order associ-
ations between selected loci).

Evolutionary Branching. As we have seen before, high poly-
morphism may be maintained at equilibrium at the modifier
locus under ecological selection alone (U = 0; fig. 1B). A
different pattern can be observed in the presence of delete-
rious alleles (U >0), however. An example is shown in fig-
ure 3A:in a stable environment (K, K, constant), evolution-
ary branching occurs once the population has reached the
ESS rate of diploidy d (here close to 0.5), and a proportion
d of the modifier alleles evolves toward 1 (diploidy) while
a proportion 1 — d evolves toward 0 (haploidy); note that
the average proportion of diploids in the population re-
mains unchanged. As illustrated in figure 4, this evolution-
ary branching occurs more easily when selection against del-
eterious alleles is stronger in one phase than in the other
(s, — hsq large in absolute value; upper left/lower right in
fig. 4A). This effect may be understood as follows. A modi-
fier allele coding for an intermediate value of d undergoes
selection alternatively in the diploid and the haploid phases
and therefore experiences periods of higher fitness (in the
phase where mutations have a weaker effect) followed by pe-
riods of lower fitness (in the phase where mutations have a
stronger effect). These temporal fluctuations reduce geo-
metric mean fitness and favor modifiers that tend to stay
in the same phase (so that selection is always weak or always
strong). However, part of the benefit of this specialization is
lost under random mating (since heterozygous genotypes at
the modifier locus are produced each generation), suggesting
that assortative mating should be favored under this sce-
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Figure 3: Distribution of effects of alleles at the modifier locus through time (50,000 generations) when deleterious mutations occur at rate
U =1 in a stable (A) or fluctuating (B) environment. In this example, deleterious mutations affect competitivity (8 = 1), and there is limited
niche overlap (yaq = Y = 0.05). In both cases, the average rate of diploidy at equilibrium is close to 0.5 (red lines). A, When the environ-
ment stays constant (A = 0), evolutionary branching occurs, and at equilibrium, only alleles coding for values of d close to either 0 or 1 are
maintained in the population. B, Fluctuations of the relative sizes of the haploid and diploid niches (A = 1/2, 7 = 4) prevent this branching by
favoring genotypes coding for intermediate rates of diploidy. Parameters values: U = 1, Ky = K, = 15,000, 7y = 1.8, 5, = 1.8, p = 1, h = 0.3,

o = 0.05, mutation rate at the modifier locus: 1072
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Figure 4: Evolution of the ploidy level when mutations have differential effects between phases and with different degrees of niche overlap
under soft selection (8 = 1). A, Yan = Yna = 0.05. B, Yan = Yna = 0.5. C, Yo = ypa = 1. On the X-axes, dominance (k) of deleterious mutations
varies between 0 (mutations are fully recessive) and 1 (mutations are fully dominant). On Y-axes, the relative effect of mutations in haploids
compared with homozygote diploids (p) varies between 1/6 and 6 (shown on a log scale). Background color corresponds to analytical
predictions: evolution toward diploidy (black), haploidy (white), or maintenance of an intermediate rate of diploidy (gray). Pie charts represent
the distribution of modifier alleles in simulated populations after 20,000 generations of evolution, with a mutation rate of 10> at the modifier
locus (black, d<0.1; gray, d € [0.1, 0.9]; white, d>0.9). Other parameters values: U = 1, K; = K, = 15,000, 4 = r, = 1.8, a = 0.05.

nario. For the parameter values used in figure 4, branching
was not observed when the strength of selection against del-
eterious alleles was similar in haploids and diploids; however,
in several cases, we ran simulations over larger numbers of
generations and observed branching. Similarly, increasing
the mutation rate at the modifier locus (so that evolution
occurs more rapidly) greatly increases the number of cases
where branching occurs, and this suggests that it may even-
tually occur in most cases where U >0 and where an inter-
mediate value of d is predicted at the ESS. This is confirmed
in figure 2 using a mutation rate of 0.01 at the modifier locus:
evolutionary branching occurs in many cases when the av-
erage value of d in the population at equilibrium is interme-
diate, in particular when s, — hs, is higher in absolute value
(rs = 1.8, 1, = 0.18); it is possible that branching would oc-
cur in more cases if the simulations could run over larger
numbers of generations. Finally, as we have seen in the ab-

sence of deleterious mutation (fig. 1), temporal fluctuations
in the relative sizes of the haploid and diploid niches (K,
K,) may inhibit this branching phenomenon (as illustrated
in fig. 3B) by favoring intermediate values of d (which may
be seen as a bet-hedging strategy).

Discussion

Different types of selective forces may affect the evolution
of the relative degree of development of the haploid and
diploid phases of the eukaryotic sexual life cycle. In the
presence of genetic variation in fitness, changing the ploidy
level of individuals may affect their mean fitness as a result
of dominance interactions among selected alleles (in partic-
ular, diploidy benefits from an immediate advantage in the
presence of partially recessive deleterious alleles). However,
ploidy also affects the genetic variance among individuals
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and thus the efficiency of natural selection: in general, selec-
tion is expected to be more efficient among haploids, in
which all mutations are expressed. As shown by Otto and
Goldstein (1992) and Otto and Marks (1996), either hap-
loid or diploid life cycles are expected to be favored under
the combined action of these two forces, depending in par-
ticular on the importance of recombination within ge-
nomes and on the mating system. However, an important
assumption of these genetic models is that haploids and
diploids have the same ecological properties, being fully
equivalent in terms of survival, fecundity, and competition
exerted on other individuals in the absence of genetic vari-
ation in fitness. As shown by Hughes and Otto (1999),
relaxing this hypothesis introduces direct selection on life
cycle variants and can explain the evolutionary stability of
biphasic life cycles when haploids and diploids have dif-
ferent ecological niches: indeed, under density-dependent
competition, an individual entering a more vacant niche
has greater chances to survive and contribute to the next
generation. Furthermore, ecological niche differences be-
tween haploids and diploids may affect relative fitness effect
of deleterious mutations in the two phases, in turn affect-
ing the predictions from the genetic models cited above (in
which mutations are assumed to have the same fitness effect
in haploids and homozygote diploids).

In this article, we used a simple demographic model to
explore the interaction between the effects of ecological dif-
ferentiation and of genetic variation in fitness on the evolu-
tion of ploidy cycles. We focused on a scenario where selec-
tion is density dependent, with deleterious alleles reducing
the success of individuals when competing with conspe-
cifics. This particular form of selection is certainly restricted
to a subset of all possible deleterious alleles, with the effect
of most mutations causing developmental abnormality or
lethality being probably little affected by population den-
sity. Nevertheless, it appears likely that the deleterious ef-
fect of a substantial proportion of mutations may increase
with the strength of intraspecific competition: in partic-
ular, several experimental studies (e.g., table 2 in Agrawal
and Whitlock 2010) reported stronger average effects of del-
eterious alleles at higher density, while other studies mea-
sured stronger inbreeding depression at higher densities,
which may possibly be due to stronger effects of deleterious
alleles (e.g., Cheptou et al. 2000; Meagher et al. 2000). Ex-
ploring the effect of density-dependent selection appears
particularly interesting in the context of models combining
ecological and genetical effects, since the interplay between
these different components is not intuitively obvious.

In our model, the evolution of a modifier gene affecting
the ploidy of individuals is controlled by three different ef-
fects: (1) differences in mean fitness between ploidy levels
generated by intrinsic ecological differences between hap-
loid and diploid individuals (independently of their geno-

type); (2) additional differences in mean fitness caused by
deleterious alleles, which may have different effects on the
sensitivity to competition in haploids and homozygous
diploids; and (3) differences among phases in the efficiency
of selection against these deleterious alleles. As we have
seen, the results show that these effects scale differently with
the strength of competition within and between ploidy phases.
In particular, at demographic equilibrium, the strength of eco-
logical selection depends on differences in the carrying capac-
ities of haploids and diploids (reflecting differences in the
availability of resources and/or in the efficiency with which
individuals use these resources), on the degree of overlap be-
tween their ecological niches, and on the average baseline
fecundities of individuals (r4 and 1, controlling the intensity
of competition among offspring). By contrast, changing base-
line fecundities has little effect on differences in mean fitness
caused by deleterious alleles. As a consequence, the relative
importance of effects 1 and 2 depends on these baseline fe-
cundities, with effect 1 being relatively stronger when r4 and
1, are higher and relatively weaker when r, and 7, are lower.
Therefore, we predict that biphasic life cycles should be more
easily maintained (by ecological differentiation among phases)
when the intensity of competition among offspring is strong,
while deleterious alleles affecting the sensitivity to competi-
tion of individuals may have stronger destabilizing effects
(favoring either haploid or diploid life cycles) when lower
fecundities reduce the intensity of competition (fig. 2). It
would thus be interesting to test whether biphasic (haploid-
diploid) life cycles tend to be associated with higher inten-
sities of competition among offspring in phylogenetic groups
where different types of life cycles coexist (such as algae).
Another result is that ecological differences between
haploids and diploids may affect the relative importance
of the two components of selection on ploidy generated
by deleterious alleles (effects 2 and 3). In our model, the ef-
fect of deleterious alleles on the sensitivity of individuals to
competition determines whether they generate a direct se-
lection advantage for haploidy or diploidy (effect 2). By con-
trast, whether indirect selection (effect 3) favors haploidy
or diploidy depends on the effect of deleterious alleles on
the overall fitness of individuals (number of offspring pro-
duced), which under density-dependent selection is affected
by the ecological parameters of haploids and diploids. As
a consequence, a deleterious allele having the same effect
on the competitivity of haploids and homozygous diploids
(p = 1) would favor diploidy through a masking advantage
if it is partially recessive (h<1/2) and could also favor dip-
loidy through a purging advantage if competition is stronger
among diploids, leading to stronger density-dependent se-
lection (r4h>r,). More generally, these results outline the
fact that selection may not necessarily be more efficient
among haploids when mutations have the same phenotypic
effects in haploids and homozygous diploids, provided that
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selection is affected by density and that haploids and diploids
experience different degrees of density-dependent competi-
tion. This may explain the observation that purifying selection
does not seem to be more efficient in haploid-expressed genes
than in diploid-expressed genes of Arabidopsis thaliana and
of the moss Funaria hygrometrica (Szoevenyi et al. 2013),
and it outlines the need for more systematic measures of fit-
ness effects of deleterious mutations at different population
densities.

We also explored the case of antagonistic selection,
where different alleles at the same locus are favored in hap-
loids and in diploids. As with deleterious alleles, the direct
competition term favors the phase with the highest mean
fitness—a result also described in a recent article by Immler
and Otto (2014). In addition, we found that independently
of the ecological parameters, indirect selection always favors
diploidy when the locus under antagonistic selection is at
its polymorphic equilibrium, because of the fact that a mod-
ifier allele increasing diploidy tends to benefit more from
hitchhiking than an allele increasing haploidy, whose as-
sociation with the haploid-beneficial allele is broken by re-
combination before selection. In the case of heteromorphic
species where haploid and diploid individuals occupy differ-
ent niches, many loci may possibly be under ploidally antag-
onistic selection (because of morphological and physiological
differences between ploidy phases), and this should thus tend
to favor modifiers increasing the relative importance of the
diploid phase.

Our simulations showed that in the absence of deleteri-
ous mutations, ecological differentiation between phases
may lead to the stable coexistence of a high diversity of life
cycles (from fully haploid to fully diploid cycles), in agree-
ment with predictions by Hughes and Otto (1999). How-
ever, when deleterious alleles are introduced and when the
ecological component of selection is sufficiently strong to
favor biphasic life cycles (despite the destabilizing effect of
deleterious alleles), eventually the population evolves to a
state where alleles coding for fully haploid and fully dip-
loid life cycles stably coexist. In this case, we expect that
assortative mating should be favored, ultimately leading
to the coexistence of a haploid and a diploid species. There-
fore, ecological differentiation between phases does not
seem sufficient to explain the stable maintenance of truly
biphasic life cycles (involving an obligatory alternation be-
tween haploid and diploid individuals), unless additional
factors favor such an alternation, for example, constraints
due to the different biology of spores and gametes (e.g.,
Stebbins and Hill 1980; Bell 1997) or temporal variability of
the environment, as explored here. Finally, we assumed a
preexisting ecological differentiation between haploid and
diploid individuals. It may be of interest to extend our model
in order to explore the ecological and genetic factors that
may drive this differentiation.
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