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ABSTRACT

In this article, we study the effect of self-fertilization on the evolution of a modifier allele that alters
the recombination rate between two selected loci. We consider two different life cycles: under gametophytic
selfing, a given proportion of fertilizations involves gametes produced by the same haploid individual,
while under sporophytic selfing, a proportion of fertilizations involves gametes produced by the same
diploid individual. Under both life cycles, we derive approximations for the change in frequency of the
recombination modifier when selection is weak relative to recombination, so that the population reaches
a state of quasi-linkage equilibrium. We find that gametophytic selfing increases the range of epistasis
under which increased recombination is favored; however, this effect is substantial only for high selfing
rates. Moreover, gametophytic selfing affects the relative influence of different components of epistasis (ad-
ditive X additive, additive X dominance, dominance X dominance) on the evolution of the modifier.
Sporophytic selfing has much stronger effects: even a small selfing rate greatly increases the parameter
range under which recombination is favored, when there is negative dominance X dominance epistasis.
This effect is due to the fact that selfing generates a correlation in homozygosity at linked loci, which is

reduced by recombination.

EXis the combination of two complementary events—
meiosis and syngamy—resulting in the alternation
of a diploid and a haploid phase during the life cycle;
by contrast, an asexual life cycle can be viewed simply
as a succession of mitoses. Both life cycles can be com-
pared to understand the relative advantages of sexual
vs. asexual reproduction, and this approach has been
useful to identify the costs (MAYNARD SmiITH 1971; WIL-
Liams and M1TToN 1973) and benefits of meiosis owing
to the processes of segregation and recombination (see
below). However, a whole variety of sexual life cycles
does exist, depending in particular on how syngamy
occurs. Although both the evolution of mating systems
and the evolution of sex and recombination have re-
ceived considerable attention, the interplay between
mating systems and the evolution of recombination has
received less attention.

The famous twofold cost of meiosis notoriously de-
pends on the mating system (CHARLESWORTH 1980);
it can, for example, vanish in selfing hermaphrodites.
Similarly, the advantage of sexual reproduction due to
segregation greatly varies depending on the mating sys-
tem (UyENOYAMA and BENGTSSON 1989; AGRAWAL and
Cuasnov 2001; OtTo 2003). However, despite consid-
erable work and progress in understanding when re-
combination may evolve and provide an advantage to
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sexual reproduction, we still largely ignore how the mat-
ing system influences the evolution of recombination.
Some simulations have been performed in this direction
(CHARLESWORTH ¢t al. 1977, 1979; HOLSINGER and FELD-
MAN 1983), but no clear conclusion has emerged as to
exactly how nonrandom mating might affect the general
conditions under which recombination is favored.
Different theories have been proposed to explain the
evolution and maintenance of high rates of recombina-
tion in higher organisms. Apart from theories based on
the idea of a mechanistic advantage of recombination
(e.g., through DNA repair), recombination is thought
to be beneficial because it reduces linkage disequilibria
(LD) between loci. This last hypothesis (termed a gener-
ative hypothesis) consists of a variety of possible under-
lying processes that can be classified according to the
mechanisms generating LD (KoNpDRASHOV 1993; OTTO
and LENORMAND 2002). First, LD can be produced by epi-
static selection, in which case recombination is favored
when epistasis is weak and negative (FELDMAN et al. 1980;
KonDprasHov 1982, 1988; BaArTON 1995) and not too
variable among pairs of loci (OTT0 and FELDMAN 1997)
or when epistasis fluctuates over short periods of time
(CHARLESWORTH 1976; BARTON 1995). Second, LD can
be produced by migration and directional selection, in
which case recombination is favored when directional
selection at different loci covaries negatively between
habitats (LENORMAND and OTTO 2000). Third, LD can
be produced by drift and directional selection, a process
referred to as the Hill-Robertson effect (FELSENSTEIN
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F1Gure 1.—Cytological data on selfing rates and numbers
of chiasmata per bivalent at meiosis. Each symbol corresponds
to a different species or subspecies. x-axis, deviation of the
number of chiasmata per bivalent relative to the genus aver-
age, divided by the genus average; y-axis, deviation of the de-
gree of selfing relative to the genus average, divided by the
genus average. Data are from GRANT (1958) (Agropyron, Sor-
ghum, Collinsia, and Gilia), VED BRAT (1965) (Allium), ZAR-
CHI et al. (1972) (Triticum), ARrROYO (1973) (Limmanthes),
GiBBS el al. (1975) (Senecio), and SHARMA et al. (1992) (Plan-
tago).

1974), in which case recombination is favored when pop-
ulations are not too large (FisHEr 1930; MULLER 1932;
OtT10o and BaArRTON 1997, 2001). These different sources
of LD can also occur simultaneously, which affects the
conditions for the evolution of recombination (LENOR-
MAND and OtTo 2000; OTTO and BArTON 2001).

To date, most analytical models on the evolution of
recombination have considered randomly mating popu-
lations; however, biological data and simulation models
suggest that nonrandom mating may be an important
factor. These data and models have focused on the case
of partial self-fertilization. For example, cytological ob-
servations indicate that self-pollinating species of flower-
ing plants tend to have higher chiasma frequencies than
closely related outcrossing species, suggesting that re-
combination rates may correlate with the amount of self-
fertilization (GRANT 1958; STEBBINS 1958; VED BRAT
1965; ZARCHI et al. 1972; ARrROYO 1973; GiBBS el al.
1975; SHARMA et al. 1992). Figure 1 displays data col-
lected from these studies. In general, quantitative esti-
mates of rates of self-fertilization are difficult to obtain,
but the different species can be classified into different
broad classes, from “complete outcrossers” (for exam-
ple, in the case of auto-incompatible species) to “com-
plete selfers” (for example, in the case of cleistogamous
species). From this classification, we attributed a num-
ber to each species, representing its degree of selfing.
The y-axis of Figure 1 represents the difference between
the degree of selfing of each species and the average
over all measured species of the same genus, divided by
the genus average. The x-axis represents the number of
chiasmata per bivalent (measured in general at meta-

phase I of meiosis); again, each value corresponds to the
deviation of each species relative to the genus average,
divided by the genus average. Variables on both axes
are strongly correlated in every genus and overall
(Spearman Rho is 0.535 overall on the 57 points, P <
10™*). However, it is important to note here that all
these data have been obtained from male meioses; data
from female meioses are thus needed to determine if
the same correlation exists in both cases, given that
the ratio of the number of chiasmata in male/female
meioses also covaries with the mating system (LENOR-
MAND and DuTeiL 2005).

Furthermore, simulation models have shown that self-
fertilization increases the strength of indirect selection
acting on recombination modifiers and that under some
conditions modifiers increasing recombination de-
crease in frequency under random mating, but increase
in frequency under partial selfing, even when the selfing
rate is small (CHARLESWORTH ef al. 1977, 1979; HoL-
SINGER and FELDMAN 1983). However, the mechanisms
by which self-fertilization affects the evolution of recom-
bination remain difficult to understand from these sim-
ulations.

In this article, we present an analytical study of the
effects of partial selfing on the evolution of recombi-
nation, using multilocus techniques that have been ap-
plied previously to the study of the evolution of recom-
bination (BarTON 1995; OTTO and FELDMAN 1997,
LENORMAND 2003). Our model is deterministic (infinite
population size), and therefore, the evolution of recom-
bination will be driven by epistatic interactions between
loci. We consider two different life cycles. Under game-
tophytic selfing, we assume that a given proportion of
fertilizations involves gametes produced by the same
haploid individual (generating zygotes, which are homo-
zygous at all loci). Gametophytic selfing corresponds to
the most extreme form of inbreeding, occurring, for
example, in homosporous ferns (McCAULEY et al. 1985;
Sortis and Sovrtis 1986). It has also been used by OTTO
(2003) to consider the effects of inbreeding on segre-
gation and the evolution of sex. Under gametophytic
selfing, we assume that selection can occur during both
the haploid and the diploid stages of the life cycle. The
second life cycle corresponds to sporophytic selfing: in
this case, a given proportion of fertilizations involves
gametes produced by the same diploid individual (as in
most selfing plants and animals). Under sporophytic
selfing, we assume that selection occurs only during the
diploid phase of the life cycle. We will see that gameto-
phytic selfing tends to increase the range of epistasis
values where recombination is favored; it also increases
strongly selection pressures on recombination and af-
fects the relative importance of the different compo-
nents of epistasis (additive X additive, additive X domi-
nance, dominance X dominance). Under sporophytic
selfing, dominance X dominance epistasis generates a
selective pressure on the evolution of recombination
that is absent under random mating. If dominance X
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TABLE 1
Notation
i, J, k Indices for loci; j and k are selected loci, and ¢ modifies the recombination rate between jand &
bq=1—1p Frequency of allele 1 (p,) and of allele 0 (g) at locus [
X, X;* Indicator variables that equal 1 if allele 1 is present at locus / on the maternally inherited chromosome (X))
or paternally inherited chromosome (Xj) of a given individual and 0 otherwise
L=X—pN Scaled indicator variable
Ly Product of {-variables over the set of loci U
Cy, C{ Genetic association between loci in the set U during the haploid phase (in the gametophytic selfing model),
before and after haploid selection
Chv, Chy Genetic association between loci in the sets Uand V on homologous chromosomes of diploid individuals,
before and after diploid selection (in the sporophytic selfing model, C¥yis noted Cyy)
al, et Effect of haploid selection acting on the set of loci U (in the gametophytic selfing model) and epistasis between
these loci on a multiplicative scale
aly, ety Effect of diploid selection acting on the sets of loci Uand Vpresent on homologous chromosomes and epistasis
between these loci on a multiplicative scale; D superscripts are dropped in the sporophytic selfing model
s Direct selection acting on loci j and k, under the fitness matrix given by Table 2
h Dominance of alleles 1 at loci jand k, under the fitness matrix given by Table 2

Caxas axd > €axd

Additive X additive, additive X dominance, and dominance X dominance epistasis between loci jand k, under
the fitness matrix given by Table 2

o Rate of self-fertilization (either gametophytic or sporophytic)

Ti> Tk Recombination rate between loci 7 and j and between loci j and k (without modifier)

dr Effect of the modifier on 7

I Dominance of allele 1 at the modifier locus (locus @)

lsr Probability that a gamete produced by an individual contains the set S of loci derived from one of its parents
and the set 7 from the other

Tsr Population average of g

Ot ryi» Olsyii Additive effect of the modifier on ¢g; and effect of dominance at the modifier locus

€ Scaling factor

dominance epistasis is negative, even a small rate of
sporophytic selfing greatly increases the range of param-
eters under which recombination can increase.

METHODS

Throughout the article, we consider three linked loci,
%, J,and k (presentin that order along the chromosome),
where j, k are selected loci, while locus ¢ affects the
recombination rate between jand k. Two alleles, noted
0 and 1, segregate at each locus. We use the multilocus
formalism of BARTON and TURELLI (1991) (extended by
KIRKPATRICK et al. 2002) to write recurrence equations
for allele frequencies and for genetic associations, mea-
suring the statistical associations among alleles at differ-
ent loci and/or on different chromosomes. Definitions
of the different parameters and variables are given in
Table 1. Following previous usage, we denote p, the
frequency of allele 1 at locus /in the population, and
¢ = 1 — p,. We then define two indicator variables X
and X7, which equal 1 if allele 1 is present at locus /on
the maternally inherited (X,) or paternally inherited
(Xi) chromosome of a given individual and 0 otherwise.
In the haploid stage, we have only one X, variable per
haploid individual. { variables are defined as

L=X - y428 Cl* = Xz* - b (1)
and products of {-variables are given by
Lo =118, & = 11¢F, (2)

lev lev

where U is a set of loci, the possible sets being &, {i},
{7}, k), {4, j), {e, kY, {j, k), and {¢, j, k). By convention,
{z = (% = 1. Genetic associations Cy measured in the
haploid phase (before haploid selection) are defined as

CU - E[CL], (?))

where Uis a set of loci, and where E means the average
over all individuals in the population. Genetic associa-
tions in diploid organisms are given by

CU,V = E[Clﬁj], (4)

where Uand Vare sets of loci. For example, C;measures
the linkage disequilibrium between loci i and j in the
haploid phase, while C;z measures the linkage disequi-
librium between ¢and j on maternal chromosomes, dur-
ing the diploid phase. Throughout, we assume no sex-
specific selection nor any effect of the sex-of-origin of
chromosomes, and therefore we will always have C,y =
G-

Gametophytic selfing: The life cycle under gameto-
phytic selfing is represented in Figure 2A. Each genera-
tion starts after meiosis, at the beginning of the haploid
phase. In this phase, the population can be described
by seven haploid genotype frequencies (there are eight
genotypes, and their frequencies sum to 1) or by the
three allele frequencies p;, p;, and p, and the four ga-
metic linkage disequilibria C;, C;, Gy, and Cy. We as-
sume that selection can occur during the haploid phase,
followed by syngamy. At syngamy, a proportion a of



844 D. Roze and T. Lenormand

A diploid B
selection
Civ CLI")y
diploid phase diploid
. . diploid phase
syngamy MEIOSIS  celection TE=
\
haploid
selection

zygotes are formed by two gametes produced by the
same haploid individual (and are thus homozygous at
allloci), while a proportion 1 — a are formed by gametes
sampled at random. Finally, selection occurs between
diploid organisms, followed by meiosis. Changes in al-
lele frequencies and genetic associations caused by se-
lection have been derived in KIRKPATRICK et al. (2002),
while recursions for meiosis in the presence of a recom-
bination modifier are given in BARTON (1995). There-
fore, the only new part here corresponds to the recur-
sions for syngamy. In the following, we use superscripts
H, S, and D to denote variables measured after haploid
selection, syngamy, and diploid selection, respectively.

Haploid selection: To represent haploid selection, BAR-
TON and TURELLI (1991) and KIRKPATRICK ¢f al. (2002)
define selection coefficients ai! such that the fitness of
a haploid individual, relative to the average fitness in
the population, can be written as

1+ Sall(tr — G (5)

al} represents the effect of selection acting on the set
of loci U; since we assume that selection acts only at
loci j and %, we have only three coefficients a}', a}!, and
aji, where aj' and aj' represent direct selection at loci
j and k, while @} represents the interaction between
these loci.

Recursions for allele frequencies and genetic associa-
tions, using these aff coefficients are given by Equations
9, 10, and 15 in KIRKPATRICK et al. (2002). In particular,
the change in frequency of the recombination modifier
during haploid selection is given by

AHP,' = Eagcw = (l;-[Cl] + d};lc,'k + a}}cIC,/k (6)
U

Syngamy: Allele frequencies do not change during
syngamy. Associations after syngamy are given by

C%,V = aCly + (r - a)CYCY, (7)

where a is the rate of gametophytic selfing, and U and
Vare sets of loci. For instance, C}g = CY, C}; = aCY,
while Cj; = aCli + (1 — o) (C}})* Repeated indices

in associations can be eliminated using the relation

Cou = PlQlCU + (1 — 2?1) Cu (8)

F1cure 2.—Model life cycles. (A) Game-

o tophytic selfing; (B) sporophytic selfing. In

me10s1s each case, the arrow marks the start of the

syngamy life cycle, at which point we measure allele
\ frequencies and genetic associations.

(KIRKPATRICK et al. 2002, Equation 5), so that, for exam-
ple, G = pigpeg. + (1 = 2p) (1 = 2py) G

Diploid selection: Diploid selection is represented by
defining af)y selection coefficients, such that the fitness
of a diploid organism, relative to the average fitness of
the population, can be written as

1+ Za?:"(guzx' — Cy). 9)

The sum in Equation 9 is over all sets of loci Uand YV,
including the empty set. Again, af)yrepresents the effect
of selection acting on the set of loci (U, V); for example
aly and ajy represent direct selection acting on loci j
and k, while a}; and a}) represent the effects of domi-
nance at these loci (in the additive case, a}; = ap, = 0).
In principle, the notation allows for different selective
effects depending upon the sex-of-origin of chromo-
somes (for example, it is possible to have af@ # a%J),
but because we assume no sex-of-origin effect, af)y =
aYy for all sets U and V. Interactions between pairs of
genes at loci j and k are represented by coefficients
apg and aj); without cis-trans effects, ajg = aj). Finally,
interactions among three and four alleles at loci j and
k are represented by coefficients a;, al;, and aj .
The exact expressions of apy coefficients are compli-
cated functions of the fitnesses and frequencies of the
different genotypes, but they take simpler forms when
calculated to first order in the selective differences.
Throughout the article, we consider the case of direc-
tional selection acting on loci j and % and use the sym-
metric fitness matrix given in Table 2, where s is the
selection coefficient of alleles 1 at loci jand k, A is their
dominance coefficient, and ¢,x,, éxq, and ¢xq measure
additive X additive, additive X dominance, and domi-
nance X dominance epistasis between loci jand k. With-
out epistasis (g,x, = &xa = €ixa = 0) and under random
mating, this selection regime does not generate any
gametic linkage disequilibrium between loci j and k
(G = 0). afy coefficients can be obtained by equating
the fitnesses of the different genotypes with expressions
derived from Equation 9; APPENDIX A gives expressions
for the aly coefficients under the fitness matrix given
in Table 2 to different orders in s, €x., €xq, and e;xq.
Recursions for allele frequencies and genetic associa-
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TABLE 2

Example of fitness matrix for diploid selection

00 01 11
00 1 1+ hs 1+ s
01 1+ hs (1 + hs)? + e (1 + hs)(1 + 5) + 2ex, T exa

11 1+s

(1 + hs)(1 + 5) + 2%, T exa

(1 + 5)2 + dex. + 4exa t laxa

The entries correspond to the different genotypes at loci j and k; 6., exq, and eixq correspond to addi-
tive X additive, additive X dominance, and dominance X dominance epistatic effects, respectively.

tions after diploid selection, in terms of the afy coeffi-
cients, are given by Equations 9, 10, and 15 in KIRKPAT-
RICK ¢l al. (2002). In particular, the change in frequency
of the recombination modifier is given by

Anﬁi = Ea?:vC%z,v, (10)
uv

where the sum is over all sets U and V, including the
empty set.

Meiosis: We denote the recombination rate between
loci 7 and j as 7;. The recombination rate between j
and k depends on the individual’s genotype at locus i:
individuals having genotype 00, 01, and 11 at this locus
have recombination rate 7, 7, + hydr, and 7, + d,
respectively, between loci j and k. Therefore, dr mea-
sures the effect of the recombination modifier, while
Iy is the dominance of allele 1 at locus i. We assume
no interference among crossing-over events.

Meiosis does not change allele frequencies. A general
recursion for genetic associations in the presence of a
recombination modifier is given in BArRTON (1995). The
method consists in defining coefficients tg;, measuring
the probability that a gamete produced by an individual
contains the set S of loci derived from one of its parents
and the set T from the other. For example, ¢;; is the
proportion of gametes containing locus i from one par-
ent (either mother or father) and loci jand % from the
other. In the presence of a recombination modifier,
some tg,will depend on the individual genotype at locus
¢and can be written under the form

tsr = lsp + dtsr (L + LF) + Stgriilii, (11)

where /5, is the population average, Oty represents the
additive effect of the modifier on ¢y, while 8, repre-
sents the effect of dominance at the modifier locus. For
all Sand T, ts7, 8t57);, and dt57);; can be expressed as
functions of r;, 7, dr, hy, and p; (BARTON 1995). Genetic
associations after meiosis are then given by

C% E{ > tS,TéS,T:|

S+T=X

s
> [ZS,TC?,T + St57(C8r + CRp) + 6t$,T|z’,iC?i,Ti]
S+T=X (12)

(where I means the average over all individuals, just
before meiosis). To go from the first to the second
line, one uses Equation 11 and replaces expectations
of products of {-variables by associations before meiosis.
As in BARTON (1995), the asterisk in Equation 12 means
that the sum is over all distinct partitions of the set X.
For example, for X = ik, the partitions {S = i, T = jk}
and {S = jk, T = i} contribute to a single term in the
sum. This stands in contrast to sums like in Equation
10, where, for example, {U= jk, V= jland {U=j, V=
Jk} represent two different terms.

Sporophytic selfing: The life cycle under sporophytic
selfing is represented in Figure 2B. Each generation starts
after fertilization; selection then occurs (in the diploid
phase), followed by meiosis and syngamy. A proportion
a of fertilizations involves gametes produced by the
same diploid individual, while a proportion 1 — « in-
volves gametes sampled at random from the whole pop-
ulation. Under sporophytic selfing, the population can-
not be described only in terms of haplotype frequencies:
one has to keep track of 36 diploid genotype frequencies
or of 3 allele frequencies and of 32 genetic associations
(measured at the beginning of the life cycle, in juvenile
diploids): 9 associations between pairs of genes (such as
Cyi, Gy, Gy), 10 associations between three genes (such
as Cyug, Gji, Cyj), 9 associations between four genes
(such as Cy;, Gy, Cyjr), 3 associations between five genes
(Cinij» Giries Girn)» and the association between the six
genes, Cy, ;. Because of this higher number of variables,
the analysis of the model becomes more tedious, but
nevertheless leads to simple results, at least to leading
order in the dominance X dominance epistasis.

Asin the previous section, recursions for diploid selec-
tion are obtained by defining af,y selection coefficients
and using Equations 9, 10, and 15 in KIRKPATRICK el al.
(2002). Recursions for meiosis and syngamy are ob-
tained as follows. Recursions for associations between
genes present on the same chromosome are not affected
by selfing and are given by

%
C}’(,@ = 2 [tS,TCET + StS,I‘t(C]SJl,I + C]S)Jl) + 8t$,'[|i,iC?1,Ti]>
S+T=X (13)

which is equivalent to Equation 12. Recursions for asso-
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ciations between genes present on homologous chromo-
somes are then given by

Cxy= (1 = o) CipCip

o K X oo
+ = 2 2 [t-s,'l'tl',"( C?I,“.TV + C.IS)\:'/'(')
2 S+T=XU+V=Y
+ Otsrjluy + Styydsy)
X (CIS)I'!,TV + C.IS)I',TH + C.l\)ﬂ.'['(,' + C«l\)‘:TI"A)

+ Btsryiiluy + Stuyidsr) (Clur + an,m)] + o(dr).

(14)

This expression is obtained using the same method as
in BARTON (1995): one considers all the possible recom-
bination events that can have produced each of the two
chromosomes of a newly formed zygote; if this zygote
has been produced by selfing, one thus has to sum over
all products ¢gand ¢y (such that S+ T'= Xand U +
V=17).

Approximations: To obtain recursions on allele fre-
quencies and genetic associations, we implemented the
general expressions described above in a Mathematica
5.0 notebook (available upon request); these full recur-
sions are complicated expressions, which are not given
here for space reasons. From these expressions, useful
approximations can be obtained when selection is weak
relative to recombination: in this case, genetic associ-
ations equilibrate fast relative to the change in allele
frequencies, and the population quickly reaches a state
described as quasi-linkage equilibrium (QLE), where asso-
ciations change slowly over time (BARTON and TURELLI
1991; NacyrLakr 1993). In principle, self-fertilization
must not be too high for the QLE approximation to
hold, because selfing reduces the effectiveness of recom-
bination. Expressions of genetic associations at QLE,
for given allele frequencies, are obtained by solving re-
cursions for associations at equilibrium (that is, solving
equations of the form Cy = Cy under gametophytic self-
ing, and Cyy = Cxyunder sporophytic selfing). This way,
associations can be expressed in terms of allele frequen-
cies and of the different parameters of the model.

We consider different assumptions concerning the
strength of selection and the frequency of self-fertiliza-
tion; to do this, we introduce a small scaling term € and
assume that the modifier effect dris of order €, while
selection coefficients a;y and the selfing rate o can be
of different orders in €. At QLE, genetic associations will
be of different orders, depending on the assumptions
made. To obtain approximations to leading orders of
associations at QLE, we perform a perturbation analysis:
we first do not make any assumption on the order of
magnitude of genetic associations and look for terms
that are of order 1 at QLE (they are obtained by solving
recursions expressed to the order 1). We then assume
that all associations are of order €, except those that
were found to be of order 1 (which are replaced by
their expression to the order 1, plus a term in €), and
solve recursions expressed to the order €, to find associa-
tions that are effectively of order € at QLE. We repeat

the same procedure for the orders €2, €, ..., until all
associations needed to express the change in frequency
of the modifier have been obtained.

RESULTS

Gametophytic selfing: Under gametophytic selfing we
obtained that, as under random mating, recombination
only decreases when selection and epistasis are of the
same order of magnitude (as is apparent from our re-
sults). To find cases where recombination increases, one
has to assume that epistasis is weak relative to selection.
Therefore, throughout this section, we assume that se-
lection coefficients a}', a}', ajy, aly, aj;, and a} are of
order g, while aji, ajg, aj), ap;, ajy, and aj; are of
order €2. We also assume that the modifier has a small
effect: dris of order €. We do not make any assumption
on a. In this case, after solving recursions to express
genetic associations at QLE, one obtains that G;and G,
are of order €*, Gy is of order €, and Cy, is of order €.
Recursions for these associations to leading orders in €
are given in APPENDIX B.

The coefficients ajlg, a}), ajl;, ajy, and aj); measure
additive epistatic effects (as relative fitness in Equation
9 is written as a sum over these coefficients); to the
order €°, they depend both on multiplicative epistatic
parameters (Table 2, ¢, &xq, and ¢xq4) and on direct
selection. However, these coefficients can be written in
the form

D — D D D D — D D D

a]k@ = a,‘,@a,ﬂ@ + e]-k,@, a,‘,k = aj,@ak,@ + ej,k,
D — D _D D

ajk,j = aj,jak,Q + eij (15)
D — D D D D — D _ D D

A = Aprig + Cikks — Ajkjr = Qi@ + Cji> (16)

where 7y coefficients represent multiplicative epistatic
effects (for example, e}i,jk = ¢yxq). This can be seen from
the expressions given in APPENDIX A. Similarly, in the
case of haploid selection, aﬁ‘ can be written in the form
al'aj’ + eji, where ¢jf represents multiplicative epistasis
(BaArTON and TureLL1 1991).

General solution at QLE: The change in frequency at
the modifier locus is obtained from Equations B1, B2,
B3, B5, and B7 in APPENDIX B:

Ap; = AC; + AC, + (E+ AA) Gy + o(ed), (17)
with
A=a'+ (1 +a)ay + all — 2p)aj, (18)

Ar=all + (1 + a)dlg + a(l — 2p)als, (19)

and
E=¢f + (1 + a)ehy + 2aeh, + 2ae) (1 — 2p)
+ 204€?k,k(1 - 2[%) + Oleﬁ,jk(l - 2[7]')(1 - Qﬁk)

+ a(l —a)lay + (1 —2p)afllaly + (1 — 2p) aiyl.
(20)
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QLE values of C;, C;, and G (denoted with a hat) are

obtained from the recursions given in APPENDIX B. As-
suming that the modifier has an additive effect (i = %),
we obtain

) ArEpq,
Gy = —— Py ) @1)
QTjkﬁjk(l - )

= (ai' + alp) |Gy + o(eh)  (22)

A
“T i -w

. A
Gy = { '

— (a! + 4P
Wi T

Gy + o(eh),  (23)

where pg; = pigipigipgr- In Equation 21, 7y, is the proba-
bility that at least one crossing over occurs between loci
i, j, and k, in the absence of the modifier. Since we
assume no interference between recombination events
between iand jand between jand k, we have r; = 1 —
(I = 1) (1 — ). Equations 17-23 give the frequency
change at the modifier locus at QLE,
drE(E + T') pg;

Ap, = ———————Cl 4 o), (24)
27’,‘k7’57k(1 - )
where

1
- +1
(1l — )

1
F=abo—o

—Alail + aiy) — Alal' + aj). (25)

Equation 24 shows that, as under random mating, re-
combination always decreases when direct selection and
epistasis are of the same order of magnitude. Indeed
in this case I' becomes negligible relative to E, and Ap,
has the same sign as —dr. In the absence of selfing (o =
0), Equation 24 corresponds to the result obtained by
BarTON (1995) for the change in frequency of a recom-
bination modifier in a panmictic population (a modifier
increasing recombination increases in frequency when
I' < E < 0). Finally, Ap, under arbitrary dominance at
the modifier locus is given by Equation 24, multiplied
by a factor 2[hy + pi(1 — 2hy) ].

QLE under haploid selection: When selection occurs only
during the haploid phase of the life cycle, Equation 24
becomes

drel} paiy, 1 1
Ap, = L) &/ [e;.z + u;*al;( + - 1)}

(1 — @) (1 —a)  nm(l — )

+ o(£%). (26)

Equation 26 takes the same form as under random mat-
ing (Equation 12 in BARTON 1995), all recombination
rates (dr, 7, 73, 7, and 7) being multiplied by a factor
1 — «; this reflects the fact that selfing reduces the ef-
fectiveness of recombination. As a result, the minimum
value of epistasis for a modifier increasing recombina-
tion to be selected, given by the term between brackets

in Equation 26, decreases as a increases. Therefore,

under haploid selection, gametophytic selfing increases
the range of negative epistasis values over which in-
creased recombination is selected.

We tested the validity of Equation 26, using a model
of directional selection, where haploid individuals carry-
ing zero, one, and two alleles 1 at loci j and % have
fitnesses 1, 1 + s, and (1 + 5)* + ¢, respectively. In this
case, when s is of order € and ¢ of order €%, one obtains
that af'aj! = & + o(€?), and €}f = ¢ + o(€?); thus, Equa-
tion 26 predicts that a modifier increasing recombina-
tion should increase in frequency when

_ g 1 n 1
r(l —a)  m(l —a)

—ll<e<o. (27)

Figure 3 compares this prediction with deterministic
simulations. In the simulations we iterate exact recur-
sions for genotype frequencies; we first let the system
equilibrate in the absence of the modifier and then
introduce the modifier in small frequency and see if it
increases (Figure 3, solid circles) or decreases (Figure 3,
open circles) in frequency. Simulations confirm that
gametophytic selfing increases the range of (negative)
epistasis values over which increased recombination is
favored; they also show that Equation 27 gives good
predictions when selection is weak (Figure 3A, s =
—0.01), except when the selfing rate is close to 1, while
it does not give such good predictions for stronger se-
lection (Figure 3B, s = —0.05), when the selfing rate is
moderate to high. This is due to the fact that selfing
reduces the effectiveness of recombination and there-
fore reduces the range of selection coefficients and re-
combination rates under which the QLE approxima-
tion is valid.

QLE under diploid selection: In the case of diploid selec-
tion, it can be seen from Equations 20 and 24 that self-
fertilization generates indirect selection on the recom-
bination modifier even in the absence of epistasis (when
all e}y coefficients equal zero). For example, without epi-
stasis or dominance, £ = a(1 — a)ajpaly, and Equa-
tion 24 shows that a modifier increasing recombination
will always be selected against (when af and ajg have
the same sign). Indeed, self-fertilization generates posi-
tive linkage disequilibrium between loci j and k, even
in the absence of epistasis; at QLE, one obtains (without
epistasis or dominance)

D D
Qa5 AP Prgh

7}'/:

Gy = + o(€?). (28)
Linkage disequilibrium €y is due to the fact that, even
under a completely multiplicative fitness matrix, the
marginal fitnesses of the different types of chromosomes
are not multiplicative, because under partial selfing ge-
notype frequencies are not given by simple products of
gamete frequencies.

To consider the effects of dominance and epistasis
under diploid selection, we used the fitness matrix given
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FIGURE 3.—Range of epistasis under
which increased recombination is fa-
vored, under directional haploid selec-

0.8 tion, as a function of the rate of gameto-

L)

in Table 2. To obtain simpler expressions, we consid-
ered the case where alleles 1 at loci jand k are deleteri-
ous (s < 0) and produced by recurrent mutations oc-
curring at a small rate « (this small mutation rate should
not affect significantly our expressions of associations
at QLE, calculated in the absence of mutation); in this
case, p; and p, remain small. By neglecting terms in p]?
and pi in Equation 24, one obtains that a modifier
increasing recombination increases in frequency if ¢,x,
lies between

o=
=

L]

G phytic selfing, o. Equation 27 predicts
that recombination should increase in
the shaded area. Circles correspond to
simulation results: solid circle, a mod-
ifier increasing recombination increases
in frequency when rare; open circle, it
decreases in frequency. Parameter val-
ues are: (A) s = —0.01 and (B) s =
—0.05, r; = 0.2, 7, = 0.2. In the simula-
tions dr = 0.01, Ay = %, and u = 107°.

oe

oe

oe

Figure 4 represents the range of epistasis values under
which a modifier increasing recombination increases in
frequency, for different values of «, at mutation-selec-
tion equilibrium. When « is small (Figure 4, 107°), re-
combination increases only when ¢,x, is weak and nega-
tive, almost independently of ¢, and ¢;xq. As o increases,
mutant homozygotes become more frequent, and ¢xq
and ¢;xq play 2 more important role; however, the parame-
ter range under which recombination is selected remains
narrow. In some sense, there is still a requirement for
negative epistasis, as at least one of the parameters ¢,

' 1
= - — 2 12\ 2 . . .
e, = [4aexa + ataxa T (a(l = 2)* — h?)s7] exa, and exq must be negative for increased recombina-
(1 + 3a) ) . .
tion to evolve. At high selfing rates, Equations 29 and
— 2.9 . . . S
[o(1 — h) + hl% (l + l) (29) 30 and simulations show that increased recombination is
(I —o)(1 + 3a) \% i favored over a wider range of epistasis values: the space
o between the planes in Figure 4A increases (not shown).
5= T 3a [4exa + eaxa + (1 = a) (1 = h)*s°]. When a = 1, the modifier becomes neutral again, how-
o S . .
(30) ever, as recombination has no effect in this case.
A 0.1 B Ficure 4.—Range of epi-
stasis values under which a
0.1 vy . . . .
005 i..\ T . modifier increasing recombi-
o1 - g v wa nation increases in frequency,
S5 . 0 B3R 0005 oo1  under gametophytic selfing,
0.05 | I[N SN ~. 0
R SR ~0.005 R and under the fitness ma-
e o RN SNSBy ~01 VI trix given in Table 2. (A) In-
axd SRR I creased recombination is se-
NSRRI Caxd \ 8 ~.
-0.05 SRR o - ~..>8  lected between the two ver-
- RIS R -0. T~ . _
0.0 “tg“g::g:,g?f S\ \ s tical planes when a = 107°
3 .
-0.005 RS \ and between the two other
B =03 v planes when o = 107", (B-
axa 001 D) Regions of ¢,x,, ¢,xq, and
e1xq, where increased recom-
C D €yud bination is selected, when
L 0.03 = 107% (dotted lines), a =
0.04 23 -0.1 -0.05 0 0.05 o1« nes), a
_ "\ 102 (dashed-dotted lines),
00227~ \ X REREE CEEEE - and a = 107! (dashed-dou-
eyq 0 B S -0.1 ble-dotted lines). Each time,
—0005 7~ 0.01 —0.15 a modifier increasing recom-
002 oa| Cwxd bination is predicted to in-
~-0 - . .
-0.04 -.e AN o 025 crease in frequency between
006 N o LA z ) the two lines (obtained from
—0.1 P SR PR N » . .
‘9’ -03 © ~=o  Equations 29 and 30). Circles
-0.08 S correspond to simulation re-
sults for « = 1072 and 107"
solid circle, the modifier increases in frequency when rare; open circle, it decreases in frequency. Parameter values are: (B) s = —0.1,

h=01,7n =02, 7 =02, exq = 0.01; (C) exq = 0.01; and (D) ex, = 0.01. In the simulations, dr = 0.01, /iy = Y%, and u = 107°,
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TABLE 3

Expressions for the change in frequency at the recombination modifier locus at QLE,
under sporophytic selfing

Weak selection

Weak epistasis

a = 0O(1) Ap: = apCijp + 0(€?) (
a = 0() Ap, = iz Cing + Qs Cigr + o(e*)
a = 0(g?) Ap: = ayeChz + o(€”)

Ap; = a;,G;

T G + ajk,jkcy‘k,jk + o(€’)

Api = dj/c,jkcfjk,jk + 0(84) B
Ap = agCig + apCiz + auzCiz + apuCauj + o(€7)

The modifier effect dris assumed to be of order €; under weak selection, all a;y coefficients are of order &,

while under weak epistasis ¢z, @z, ;)

and @, are of order € and a5, @, au;, @y, and @y are of order €2

The different rows correspond to different orders of magnitude of the selfing rate a.

Sporophytic selfing: Results under sporophytic selfing
are qualitatively different from those under gametophytic
selfing. In particular, modifiers increasing recombina-
tion can increase in frequency even when direct selec-
tion and epistasis are of the same order of magnitude
(which is not the case under random mating and under
gametophytic selfing). Since selection occurs only dur-
ing the diploid phase, we drop D superscripts from apy
coefficients. In the following, we again assume that epi-
stasis is weak relative to direct selection: ay, a;;, @y, Gy,
and @, are of order €2, while a4, vy, 4, and @ are
of order €. We also give approximations for the case
where all selection coefficients are of the same order.
Concerning the rate of self-fertilization, we consider the
cases where a is of order 1, of order €, and of order €%
Finally, we still assume that the modifier effect dris of
order €. Recursions for associations that influence the
change in frequency of the modifier, for the different
cases that we consider, are given in APPENDIX C. Table 3
gives the leading-order terms of Ap; at QLE, under weak
selection and weak epistasis, and for the different as-
sumptions on the order of a. In the following, we give
only results for iy = Y% (additive modifier); results are
qualitatively similar under arbitrary %y, and, in many
cases, the change in frequency at the modifier locus
can be obtained simply by multiplying the expressions
obtained by a factor 2[hy + p(1 — 2hy)]; we indicate
when this is the case. Expressions for arbitrary domi-
nance of the modifier effect are given in APPENDIX C.

o of order 1: Under weak epistasis and strong selfing,
the change in frequency of the modifier takes the form

Ap = 4Gy

j T ak,kéik,k + ajk,jkajk,jk + o(€?), (31)

where again the hat stands for genetic associations at
QLE. Indeed, under sporophytic selfing, the association
Ciri is generated only by selfing and by the effect of the
modifier (even when selection is absent) and is there-
fore of order €. When &y = %, Cz’/‘k,/‘k is given by

o _dradl = (1= 2[2 — a(l = (1 = py)]
e 2 — a(l — p) 22 — a(l — p) (1 — pp)]

P+ o(€)
(32)

(APPENDIX C), where p; = 2r;(1 — 1), pj = 273(1 — 1),
and again pgy = pigipigipegi- Equation 32 shows that Gy

has the same sign as —dr; this reflects the fact that,
under partial selfing, the correlation in homozygosity
between loci jand kis lower among individuals carrying
an allele that increases recombination between jand k.
The associations Cy; and Cy, are generated by Gy and
by selection at loci j and k and are of order €% at QLE,
they are given by

(04 A
- 2 _
G Ay Gie + 0(€°), Gy = @,

a A S
= — & G+ o(e)
" 2 -« 79— M

(33)

(APPENDIX C). Other associations of the form C;y pro-
duce terms of higher order in the expression of Ap,.
Equations 31 and 33 lead to

2+ a A
Api = 92 — aaj,ja/c,/c + ej/c,jk Cijk,j/c + 0(82)1 (34)

where ¢, equals a;j; — a;;a,,and measures muAltiplicative
dominance X dominance epistasis. Because Cy has the
sign of — dr, we obtain that a modifier increasing recom-
bination increases in frequency if

2+«

ik < _2_70( ;i - (35)

Applying the coefficients from APPENDIX 4, this condition
becomes, under the fitness matrix given in Table 2,

24+«

-

laxa < — (1 — 2h)%s2. (36)
When epistasis and direct selection are of the same
order of magnitude, this condition becomes ~¢;xq < O:
recombination is favored when double homozygotes are
less fit than expected on the basis of single homozygotes,
because recombination during sporophytic selfing then
produces fewer double homozygotes. This mechanism
thus provides an advantage to alleles that increase re-
combination, in the presence of negative dominance X
dominance epistasis. Condition (36) indicates that the
maximum value of ¢;x4 for recombination to be selected
is in fact slightly negative; this is due to the fact that,
by reducing the proportion of double homozygotes,
recombination also decreases the variance in fitness,
which reduces the efficiency of natural selection and
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therefore gives a cost to recombination. In the absence
of dominance X dominance epistasis (¢xq = 0), the
advantage of recombination mentioned above is absent,
and this cost selects against recombination. These mech-
anisms by which recombination evolves under sporo-
phytic selfing are very different from those under ran-
dom mating, as is discussed later.

a of order £: We now assume that the selfing rate is
small: a is of order €. In this case, Cijk,;’k becomes of order
€ and is given by Equation 32, expressed to the first
order in a:

1
Cipjr = —éocdr(l — 21) pgi + o(€). (37)

Solving recursions for genetic associations indicates that,
at QLE, Ci],f,@ is of order €%, while other associations in-
volving a single ¢ index are of higher order. As a con-
sequence, the change in frequency at the modifier locus
is simply given by

AP;’ = ay’k,/kéi/k,jk + o(e"). (38)

However, if epistasis terms are stronger (i.e., if all a,y co-
efficients are of order €), Cjk,@ becomes of the same
order as C,-jk j» while other associations involving a single
i index are of higher order. In that case, we obtain

Ap; = (ljk,géiﬂc,@ + aj/c,jlcéijk,jk + o(€’). (39)
Solving the recursion for Cyg gives
A drayopg )
G =~y ey (40)
207

(APPENDIX C). Indeed, selfing affects C},-k,@ only through
terms of order €”, which are neglected here. Equations
10, 37, and 40 lead to

dr[ @

@
9 | rm +oadu(l = 25) |pgy + o). (41)
yrajl

Ap =

Therefore, under weak selection and weak selfing, we
find that a modifier increasing recombination increases
in frequency when dominance X dominance epistasis
is sufficiently negative,

2
i3]

aaka < -
7’1)1«7}1«(1 - 27}/1)

7

(42)

which, using Equations 54 and 55, gives

.t (p + 2 wd T D 2
Qg < _[€d><d ([7/ ﬁk)%xa P;Pkedx@l] . (43)
Tg‘k’}'k(l - 27}‘k)

Under arbitrary dominance at the modifier locus, Equa-
tion 41 is multiplied by a factor 2[hy + p(1 — 2hy)],
which does not affect condition (42). When epistasis is
weak (a;; and @z of order €?), this condition becomes
~ay; < 0, in agreement with Equation 38.

o of order €2: Finally, when the selfing rate is of order
€, Clﬂ s and CA?Z»]»,,,@ are of order €%, (:’1-];@ and Cyg are of order

¢* while other associations involving a single ¢index are
of higher order, giving

A]?i = %@Czj,@ + ak@éﬂc,@ + aj/e,QCijk,Q + ajlr,jkézjk,jk + 0(85)~
(44)

At QLE, C’,-]-,€ i 1s still given by Equation 37, while other asso-
ciations in (44) are given by

R dre; »
Cijk,@ — _Mpqﬂ‘ + 0(83) (45)
273t
. 1.
Cig = —agy 1 - . Cy + o(eh) (46)
ij
. 1.
Cip = —ajz 1 - :k Cy + o(g") (47)

(see APPENDIX C), giving for the change in frequency of
the modifier,
1

Ai:_fd
P o™

ej}c,@ 1 1
7(%@ + d/,@dk,@( T == 1))

i LA

+ aa;(1 — 2%)}?% + o(€h). (48)

We checked this expression against numerical simula-
tions, using the fitness matrix given by Table 2, again as-
suming that alleles 1 at loci jand k are deleterious (s <
0) and maintained at mutation-selection equilibrium,
so that p;and p, remain small. In this case, the expressions
given in APPENDIX A give: ggag = s°h* + o(€?), ¢ =
tixa T 0(€%), and ay; = (1 — 2h)*s* + €1xq + 0(€?). From
this and from Equation 48, we expect that a modifier in-
creasing recombination should increase in frequency if

1 1
foca [em + s2h2(7 +—- 1)}

1 < —(1 — Qh 2.2 4+ —_
fiaa ( s a(l = 20) rry i T
(49)

Figure 5 compares this prediction with simulation re-
sults obtained by iterating exact recursions for genotype
frequencies. When « is very small (Figure 5, 107°), re-
combination increases only when e,x, is weakly negative,
almost independently of ¢;x4, as under random mating;
as a increases, the range of ¢,5, under which recombina-
tion is selected greatly increases, as long as ¢ixq < 0. As
a becomes strong (Figure 5, 107!), approximation (49)
still gives correct results and shows that recombination
increases as long as ¢;xq is lower than a limit value (with-
out lower bound).

The axes of Figure 5 are not drawn to the same scale,
the scale for ¢;xq being much larger than that for ¢,;
we used these different scales to be able to represent the
narrow parameter range under which recombination is
selected for under random mating or when selfing is
very small (e = 107°), while at the same time presenting
simulation results for strong absolute values of ¢xq.
However, drawing the figure in this way may give a false
impression of the parameter range where recombina-
tion is favored. Figure 6 presents similar graphs, but
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F1GURE 5.—Maximum value of dominance X dominance epis-
tasis (&xq) for a modifier increasing recombination to be se-
lected, under sporophytic selfing and under the fitness matrix
given in Table 2, as a function of additive X additive epistasis
(éxa). The curves correspond to our analytical result for weak
epistasis and weak selfing (Equation 49), for « = 107° (dotted
curves), 10~* (solid curve), 10~% (dashed curve), 10~% (dashed-
dotted curve), and 107! (dashed-double-dotted curve). Circles
correspond to simulation results for a = 107%, 1072, and 107"
solid circle, the modifier increases in frequency when rare; open
circle, it decreases in frequency. Parameter values are: r; = 7, =
0.2, s = —0.1, h = 0.1; in the simulations dr = 0.01, &y, = %,
bxd — 001, u = 1075.

where axes are drawn to the same scale. Decreasing the
strength of selection (from s = —0.1 in Figure 6A to
s = —0.05 in Figure 6B) reduces the area in which
recombination is selected under random mating (this
area is too small to be represented in Figure 6B), while
it increases the area in which recombination is selected
for under selfing (the threshold value for ¢;xq is higher
in Figure 6B than in Figure 6A).

The QLE approximation does not hold under strong
selfing. Comparisons between the prediction of Equa-
tion 49 and simulations are shown in Figure 7, for s =
—0.1 and o = 0.3, 0.6, 0.9, and 0.99. As o gets large,
the QLE approximation becomes clearly wrong: Equa-
tion 49 predicts that a modifier increasing recombina-
tion increases in frequency below the curves in Figure 7
(that is, for sufficiently negative ¢;»,), while simulations

—-0.02 0 0.02 0.04

show that, when selfing is strong, recombination can
increase even when ¢;xq is positive. Under strong selfing,
selection on the recombination modifier becomes less
dependent on ¢x4 and more dependent on ¢,x,, which
in most cases has to be negative (recombination in-
creases in Figure 7, C and D, left sides).

DISCUSSION

Our model shows that self-fertilization has important
effects on the evolution of recombination. Both sporo-
phytic and gametophytic selfing generate correlations
in homozygosity at different loci (associations such as
Cijr) - While such correlations do not depend on recom-
bination under gametophytic selfing, they are decreas-
ing functions of recombination under sporophytic
selfing, as individuals who recombine more produce
fewer double homozygotes when they self. This mecha-
nism generates an association Cy,j between the recombi-
nation modifier (locus ¢) and loci jand %k under sporo-
phytic selfing, even in the absence of selection at these
loci. By contrast, under random mating, all associations
between the recombination modifier and other loci are
built by selection acting at these loci and by the modifier
effect. This association Cyj; has important qualitative
and quantitative effects. For example, in the case where
direct selection and epistasis are of the same order,
the evolution of modifiers that increase recombination
becomes possible (a necessary condition being that
dominance X dominance epistasis is negative) while it
is not the case under random mating (BARTON 1995).
For example, in the case of recurrent deleterious muta-
tions, increased recombination can evolve only when ad-
ditive X additive epistasis is weakly negative when mat-
ing is random. This condition changes very fast as the
rate of sporophytic selfing increases (Figure 5), selfing
rates as low as 107* having substantial effects. As selfing
increases, the condition for the evolution of recombina-
tion depends more and more on ¢xq (which has to be
negative, without a lower bound) and less and less on
6. (In particular, recombination can increase when

Ficure 6.—Values of ¢,
and ¢;xq for which a modifier
increasing recombination in-
creases in frequency, under
sporophytic selfing and under
the fitness matrix given in Ta-
ble 2. Solid lines, o = 0; dashed

eaxa . .
lines, « = 0.01; dotted lines,

A B
0.04 0.04
0.02 ¢ 0.02
0 axa
) -0.04  -0.02 v 002 0.04 -0.04
Caxa 0 €ixd 0
-0.02 \ -0.02
N
|
-0.04 Ll -0.04
I i

T a = 0.1. The modifier in-
\ creases in frequency between
Y the solid lines in A and below
! "-‘.._. the dashed and dotted lines in
. A and B. Parameter values are:
(A) s = —0.1 and (B) s =
—0.05, 2= 0.1, r; = 0.2, =
0.2.
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A 0.1 B 0.1
Caxd €ixd
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FIGURE 7.—Values of e, and ¢;xq
~o1 2005 ¢ 0.05 01 -01 0.05 o1 f(.)r Which. a modiﬁer‘r increasing recom-
Caxa Caxa bination increases in frequency, under
_8.0 . stronger sporophytic selfing and under
8 8 the fitness matrix given in Table 2. (A)
. o1 8 e a=0.3,(B)a=0.6,(C)a=0.9,and
e (D) a = 0.99. Other parameters are:
C e 0.1 D 0.1 s = _01, h = 01, bxa — 001, 7}]' =
e e 0.2, r,=0.2,dr= 001, by = 05, u =
. dxd dxd 107°. The curves correspond to Equa-
e . tion 49, and the circles show simulation
e results; solid circle, the modifier in-
creases in frequency when rare; open
-0.1 0.05 0.1  -0.1 0.05 0.1 . . .
€ €.va circle, it decreases in frequency.
8

& 18 positive, as long as e;xq is sufficiently negative, as
can be seen in Figure 5). Importantly, self-fertilization
not only increases the parameter range under which
recombination is favored, but also strongly increases the
strength of selection on recombination, because when
ais strong, Gy is of higher order than the other associa-
tions between the modifier and the selected loci.

These results are in agreement with simulation results
obtained by CHARLESWORTH et al. (1979) and confirmed
by HOLSINGER and FELDMAN (1983). Charlesworth et al.
considered a fitness matrix where dominance X domi-
nance epistatic effects are measured by four coefficients
ki, ky, ks, and k, (Table 2 in CHARLESWORTH et al. 1979).
It is possible to show that, under their fitness matrix,
the coefficient a;j equals —k, — ky — k; — ky, to the first
order in selective differences. Charlesworth et al. found
that, when all %; are equal (and equal to k), increased
recombination is selected when k is positive, provided
that self-fertilization occurs (even at a small rate); under
random mating, recombination does not increase. This
result agrees with our Equations 36 and 42.

The mechanisms by which recombination evolves
under sporophytic selfing (when ¢;xq < 0) and under
random mating are also qualitatively different. Under
random mating, and when epistasis is negative, recombi-
nation decreases the average fitness of offspring, while
it increases their variance in fitness. This increase in
variance drives the evolution of the modifier, provided
that the initial decrease in fitness is not too high (which
can be the case only when epistasis is weak). Recombina-
tion has the opposite effect under sporophytic selfing
when ¢;xq < 0. Indeed, because sporophytic selfing gen-
erates an excess of double homozygotes (C;; > 0), it
increases the variance in fitness. Recombination, how-
ever, reduces this excess of double homozygotes (Cyj
decreases as 73 increases, as can be seen from Equation

C3) and thereby reduces the variance in fitness. How-
ever, when ¢;x4 < 0, individuals who recombine more
produce offspring that are more fit on average (because
they produce fewer double homozygotes through self-
ing). As a result, conditions for higher rates of recom-
bination to evolve are reversed: while recombination
increases when epistasis is weakly negative under ran-
dom mating, itincreases under selfing when ¢4 is more
negative than a limit value (Equation 35).

Under gametophytic selfing, correlations in homozy-
gosity at differentloci do not depend on recombination,
because selfing occurs among identical gametes (pro-
duced by a haploid gametophyte). Under this mating
system, the association Gy, is generated by selection at
loci j and k and by the modifier effect, and results are
more similar to those obtained under random mating
(this can be seen from Equation 17, which gives the
change in frequency of the modifier under gameto-
phytic selfing, and which takes the same form as under
random mating). Gametophytic selfing has, however,
two important effects. First, it decreases the effectiveness
of recombination, thereby increasing hitchhiking ef-
fects. As a consequence, the range of epistasis under which
increased recombination can evolve is increased—this
effect, however, is important mostly at high selfing rates
(Figure 3). Second, by increasing homozygosity, game-
tophytic selfing increases the effects of additive X domi-
nance and of dominance X dominance epistasis under
diploid selection (Figure 4). In the case of deleterious
mutations, the combination of ¢,x,, €xq, and ¢x deter-
mines when modifiers that increase recombination can
evolve (rather than just ¢x,), and, in some cases, such
modifiers evolve when ¢,x, is positive.

We expect that results for other sources of inbreeding,
such as sib mating or population structure, should be
qualitatively similar to those obtained under sporophy-
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tic selfing; indeed, inbreeding (and population struc-
ture) generates correlations in homozygosity, which in
general decrease as recombination rates increase (ga-
metophytic selfing being here an exception). There-
fore, the result that negative dominance X dominance
epistasis selects for increased recombination would
probably be obtained from other models of inbreeding.
These different cases remain to be investigated using
specific models.

Our results stress the fact that the different compo-
nents of epistasis play different roles in the evolution of
recombination under inbreeding: for example, under
sporophytic selfing, increased recombination can evolve
when ¢y, is positive, as long as ¢;xq is sufficiently nega-
tive. Therefore, it appears important to measure these
different components separately (not only ¢,x,) to assess
the deterministic theories for the evolution of recombi-
nation. At present, most experimental studies measur-
ing epistasis between mutations affecting fitness have
been performed on haploid organisms (DE VISSER et al.
1996, 1997a,b; ELENA and LENSKI 1997; ELENA 1999; DE
LA PERA et al. 2000; WLocH et al. 2001) or on diploids
made homozygous at all loci (DE VISSER and HOEKSTRA
1998; PeETERS and KricHTLEY 2000; WHITLOCK and
BourcGueT 2000), in which case the different compo-
nents of epistasis cannot be separated. However, some
studies on diploid plants have tested for dominance X
dominance epistasis (WILLIS 1993; FALCONER and MAc-
KAY 1996 and references therein); in these studies, dif-
ferent components of fitness are measured over succes-
sive generations of inbreeding. In the absence of
dominance X dominance epistasis, the decline in fitness
with inbreeding is expected to be linear, while negative
ixqa leads to a greater than linear decrease (CrRow and
Kimura 1970, p. 80). Some of these studies found linear
decreases, while others obtained accelerating decreases.
However, this method is biased against finding negative
dominance X dominance epistasis, because the worst
genotypes can be lost by selection during the course of
the experiment; therefore, linear decreases in fitness
with inbreeding do not prove that dominance X domi-
nance epistasis is absent.

In a recent article, OTT0 (2003) studied the hypothe-
sis that sex might have evolved to promote segregation.
She found that segregation evolves only under a re-
stricted range of parameters with random mating, but
under a much wider range in the presence of inbreeding
(represented in her model by gametophytic selfing).
With inbreeding, selection on a modifier of segregation
is also much stronger, and she concluded that sexual
reproduction is more likely to have been driven by the
benefits of segregation than by the benefits of recombi-
nation. However, our model demonstrates that under
sporophytic selfing, selection on a recombination mod-
ifier is also much stronger than under random mating
(when there is dominance X dominance epistasis);
therefore, which of the two effects of sex (segregation

or recombination) brings more benefits is not so clear;
models including both effects are needed to answer this
question, in parallel with measures of dominance X
dominance epistasis.
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sions on previous versions of this manuscript. This work was supported
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the French Ministry of Research.
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APPENDIX A

Under the fitness matrix given by Table 2, to the first order in s, ¢,x,, €,xq, and ¢xq (weak selection), af,y coefficients

are given by

ajy = hs + (1 = 20 spy + pul2eca + 2y + p)exa + Piprtaxa (A1)
ai = hs + (1 = 2k sp + pi[2exa + Cpp + p)exa + piprcaxal (A2)
ap = (1 = 2h)s + p(2exa + préaxa) (A3)
apy= (1 = 2h)s + p(2exa + pieaxa) (A4)
ape = ap = exa + (P + P exa T piprtaxa (A5)

D — D —
Qi = €ixd t Prlaxas A =

bxa T Pitaxas Gﬁ,ﬂc = laxd- (A6)

To the second order in s, and to the first order in ex,, 6xq, and exq (weak epistasis), af,y coefficients are given by

ajp = slh + p(1 = 20)1(1 — sT) + p[2exa + (p + P exa + pipreaxal (A7)
Ay = slh+ p(1 = 2011 — sT) + pi[2exa + (B + p)exa + piprtaxal (A8)
apy = (1 = 2h)s(1 = sT) + p(2exa + Préaxa) (A9)
app = (1 = 2h)s(1 = sTp) + p(2exa + pieaxa) (A10)
apg = a) = exa t (P + p)exa + pipeaxa + s°[h + p(1 — 20)1[h + p(1 — 2h)] (A11)
ah; = e + Preaxa + (1 = 20)s°[h + p(1 — 2h)] (A12)
Ay = exa T paxa + (1 = 20)s2[h + p(1 — 2h)] (A13)
app = eaxa + (1 = 2h)°s (Al14)
with

T; = pl2h + p(1 = 2] + (1 = 20 F(pg + pug) (A15)

T, = pl2h + p(1 — 20)] + (1 — 2R F(pg; + ) (A16)

and Fis the neutral inbreeding coefficient, equal to o/ (2 — o) under sporophytic selfing and o under gametophytic

selfing.
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APPENDIX B

Here we give recursions for gametophytic selfing under weak epistasis: al', af!, afy, aly, afj, and a}), are of order
€, while alf, ajly, a), a});, ajl;, and a} are of order €.

Haploid selection: The change in allele frequency at the modifier locus (locus ¢) due to selection during the
haploid phase is given by

A”/)l' = a}'IC,] + a?C,»k + aﬁc,j]‘k (Bl)

(from KIRKPATRICK et al. 2002, Equation 10). The recursions for linkage disequilibria to leading orders in € are
given by

Cl' = C; + al'Cy + o(€") (B2)
Clhh = Gy + a}'Cy + o(g") (B3)
Cii = Gy + eif pigpugr + o(€%) (B4)
Cii = Cy + o(€%) (Bb)

(from KIRKPATRICK et al. 2002, Equations 9 and 15).
Diploid selection: The change in allele frequency at the modifier locus during diploid selection is given by

App; = g%/aﬂyC%,;y, (B6)
which, using Equations 7 and 8, gives
App, = [aby + aAJCY + [aby + aAJCH + [EP + (aly + o) (aby + aA)]Cl + o(€?) (B7)
with
A = aly + a)(1 — 2p), A= aly + al(1 — 2p) (B8)
and

EP = a(l — a)AA + (1 + o) ey + 2ae), + 20 (1 — 2p) + 2aep,(1 — 2p) + aef (1 — 2p) (1 — 2p).  (BY)

Genetic associations after diploid selection are given by

Chly = Clf + (aiy + oAy ClH + o(e") (B10)
CY = aCl + a(apg + A Cl + o(eh) (B11)
Chg = Cii + (ajp + aA) CYj, + o(e) (B12)
Ch = oaCl + a(a)y + A)Cl + o(e') (B13)
Chy = Clit + E pigpug + o(€?) (B14)
Ch =aClf + [E° — (1 — o) (ehg — e 1pgpge + o(€). (B1b)
Finally, we have
Cho = CY+ o)), CY = Ch=Ch =aCl+ o). (B16)

Recombination: Recombination does not affect allele frequencies. Recursions for genetic associations in the
presence of the recombination modifier are the same as in BARTON (1995),

Cj= (1= ) Cly + 1,CY + ofe") (B17)
Ci= (1 = 1) Chg + nCh + ofe) (B18)
f= (1 = r)Chy + 1CY% + o(e) (B19)
a=la+ 1 —a)y(d —n)]Ch — dilhy + p(1 — 2h) 1pig(Clhz — CH) + o(€), (B20)

where, 7; is the probability that at least one crossing over occurs between loci 7, j, and k, in the absence of the
modifier.
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APPENDIX C

In the absence of selection, selfing increases homozygosity and generates correlations in homozygosity at different
loci, leading to positive associations between identical sets of loci present on homologous chromosomes. Equilibrium
values for these associations under sporophytic selfing are obtained by solving recursions derived from Equations
13 and 14, with C%y = Cyy, and all 8¢5, (which represent the modifier effect) equal to zero. One obtains for the
association between homologous genes at a single locus,

Cz/ = Fpi%‘: (Cl)

where I'= o/ (2 — o) measures the deviation from Hardy-Weinberg equilibrium at a single locus, due to selfing.
Associations between pairs of homologous genes at two loci are given by

lﬂ/ = 771’ qlplq/’ (CQ)
where
G, = a 2—a—2(2—=3a)ry(l - rij-), (C3)
T 2—a 2—qa[l =21 = )]
measuring the correlation between homozygosity at two linked loci (again due to selfing). Finally, one has
Ciun = Hybigibidiuds (C4)
with
aX
Hy = ) (Ch)
2 = a(l = py) (1 = pp
where
X=F+ (1 - Pi;‘)(l - ij)(l - F +(1- pij)pjkGij + Pz‘/(l - P/‘k) ij + pijp[kGik (C6)

and pl] = 271](1 I]) and p]k - 27}1<(1 ﬂr)
« of order 1: When « is of order 1, Clk]k is of order €; indeed, Cyj is generated only by selfing and by the modifier
effect. To linear order in dr, one obtains from Equations 13 and 14

Cz{jk,jk = 9 [1 - 2”(1 7‘k)] Cijk,jk

with pgs = pigipigiprgi- Solving Equation C7 for Cj; = Cyj gives
R 4da(l — o) dr[(hy + p;(1 = 2m)) X, + X1 (1 — 273) pg;;
G = o a)dr[ (hy + pi( M) Xi 5] ( ") Pk + o(dr) (C8)
2 —all - 27}'k(1 - 7}'k)]
with
1
X = (C9)
2 - OL(l - pzj)(l - pﬂc)
= p,
XQ — 0Lp/( pyk) (ClO)

4—a(l—pl2+ (1—p)@2—all—p))]

Except dr, all terms in the fraction of Equation C8 are positive when 7; and 7 are in the range [0, Y%1, and «, hy,
and p; are in [0, 1]; therefore, Cﬂk,k has the same sign as —dr.

Q, ;and C,kk are of order € and are obtained by solving the recursions
Cij = (Cw + @, Cygp) + o(€?) (C11)
a
Cip = E(Qk,k + a;Cyj) + o(g?), (C12)

giving at QLE,
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C.

ijj

a4 . .
— OLCijk,jk + o(e?), Gy =

5 Cippe + 0(€7). (C13)

= gy @i 9~

Under weak epistasis, Gy, Giji, Gy, and G are also of order €%, while other associations involving a single 7 index
are of higher order.
o of order €: When « is of order €, Cy; becomes of order € and is given by

Cire = —adrlhy + pi(1 = 2h)1(1 — 27}’k)[7¢]i/‘k + o(€%) (C14)

(from Equation C8). Under weak epistasis, G is of order 3 at QLE, while other associations involving a single i
index are of higher order. Under weak selection (when all ay coefficients are of order €), Gy is of order €2 and
is obtained by solving the recursions

Cig= 1 = 1) Cz + lapg + (g — apz) il pgi + o(€) (C15)
Ci’jk,@ = (1~ 7’1])(1 - 7}'}:) Cijk,@ — drlhy + p(1 — QhM)][Cjk,@ + (%‘k,@ - j,k)f?%k][?i% + o(€%), (C16)
giving at QLE,

ays + (Ll;',k - d;‘k,@) ik

Gz = . pai + o(€) (C17)
J
R drlhy + (1 — 2h ‘ »
Cps = — v + pi 2hy) 1 apzpgpe +o(e) (C18)
ik ik

with 73 = 1 = (1 = 5) (1 — ).
o of order €* When « is of order €, C’,»jk i is of order €* and is given by Equation C14. Under weak epistasis, C,vjk,@
is of order €* and is obtained by solving

Cip =1 —n)Cgx + lewe + (@i — aue) il pg + o(€?) (C19)
Cilj/c,@ = (1 - Tij)(l - 7}'k) Cijk,@ — drlhy + Pi(l - QhM)][Cjk,Q + (ajk,@ - aj,k),bq,k]l?il]i + 0(83): (C20)
giving at QLE,
. drihy + pi(1 — 2hy) e i
Cpp = — 2w T P = 201G e (Cc21)
ik

Finally, C;z and C,g are of order &' and are obtained by solving
Cig = (1 = ) (Gig + agCug) + ol (C22)
Cig = (1 = 1) (Cuz + ajzCag) + o(eh). (C23)

Other associations involving a single ¢ index are of higher order in €.






