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ABSTRACT Self-incompatibility (SI) is a genetic system found in some hermaphrodite plants. Recognition of pollen by pistils expressing
cognate specificities at two linked genes leads to rejection of self pollen and pollen from close relatives, i.e., to avoidance of self-
fertilization and inbred matings, and thus increased outcrossing. These genes generally have many alleles, yet the conditions allowing
the evolution of new alleles remain mysterious. Evolutionary changes are clearly necessary in both genes, since any mutation affecting
only one of them would result in a nonfunctional self-compatible haplotype. Here, we study diversification at the S-locus (i.e., a stable
increase in the total number of Sl haplotypes in the population, through the incorporation of new Sl haplotypes), both deterministically
(by investigating analytically the fate of mutations in an infinite population) and by simulations of finite populations. We show that the
conditions allowing diversification are far less stringent in finite populations with recurrent mutations of the pollen and pistil genes,
suggesting that diversification is possible in a panmictic population. We find that new SI haplotypes emerge fastest in populations with
few Sl haplotypes, and we discuss some implications for empirical data on S-alleles. However, allele numbers in our simulations never
reach values as high as observed in plants whose S| systems have been studied, and we suggest extensions of our models that may

reconcile the theory and data.

ENES involved in recognition systems, such as the major

histocompatibility complex in vertebrates (Solberg et al.
2008), mating types either in fungi (Billiard et al. 2011) or
protists (Phadke and Zufall 2009), and self-incompatibility
(SD in plants (Lawrence 2000), typically show extraordinarily
high levels of genetic diversity. SI is widespread in angiosperms
[found in >100 families (Igic et al. 2008)] and is highly multi-
allelic [up to 200 SI haplotypes (Lawrence 2000)]. This system
enables hermaphrodite plants to avoid selfing and mating with
close relatives and is based on recognition and rejection of
pollen by pistils if they express cognate SI specificities. In
many species, SI specificity is controlled by a single genetic
locus (the S-locus) composed of two linked genes, one ex-
pressed in pollen and the other in styles (Takayama and
Isogai 2005). The maintenance of high diversity in gameto-
phytic self-incompatibility (GSI) is easily explained by neg-
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ative frequency-dependent selection, whereby individuals
with a rare SI haplotype can fertilize more partners than
individuals with a common SI haplotype. As a consequence,
rare SI haplotypes are unlikely to be lost by drift, especially
new SI haplotypes arising by mutation (Wright 1939). A
major unsolved puzzle, though, is how new SI haplotypes
appear, while it is a long-standing question (Lewis 1949;
Fisher 1961). Some information exists about sequence
changes affecting the specificity of the pollen or pistil pro-
tein, e.g., in the Solanum chacoense pistil gene (Matton et al.
1999) and the Brassica oleracea pollen gene (Chookajorn
et al. 2004). These investigations showed that the substitu-
tion of just a few amino acids in the pollen or pistil sequences
may be sufficient to alter specificity. Yet there is no plausible
evolutionary scenario for the emergence of new SI haplo-
types, because, to create a new functional SI haplotype, the
two genes must both change appropriately. The large number
of SI haplotypes typically found in SI species nevertheless
shows that such diversification occurred repeatedly.

Three evolutionary models have so far been proposed to
explain how new SI haplotypes can arise. Matton et al.
(1999) proposed a verbal model on the basis of the obser-
vation in experiments with S. chacoense of a dual-specificity
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artificial chimeric S-RNase protein (produced by the style
gene) able to reject two distinct pollen specificities. Their
model considered a mutation in the style gene conferring
dual specificity, recognizing a new pollen type, not yet pres-
ent, as well as its initial pollen type. The pollen gene of this
haplotype might then mutate to acquire the new specificity,
and the ancestral pistil recognition type might be lost, result-
ing in a new functional SI haplotype. This scenario was
criticized because the new pollen allele would transiently
be rejected by two different haplotypes, placing it at a selec-
tive disadvantage when challenged against its ancestral
nonmutated copy (Charlesworth 2000; Uyenoyama and
Newbigin 2000), and is thus expected to be lost from the
population. Furthermore, this scenario involves the unlikely
occurrence of three consecutive mutations on the same hap-
lotype (Charlesworth 2000).

A second verbal model is based on the observation that the
B. oleracea pollen gene can tolerate several amino acid substi-
tutions without affecting its binding affinity or specificity
(Chookajorn et al. 2004). These authors proposed that nearly
neutral standing variation exists within each functional allelic
class. If, by chance, recognition became stronger among a sub-
set of haplotypes within a class than with the other haplotypes
of the same class, selection might reinforce this new interaction
and reduce recognition of the remaining haplotypes in the
class, eventually disrupting recognition between the two clas-
ses. This model did not specify the selective force reinforcing
interactions within nascent functional classes and did not con-
sider inbreeding depression, the main evolutionary force main-
taining and driving the evolution of SI. Self-compatible
haplotypes can invade SI populations (Charlesworth and Char-
lesworth 1979), but the conditions under which this model can
generate new functional SI haplotypes are unclear.

The only population genetics model of new SI haplotypes
involves self-compatible (SC) intermediates (Uyenoyama
et al. 2001). SC pollen mutants expressing a new pollen
specificity can invade populations and be stably maintained
at intermediate frequencies along with functional SI haplo-
types when inbreeding depression is high and the propor-
tion of self-pollen is low to intermediate (Charlesworth and
Charlesworth 1979; Uyenoyama et al. 2001). Long-term
maintenance of pollen mutants was proposed to allow di-
versification, with new SI haplotypes arising through a single
compensatory mutation in the pistil gene of the haplotype
carrying the pollen mutant. However, the haplotype in which
the pollen mutant arose is almost always excluded at equilib-
rium. Thus, even though new SI haplotypes eventually appeat,
this almost always involved loss of their ancestral haplotype,
resulting in replacement of SI haplotypes rather than diversi-
fication, suggesting that an increased number of SI haplotypes
is almost impossible in a panmictic population. The authors
therefore suggested that diversification might occur in subdi-
vided populations, but did not model subdivision.

We extend the analytical model of Uyenoyama et al
(2001) by studying the conditions for the evolution of new
SI haplotypes and also by simulations. We first study the
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Table 1 Genotypes and associated phenotypes produced in a
population composed of n — 1 SI haplotypes S;, the ancestral
haplotype S,, and the different studied mutants (the pollen-part
mutant S, and the compensated mutant S, 1)

Rejected Proportion of Selfing
Genotype Frequency haplotypes compatible pollen rate
S,'Sj X,'/' 5,‘, S/ N," 0
SbSb Xbb Sn Npb Shb
Sbsn Xbn 5n an Sbn
SpSi Xbi Sn Si Npi Shi
Sn-S.i Xni Sn: 5/' Nni 0
5b5n+1 Xbn+1 Sb: Sn: Sn+1 an+1 0
Snanr1 Xnn+1 Sb: Sn: Sn+1 Nnn+1 0
SiSn+1 Xin+1 Sbr Sn1s Si Nin+1 0

conditions under which diversification at the S-locus is
expected to occur in an infinite population, in terms of the
proportion of self-pollen deposited and the inbreeding
depression, and then investigate the effect of genetic drift
using simulations including recurrent mutations for new pol-
len and pistil specificities.

Models

We assumed GSI, i.e., pollen specificities determined by the
pollen's haploid genome, and style specificities determined
codominantly by the diploid genome of the style. Pollinations
are compatible if the pollen specificity of the donor differs from
both specificities expressed by the style of the recipient (de
Nettancourt 2001). Following Uyenoyama et al. (2001), we
assumed two completely linked genes, A determining the style
type and B the pollen specificity. Alleles A; and B; segregate at
the A and B genes and express specificities i and j. Functionally
self-incompatible haplotypes carry identical specificities at the
two genes, e.g., AB;, and we denote haplotypes by S; (Table 1
gives our notation). Under these assumptions, a new SI hap-
lotype A, B, requires two mutations, one in each gene.

Infinite population model

In the infinite population model, the starting population had
equal frequencies of n S; haplotypes (1 = i = n). We mod-
eled inbreeding depression by assuming that each plant re-
ceived a proportion a of self-pollen (rate of self-pollen
deposition) and that selfed offspring have a probability 1 —
d of reaching maturity, relative to outcrossed offspring. The
average fitness of the population was thus

w=1 _stuvxuw €Y
uv

with x,,,, the frequency of genotype S,S, (see Table 1) and s,
its selfing rate. We sequentially introduced different mu-
tants and followed their fate in the population. Because
Uyenoyama et al. (2001) showed that diversification can
proceed only through pollen-part mutants, we give only
the results when the first mutation affects the pollen type.



Pollen-part mutation (first mutation): Using Mathematica
7.0 (Wolfram Research 2008), we first investigated the fate
of a mutation in the pollen component of haplotype S,
generating haplotype S, = A;B,+1. Following the introduc-
tion of one such mutation, the population has n + 1 distinct
haplotypes: n — 1 unaffected haplotypes S; (1 =i < n), the
ancestral haplotype S, and the pollen-part mutant S, with
respective frequencies in the pollen pool p, p,, and p;. The
population has n(n — 1)/2 + n + 1 diploid genotypes, the n
(n — 1)/2 S;S; genotypes (fully STwhen 1 =i, j = n), then
S:Sp genotypes (partially self-compatible when 1 < i < n),
and the S,S;, genotype (which can self-fertilize, but rejects S,,
pollen). Assuming equal pollen production among diploid
genotypes and given the haplotypes rejected by each geno-
type (Table 1), the proportions of compatible pollen re-
ceived by each genotype are

Nij =1- 2p
Npp =Npp =1 —pn 2)
Npi =Npi =1—pn —p,

where the double subscripts indicate the diploid genotypes
(SiSjJ SbSb’ SbSI‘b .. ~)'
Hence, the selfing rates of SC genotypes are

j— o
Sbb T o F (1 — a)Npp
p— [¢3
Sbn = 37201 — a)Nem 3

Sbi = T2 o

The factor of 2 in the denominators of sp, and sp; arises
because only half of the pollen of SC heterozygotes is self-
compatible.

Using Equations 1-3, we computed the recursion equa-
tions describing the genotypic frequency change in a gener-
ation, which allowed us to investigate the evolutionary fate
of all haplotypes in the population, in particular the pollen-
part mutant S,. The resulting recursion equations are given
in Appendix Al. Pollen-part mutation.

Compensatory (second) mutation: We next introduced
a mutation in the pistil gene of the pollen-part mutant Sy,
generating a fully functional new SI haplotype, denoted by
Sn+1 =An+1Bn+1. Let p,yq be the frequency of S,,1; in the
pollen pool. In the population, n(n + 1)/2 +n + 1 + 1
diploid genotypes can now be formed, the n(n + 1)/2 S;S;
genotypes (fully SIif 1 =i,j <n + 1), the n partially self-
compatible S;S;, genotypes (1 = i = n), the genotype
SpSn+1 (which is fully self-incompatible and rejects the
three haplotypes S,, Sy, and S,,+1), and the S,S;, genotype,
which can self but rejects S,, pollen. The proportions of
compatible pollen for each genotype are

Nijz 1 —2p
Npp =Np, =1 —pn
Npi=Nyi=1-pn—p ©)]

Npn+1 =Nnp+1=1—pp —Pn — DPn+1
Niny1=1—=pp—pn+1—D-

The selfing rates spp, Spn, and s; defined in Equation 3 re-
main unchanged, and the recursion equations needed to
investigate the evolutionary fate of the compensated haplo-
type S,+1 and its SC ancestral S, are given in Appendix A2.
Compensatory mutation.

Evolution of the system: For diversification to occur, four
conditions are clearly necessary (Uyenoyama et al. 2001):

i. The pollen-part mutant S, must increase in frequency
when rare.

ii. S; must not fix (ie., a functional SI system must be
retained).

iii. S, (the ancestral allele from the pollen-part mutant
arises) must not be excluded by the introduction of S;.

iv. The mutation in the pistil gene that creates the new fully
functional SI haplotype, S,,+1, must increase in frequency
when both S, and S,, are present in the population.

We determined parameter values under which these
conditions were jointly satisfied. Conditions i and ii were
investigated using local stability analysis. For condition i, we
studied invasion of a population with n S; haplotypes by Sy,
and for condition ii we studied the stability of the equilib-
rium with S, fixed. We could not use this approach to in-
vestigate conditions iii and iv because we found no tractable
analytical solution for the equilibrium whenn — 1 S; and S,
were all present in the population. We therefore used re-
cursion equations in Appendixes A1 and A2 to numerically
approximate the parameter values satisfying these condi-
tions. For each of 5 to 10 values of the self-pollen deposition
parameter (a), we varied inbreeding depression (38) values
in steps of 1073 and followed the population for 10,000
generations. Haplotypes with frequencies <105 were con-
sidered lost from the population. Specifically, for condition
iii we introduced S at low frequency (x;; = 2 X 107°; i.e., pp
= 107°) into an initially isoplethic population (with all func-
tional SI haplotypes equally frequent) and determined the
value of 3 for which S, was not eliminated when S, spread.
For condition iv, we started with a population at equilibrium
with n S; haplotypes plus S;, as obtained under condition iii,
and introduced the S, +; haplotype at low frequency (x;,+1
= 2 x 10753; i.e., pp+1 = 107°) to determine the critical
d-value for S,, + 1 to increase in frequency.

Finite populations simulation

We assumed a population of N diploid individuals in which
all adults died after zygote production. The initial popula-
tion contained n different SI haplotypes S; = S;; in equal
frequencies. We assumed a maximum of k different specificities
(1 =i = k). The life cycle included three steps: mutation,
fertilization during which selection on S-alleles during pol-
lination plays, and viability selection through inbreeding
depression.

Mutation: The number of mutations occurring each gener-
ation (U) was randomly drawn from a Poisson distribution
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with parameter 4N, where p is the mutation rate per gene
per generation. The factor 4 arises because mutations arise
in both the pollen and the pistil genes of the 2N chromo-
somes in the population. U chromosomes were randomly
drawn with replacement in the population. For each chro-
mosome, the pollen or pistil gene was mutated with equal
probability, and the specificity was randomly changed to one
of the remaining k — 1 specificities. Hence, unlike the infin-
ite population model, the order of mutations is not
constrained.

Pollination: Plants were assumed to produce infinite
numbers of pollen grains and ovules. Hence we assume no
pollen limitation. Diploid individuals were randomly drawn
with replacement as maternal plants. Let us consider a plant
with genotype S;Sg, that expresses specificities i and g in
pistil and j and h in pollen, with {g, h, i, j} € [1, k]*. The
probability for this plant to self-fertilize was

(Vi Ygi + YenVin)

, (5)
0‘('Yij'ng + 'th'Yih) +2(1—a)> mn PmnYinYgn

Sijgh =

where « is the proportion of self pollen received, p,,, is the
frequency of the S,,, haplotype in the population, and y; is
an indicator variable such that y; = 0if i = j (i.e., B; pollen is
rejected by A; pistils) and y; = 1 if i # j (compatible mating).

If the plant self-fertilizes, it could be fertilized by S;; with
probability f;; = vVijYei/ (VifYey + YenYin) OF by Sg, with prob-
ability f,, = 1 — f;;. Otherwise, the probability that it was
fertilized by a pollen with haplotype S, was

fuv _ DuvYivYgv

=" (6)
Z m,n Pmn"inYgn

Inbreeding depression: Finally, to form the zygote genotype,
a maternal chromosome was drawn randomly with probabil-
ity 1/2. Selfed seeds survived with probability 1 — 8. N indi-
viduals were generated.

Diversification, loss, or maintenance of SI: We first
simulated an initial population of n = 5 different SI haplo-
types in equal frequencies and k = 20. We simulated four
population sizes (N = 50, 500, 5000, and 50,000) and five
mutation rates (. =5x1077,5x1076,5x 1073, 5x 10~ 4,
and 5 x 10™3). We defined four possible different final states
of the population:

1. Loss of SI: Only SC haplotypes were present in the
population.

2. Maintenance of SI: No SC haplotypes were present and
the number of SI haplotypes remained stable or de-
creased (n = 5).

3. Polymorphism: Both SI and SC haplotypes were present
at equilibrium.

4. Diversification: n > 5 SI haplotypes and no SC haplo-
types were present.
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One hundred runs were performed for each set of param-
eters. The simulations were stopped when either diversifi-
cation occurred (more than five SI haplotypes and no SC
haplotypes in high frequencies) or all SI haplotypes were
lost. Otherwise (no new SI haplotypes and/or presence of
SC haplotypes at high frequencies), the system was run for
10° generations. Since we were interested in the final state
of the population, and since SC and SI haplotypes could
arise by mutation at any time, we then arbitrarily character-
ized the state of the system on the basis of haplotypes pres-
ent at frequencies >0.01 (0.05 for N = 50).

Dynamics of diversification: In the previous section we
were interested only in the final evolutionary outcome. To
investigate the numbers of SI haplotypes over time, and the
times between successive diversification events, we per-
formed further simulations for 10® generations with N =
5000, w = 5x 107>, 8 = 0.9, and a-values of 0.2 and 0.4.
Runs were started at isoplethy with three SI haplotypes, and
we studied three k values, 20, 100, and 200. One hundred
runs were performed for each set of parameters.

To investigate the detailed dynamics of SI haplotype gains
and losses, we also tracked the genotypes in the population
for 150,000 generations for 20 replicates, sampling genotypic
frequencies every 1000 generations, using the following ap-
proximations. Since new SI haplotypes necessarily arise through
SC intermediates, their rate of gain should be approximated by
the population's total frequency of SC haplotypes. Similarly,
since in our model the loss of haplotypes is caused by genetic
drift of low-frequency haplotypes, and all functional SI haplo-
types in GSI systems have equal expected equilibrium frequen-
cies, the rate of loss should be approximated by the average
frequency of SI haplotypes.

Results

Infinite populations

Evolutionary outcomes: Extending the stability analysis of
the Uyenoyama et al. (2001) model (Appendix A3. Stability
analysis) allowed us to divide the parameter space into six
regions (L, M1, M2, R, D1, and D2; see Figure 1A), instead
of the four originally described (Table 2). Uyenoyama et al.’s
(2001) four regions were defined only on the basis of the
frequency change of the pollen-part mutant S, when rare or
frequent. Our inclusion of the fate of the ancestral SI hap-
lotype S, splits two of the regions where S; increases in
frequency when rare, depending on whether rare S, (com-
pensating) mutations increase or decrease. The six resulting
regions correspond to four qualitatively different evolution-
ary patterns for S, S,, and S, haplotypes. Three evolu-
tionary outcomes were identified by Uyenoyama et al.
(2001): in region L, the SI system was lost, whereas it was
maintained unaltered in regions M1 and M2, or haplotypes
were replaced (region R). Our analysis identifies additional
regions D1 and D2 in which new SI haplotypes evolve. We
next describe these regions in detail.
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Figure 1 Limits of the regions where the different evolutionary outcomes
are observed, for an initial number of S haplotypes n = 5. (A) In an infinite
population: solid lines are the results of the stability analysis (thick line, fate
of the pollen-part mutant S, when it is frequent; thin line, evolutionary
outcome when Sy is rare; see text for further details). The dashed line limit
was obtained through numerical iterations and delimits the region where
haplotype S,, was not excluded after the introduction of the pollen-part
mutant Sp. Diamonds refer to the parameters that we investigated to approx-
imate this limit. We define four regions according to which haplotypes are
excluded when S is introduced at low frequency in the population. These four
regions are the loss region (L), when the pollen-part mutant S, goes to fixation;
the replacement region (R), when only S,, is excluded; the maintenance regions
(M1 + M2), when S, alone is excluded; and the diversification regions (D1 +
D2), when no haplotypes are excluded, and a new S haplotype can emerge.
(B) In a finite population (N = 5000, w = 5 x 1077, k = 20): we defined four
regions according to which evolutionary outcome was the most frequent in
our simulations for a given set of parameters: the loss region (L, where loss of
the SI system was mainly observed), the polymorphism region (P, where the
populations were composed of a mix of SC and SI haplotypes), the mainte-
nance region (M, where only SI haplotypes were observed and the number of
specificities did not increase), and the diversification region (D, where no SC
haplotypes were observed and the number of SI haplotypes increased).

Low inbreeding depression yields outcomes in region L
(unconditional increase in the frequency of S;, to fixation
excluding all functional haplotypes, with loss of SI). With high
inbreeding depression and a high proportion of self-pollen
deposition, regions M1 and M2 result (S, does not increase
in frequency when introduced at low initial frequency and an
unaltered SI is maintained; the two regions differ in the be-
havior of S, near fixation, effectively fixing in M2, but de-
creasing in frequency in M1). When inbreeding depression
is high and self-pollen deposition low to intermediate, region

Table 2 Evolution of the frequency of S, near fixation and of S, S,,
and S, 1 near exclusion, in the six described regions

Sp frequent Sp rare S, rare Sn+1 rare
L + + — —
R - + - +
M1 - — + +
M2 + — + +
D1 - + + +
D2 + + + +

“+" indicates that the frequency increases. “—" indicates that the frequency
decreases. Regions M1, M2, R + D1, and L + D2 correspond, respectively, to the
regions E, D, P, and S described in Uyenoyama et al. (2001).

R results. In this region of parameter space, S; establishes
a polymorphism along with the preexisting S; haplotypes,
but this is always accompanied by the exclusion of the ances-
tral S, haplotype. Subsequent introduction of S,,.; leads to
the exclusion of S, resulting in a fully SI population with the
n — 1 initial S; haplotypes and the new haplotype S, replac-
ing S, with no increase in the number of SI haplotypes.

Finally, for intermediate to high values of both & and «,
diversification is possible. Such situations yield regions D1
and D2, in which S, also establishes a polymorphism at equi-
librium (like region R), but without loss of S,, (S, fixes in
region D2, but in D1 it decreases in frequency when initially
present at high frequency). The frequency of S, has one stable
equilibrium in region D1 and two equilibria, one stable and
one unstable, in D2 (Table 2); the stable equilibrium in D2
has a lower S, frequency than the unstable one. Because S, is
also maintained in regions D1 and D2, the compensatory
pistil mutation S, can produce an increase the number of
SI haplotypes. Indeed, the S, +; mutation always led to the
exclusion of S;, (see condition iv in Appendix A3).

The relative sizes of the different regions depended on
the initial number of SI haplotypes (n), with an increase of
the M regions and a decrease of the R and D regions as n
increases (Figure 2). This relates to the possibility of poly-
morphism for pollen-part mutation until n becomes large
(Charlesworth and Charlesworth 1979).

Finite population simulations

Our simulations starting with n = 5 support the analytical
predictions, but genetic drift and recurrent pollen-part and
compensatory pistil mutation can increase the parameter
space where diversification can occur. Figure 1B shows
four different evolutionary outcomes: region L, where SC
haplotypes became fixed; M, where SI was maintained;
a polymorphism region (P), where both SC and SI haplo-
types are present; and a diversification region (D), where
the final population contained more than the initial number
of SI haplotypes and no SC haplotypes. Note that Figure 1B
is a simplified representation of the results for N = 5000,
i =>5x10"7, and k = 20 (detailed results are shown in
Figure 3 and supporting information, Figure S1, Figure S2,
and Figure S3).
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Figure 2 Effect of the initial number of specificities (n) on the different
evolutionary outcomes in an infinite population. Solid and dashed lines
define the limits of each region (L, R, M1, M2, D1, and D2; see Figure 1
legend). The diversification region is indicated at the top for the different
n's. Note that some diversification regions are overlapping. The area of
the diversification region decreased when n increased, except for n = 3
and n = 4. The diversification region was also displaced toward smaller
values of & and a when n increased. Stars indicate the values of & and «
that were chosen to investigate the diversification dynamics across 106
generations in Figure 4.

Whereas the relative positions of these different zones
are largely independent of the parameter values, their sizes
depend strongly on the population size and mutation rate.
Except when the values of w and N were both low, region D
was considerably larger than in the analytical model (Figure
3), extending over much of the R region determined for an
infinite population. Indeed, for high Ny, diversification oc-
curred even with high inbreeding depression and self-pollen
deposition (whereas, with low N, the system was main-
tained, as in an infinite population; see Figure S1). The
parameter values for which SI was lost were similar to those
for an infinite population (Figure S2), except for high in-
breeding depression and low self-pollen deposition where
SI is lost in finite populations whereas replacement is
expected in an infinite population. As expected from the fact
that a compensated mutant S,,; always excludes its SC
ancestor S, coexistence of SI and SC haplotypes was very
rare, observed mainly with low mutation rates and interme-
diate N (Figure S3).

Dynamics of diversification: With n = 3 in the initial pop-
ulation, there was generally loss of some SI haplotypes in
the early generations, since, with such low numbers of SI
haplotypes, an S; pollen-part mutant is expected to exclude
its ancestral SI haplotype S, (see Figure 2). However, the
populations rapidly returned to n > 3. For the parameter
values investigated (N = 5000, . = 5 x 107>, § = 0.9, and
o = 0.2 and 0.4), the numbers of SI haplotypes in the pop-
ulations increased from 3 to between 7 and 18 within 10°
generations (Figure 4). For « = 0.2, the population had
apparently reached a stationary number of haplotypes. Di-
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Figure 3 The diversification region in a finite population for different
population sizes and mutation rates, with an initial number of specificities
n = 5. Grid cells are figured in shades of gray that are proportional to the
number of simulations where diversification was observed (n > 5 at the
end of the simulation), with black squares corresponding to sets of
parameters under which the evolutionary outcome was only diversifica-
tion and white squares corresponding to cases under which no diversifi-
cation was observed. One hundred replicate runs were performed for each
combination of parameter values (population size N, mutation rate p). kK =
20 for all simulations.

versification always proceeded through pollen-part mutants
followed by compensatory mutations in the pistil gene, con-
firming for finite populations this prediction from the ana-
lytical model (Uyenoyama et al. 2001).

The mean waiting time between successive diversification
events (see Models for the approximations used to study this)
increased with n, with two distinct phases. Haplotype num-
bers first increased rapidly and then suddenly either stabi-
lized or increased much more slowly. In the initial fast
diversification, the overall frequency of SC haplotypes was
very high (Figure 5A), implying a high birth rate of SI hap-
lotypes, but the overall frequency of SC haplotypes then
decreased, thus slowing down diversification as n increased
(Figure 5A). Interestingly, during the same time, the rate of
loss of functional SI also decreased (as estimated from the
increased mean frequency of SI haplotypes, see Models)
(Figure 5B). This suggests that the decrease of the birth rate
more than outweighs the decreased death rate and therefore
that the slowdown of diversification is due to the decreased
birth rate. This is consistent with the fact that the ability of
pollen-part mutations to invade decreases when n is high.
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Figure 4 Diversification dynamics in finite populations across 10® gen-
erations. The number of SI haplotypes in the population was averaged
over 100 replicates. Simulations were performed with N = 5000, p. = 5 X
1073, 8 = 0.9, the initial number of SI haplotypes n = 3, and for three
different values of the maximum number of specificities (k) and two
values of the proportion of self-pollen (a). Thick line, a = 0.2; thin line,
a = 0.4. For a given «, curves correspond to k = 20, 100, and 200 from
top to bottom.

SI haplotype diversification rate increased with decreas-
ing k, especially during the first phase (Figure 4), which ex-
plains the lower number of SI haplotypes at a given time. We
interpret this in terms of the increased probability 1/(k — 1)
that compensatory mutations can occur as k decreases.
However, the value of k should not affect diversification
probability for given values of « and &. In other words, we
do not expect that the parameter space for diversification
(Figure 3) would shrink as k increases. The detailed dynam-
ics depend on the level of self-pollen deposition. With high
self-pollen deposition (o = 0.4), the overall frequency of SC
haplotypes was near zero (Figure 5A), implying a very low
rate of gain of new SI haplotypes, and the frequency of SI
haplotypes was high (Figure 5B), suggesting a low probabil-
ity of haplotype loss by genetic drift. Diversification there-
fore occurred with slow haplotype turnover, with both birth
and death rates that were low. For lower proportions of self-
pollen (a = 0.2), however, SC haplotypes were at higher
frequency (Figure 5A) but SI haplotypes were less frequent
(Figure 5B); i.e., diversification occurred with fast haplotype
turnover and high birth and death rates. This is consistent
with the observation of more stochastic variation in the
number of haplotypes in the population for the lower
a-value (Figure 4) and with additional simulations with
larger population size, up to N = 10,000 (data not shown),
which did not detectably affect the final number of haplo-
types when o = 0.4 (i.e., there was no effect of genetic drift
on the dynamics of diversification) but did increase the final
number of haplotypes for « = 0.2.
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Figure 5 Genotypic composition of the population in the first 150,000
generations to investigate the dynamics of birth and death of Sl
haplotypes (genotypic frequencies sampled every 1000 generations in
20 replicates for N = 5000, w = 5 x 107>, and & = 0.9). (A) Mean
cumulated frequency of all SC haplotypes as a function of time. After
an initial rapid increase in the total frequency of SC haplotypes, their
frequency started to decrease as the number of SI haplotypes increased
(see Figure 4). (B) Mean frequency of Sl haplotypes as a function of their
total number. Symbols are mean frequencies in simulations and lines are
the expected frequencies at deterministic equilibrium in an infinite pop-
ulation (computed using equations in Appendix A1. Pollen-part mutation
with a frequency of S, p, = 0 and setting n = x + 1 when x Sl haplotypes
were segregating within the population). For both values of «, the mean
frequency of SI haplotypes increased with their total number. This is due
to the fact that when the number of SI haplotypes increases, the total
frequency of SC haplotypes decreases, thus leaving a larger range of
frequency for SI haplotypes. When a = 0.4, the mean frequency of Sl
haplotypes decreased when their number was >12 because the fre-
quency of SC haplotypes approached zero. There was no similar threshold
value of the number of SI haplotypes in the case a = 0.2 because the
frequency of SC haplotypes remained high.
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Discussion
Importance of genetic drift and recurrent mutations

Allelic diversification is clearly possible in an infinite, un-
divided population, and the region of parameter space where
it can occur can be large, especially when the number of SI
haplotypes in the population is fewer than six. Our simu-
lations show that, in finite populations, diversification is
generally possible under a larger set of parameter values than
in an infinite population (with the exception of very small
populations and/or very low mutation rates). The difference
was largely dependent on the proportion of self-pollen
deposition, low values of which can greatly extend the lower
limit of the diversification region, so that it could cover most
of the region where replacement of SI haplotypes, without
diversification, is expected in an infinite population. In
contrast, the critical inbreeding depression allowing diversi-
fication in finite populations never extended beyond that for
an infinite population, for the parameter space we explored
(even for the largest population sizes and mutation rates).
Hence, while stochastic processes are generally associated
with reduced genetic diversity within small, finite popula-
tions, our results show that diversification of SI halotypes
behaves in the opposite way and that the forces promoting
diversification can outweigh stochastic loss of SI haplotypes,
which becomes strongly limited due to frequency-dependent
selection under conditions when SI is favored.

The role of inbreeding depression

Our results support previous conclusions that diversification
requires high inbreeding depression (Charlesworth and
Charlesworth 1979; Uyenoyama 1988a,b). However, these
conclusions were based on a fixed inbreeding depression
parameter, ignoring its evolution as the outcrossing rate
changes. Porcher and Lande (2005) showed that, for high
inbreeding depression due to deleterious mutations, and
high selfing rates, mutations may be efficiently purged,
eventually leading to the loss of SI. Our study again treated
inbreeding depression as a fixed parameter, even though
clearly invasion of a population by an S, allele may allow
purging of deleterious mutations, making the conditions for
diversification increasingly stringent. However, Porcher and
Lande (2005, Figure 2) also showed, in single-locus models
for S-alleles, that SC haplotypes can be maintained in co-
existence with SI haplotypes under a wide range of param-
eter values, especially when the selfing rate is low or when
there is a sheltered load. Moreover, our results showed that
inbreeding depression must be high for diversification to
occur, while the self-pollination rate may be moderate to
high. This should now be added to further studies of two-
gene models for S-allele evolution.

Dynamics of diversification

The observed increase in the time between successive di-
versification events may be due to the fact that, for a given
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combination of self-pollen deposition and inbreeding de-
pression, the expected frequency of pollen-part intermediates
decreases as n increases, which decreases the probability of
a compensatory (pistil) mutation occurring in the intermedi-
ate haplotype before it is lost by drift. The prediction that
diversification is not constant through time may explain some
otherwise puzzling features of SI systems, including cases of
rapid S-allele diversification, and the unexpectedly long ter-
minal branches typically observed at SI genes.

S-allele numbers and the shape of phylogenies

The observation that all SI haplotypes in Physalis and
Witheringia belong to only three ancestral lineages (Paape
et al. 2008; see also Miller et al. 2008 for the genus Lycium)
was interpreted by these authors in terms of rapid S-allele
diversification after demographic bottlenecks (when the
number of SI haplotypes will tend to be small). Further,
Castric and Vekemans (2007) estimated much stronger pos-
itive selection among Brassica SI haplotypes than among the
more anciently diverged SI haplotypes of Arabidopsis spe-
cies. This might suggest rapid and recent diversification of
Brassica SI haplotypes from just two ancestral lineages.

The parameter space where diversification is expected to
occur in an infinite population shrinks rapidly with in-
creased n, and the D region is also displaced toward lower
self-pollen deposition rates and inbreeding depression. Ini-
tially rapid diversification becomes slow as SI haplotype
number increases, eventually stopping almost completely,
yielding a threshold value of n that allows diversification.
For a = 0.2, haplotype turnover was rapid during diversifi-
cation, and the overall frequency of SC haplotypes remained
high when diversification ceased.

Our simulations yield many fewer SI haplotypes than are
typically observed in natural populations, where the number
of SI haplotypes commonly reaches 50-100 in species-wide
range samples (Lawrence 2000). This is probably not due to
the low effective population size assumed in our simulations,
because, at least for high proportions of self-pollen (« = 0.4),
the SI haplotype number maintained was apparently inde-
pendent of population size (results not shown). Moreover,
under the classical single-gene mutation—drift-selection the-
oretical framework where a single mutation gives rise to new
functional SI haplotypes, only a very low mutation rate is
needed to yield high equilibrium numbers of SI haplotypes
in a population of 5000 plants. In such models, to yield as few
as 17 SI haplotypes at equilibrium (the maximum number of
SI haplotypes we observed in our simulations), an unrealisti-
cally low mutation rate of 1072° must be assumed (Vekemans
and Slatkin 1994). Thus, although our model can generate
diversification, it does not fully explain S-allele polymor-
phism, suggesting that other factors, such as population struc-
ture, are probably needed to explain the diversity observed,
as proposed by Uyenoyama et al. (2001).

Allelic genealogies of genes under balancing selection
extend deep in the evolutionary past and thus can reveal



ancient evolutionary processes such as the number of breeding
individuals in the species as a whole across its evolutionary
history or the strength of balancing selection, but these evolu-
tionary inferences assume a constant diversification rate (e.g.,
Takahata 1990; Vekemans and Slatkin 1994). Our results sug-
gest that this assumption may be violated, since the diversifica-
tion rate decreases with the number of functional SI haplotypes
in the population. The diversification rate will not be constant if
the equilibrium number of SI haplotypes has only recently been
reached and the turnover rate is slow. In contrast, if turnover is
fast enough and/or haplotype number stopped increasing a suf-
ficiently long time ago, the rate can be considered constant.

Our results are consistent with the finding that terminal
branches in the phylogenies of SI haplotypes are longer than
expected by models that assume that balancing selection
simply extends the lengths of branches of the coalescent
tree, relative to a neutral model (Takahata 1990; Uyenoyama
1997). Two main hypotheses have been proposed to explain
this. First, Uyenoyama (1997) proposed the accumulation of
deleterious mutations linked to individual SI haplotypes
(called sheltered load); a new SI haplotype would then
share linked mutations with its ancestral copy and would
thus be excluded from the population. There is some evi-
dence for existence of sheltered load (Stone 2004; Llaurens
et al. 2009). Second, Schierup et al. (2001) proposed that
recombination could explain long terminal branches, by cre-
ating haplotypes whose sequences are composed of fragments
with different evolutionary histories, thus homogenizing se-
quence divergence among them. Recombination may occur
among SI haplotypes in Arabidopsis (Castric et al. 2010), Pe-
tunia inflata (Wang et al. 2001), Prunus dulcis (Ortega et al
2006), and other Solanaceae and Rosaceae (Vieira et al.
2003). Our results here suggest that long terminal branches
could simply be an intrinsic property of the diversification
process, through the slowing down of the S-allele diversifica-
tion process as SI haplotype numbers increase. Furthermore, it
is striking that such a slowing down of diversification is ap-
parently encountered in very different mechanisms such as the
appearance of mating types in fungi (May et al. 1999) and
speciation (e.g., Morlon et al. 2010; Quental and Marshall
2010). We might thus speculate the intriguing possibility that
such a phenomenon is a general pattern.

The mutation process

Our hypothesis for the molecular mechanism responsible for
recognition between pollen and pistil is oversimplified,
particularly the limited number of possible allelic states
(k-allele model) and the strict recognition reactions between
pollen and pistils with cognate specificities. The pollen and
pistil genes differ in size and function (Takayama and Isogai
2005) and in the numbers of amino acid sites evolving under
positive selection. Estimates of this number are between 13
and 31 in the pistil gene S-RNase of Solanaceae (Takebaya-
shi et al. 2003; Savage and Miller 2006; Igic et al. 2007), vs.
23 in the pollen gene SFB in Prunus (Nunes et al. 2006). In

Brassica, estimates are between 26 and 44 in the pistil gene
SRK and ~47 in the pollen-S gene SCR (Takebayashi et al.
2003; Sainudiin et al. 2005; Castric and Vekemans 2007).
Mutagenesis experiments suggest that several mutations are
generally required to shift specificities [at least four amino
acids in S. chacoense S-RNases (Matton et al. 1999) and four
amino acids in B. oleracea SCR (Chookajorn et al. 2004)].
Compensatory mutations may thus require several muta-
tional steps, possibly making coevolution and diversification
more difficult than in our model.

Now that Arabidopsis thaliana has been established as
a model plant for mechanistic studies of SI (Nasrallah et al.
2002; Tsuchimatsu et al. 2010), it will be feasible to study in
detail the steps required for allele diversification, at least in
this plant.
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APPENDIX

Here we detail the recursive equations for each genotype present in a population composed of n SI haplotypes and the
different studied mutants. Definition of the different genotypes and their associated variables are given in Table 1.

A1. Pollen-part mutation

Genotypic frequencies in the next generation in a population composed of n — 1 SI haplotypes S;, the ancestral SI
haplotype S,, and the pollen-part mutant haplotype S; are

X = (XU(HIZ,J + xpi(1 = spi) (HZIVbZi)p +xm(n2;]i)p )
% ( (Sbb (1—8)+ (1 —spp) %) Xgn <sbn(1 —8)+ (1—sp,) 1%)
+u§Gma—5) — 5bi) ))

Xpn :% <)%(5bn(1 —8) + (1 —spn) 15—;) +xni2‘?\’;m>

X :% (XUII\)TZ +xpb (1 — spp) (n=Lip + Xpn (1 = Spn) %
- ’%(sbl(l )t (1—sy) P l(\r;bl— 2)p)) +x"12€)\l;m)

_ 1/ Pn (n-1p  (n=2)p
+ - + Xy
Xni = W (xl]N Xpn (1 — spn) 2Ny, Xni 2N, )

where W, N, and s, are respectively defined in Equations 1, 2, and 3 and where p, p,,, and p, the frequencies of S;, S,,, and Sy, are

P =ty ™)

pn — Xbn ;xni

Db =Xpp T

Xbn T Xpi + xbl

A2. Compensatory mutation

In the case of a population composed of n — 1 SI haplotypes S;, the ancestral SI haplotype S,, the pollen-part mutant
haplotype S;, and the new SI haplotype S, 1, the genotypic frequencies in the next generation are
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where W, N,, and s, are respectively defined in Equations 1, 4, and 3 and where p, p,,, p, and p, 11, the frequencies of S;, S,
Sy, and S, 1, are

—_1 o Xpi HXni T Xinta
P = Gy (o + M)

— Xpn + Xni + Xnn+1
2

Pn

Db =Xpp +

Xpn + Xpi + Xpn +1
2

— Xpn+1 T X1 FXin+1
Pn+1 ="' — "

A3. Stability analysis
Condition i: fate of haplotype S, when rare

Local stability analysis of the equilibrium when S, was absent (xg = (n — 2)/n; x4 = 2/n; x; = x5 = x3 = 0) provides the
parameter space where S, can increase in frequency when rare. The parameter space we found where S;, increases when rare
was identical to that described by Uyenoyama et al. (2001, Equation A1) and is delimited by the thin solid line in Figure 1A
for n = 5 and in Figure 2 for different values of n. Above this line, S, did not increase in frequency when rare and was
excluded from the population, i.e., when the self-pollen rate « and the inbreeding depression & were high. Below this line, S,
increased in frequency and may either invade the population (resulting in the loss of SI) or be maintained at intermediate
frequencies along with functional haplotypes (see condition ii below). Note that when the population contained only three SI
haplotypes (n = 3), the parameter space was empty, i.e., S, was always expected to increase in frequency, and that for n = 4,
the parameter space was limited to the points « = 1 and 8 = 1. Figure 2 shows that the parameter space of condition i
became larger as the number of SI haplotypes segregating in the population (n) increased.

Condition ii: fate of the haplotype S, when frequent

Local stability analysis of the equilibrium where Sy, was fixed (x; = 1; xo = x5 = x3 = x4 = 0) gives the parameter space where
Sy, increased in frequency when already frequent, i.e., where it reaches fixation. We found that, for any n, S;, increased when
already frequent if

a—2

o< .
20— 3

This threshold corresponds to the critical inbreeding depression above which an SI haplotype can enter a SC population from
a low initial frequency (Charlesworth and Charlesworth 1979, Equation 2). This threshold is shown in Figures 1a and 2 as
the thick solid line and is independent from the number of SI haplotypes in the population.

Condition iii: fate of haplotype S,, when S, was present

The parameter space where S, was excluded when S, was present was determined numerically and is delimited by the
dashed lines in Figure 1A for n = 5 and in Figure 2 for different values of n. The parameter space for which S, and S,, can
both be maintained in the population at the same time is located between the thin solid line, condition i, and the dashed line,
condition iii. Figure 1A shows that S,, was not excluded by S, for high values of o and 8. Figure 2 shows that the parameter
space for which S, is not excluded became smaller and was displaced toward smaller values of « and & when n increased.
Practically, we were not able to distinguish between conditions i and iii when n > 10. Note that for n = 3 and n = 4, the
parameter space for condition iii was large, whereas it either did not exist or was reduced to a single point for condition i.

Condition iv: fate of haplotype S, .; when both S,, and S,, were present

Our results showed that the introduction of the new SI haplotype S,,+; in a population composed of S; and S; haplotypes
(including or not the ancestor S,) always led to the exclusion of the pollen-part mutant S, resulting in a fully self-in-
compatible population including a new SI haplotype. In cases where S, was maintained in polymorphism with the pollen-
part mutant S, this process can thus potentially lead to an increase in the number of SI haplotypes in the population.
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Figure S1 The maintenance region in a finite population for different population sizes and mutation rates, with an initial
number of specificities n = 5. Grid cells are figured in shades of grey that are proportional to the number of simulations where
maintenance was observed (3 < n < 5 at the end of the simulation), with black squares corresponding to sets of parameters
under which the evolutionary outcome was only maintenance and white squares to cases under which no maintenance was
observed. A hundred replicate runs were performed for each combination of parameter values (population size N, mutation
rate u). k = 20 for all simulations.
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Figure S2 The loss region in a finite population for different population sizes and mutation rates, with an initial number of
specificities n = 5. Grid cells are figured in shades of grey that are proportional to the number of simulations where
diversification was observed (n = 0 at the end of the simulation), with black squares corresponding to sets of parameters under
which the evolutionary outcome was only loss and white squares to cases under which no loss was observed. A hundred
replicate runs were performed for each combination of parameter values (population size N, mutation rate u). k = 20 for all
simulations.
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Figure S3 The polymorphism region in a finite population for different population sizes and mutation rates, with an initial
number of specificities n = 5. Grid cells are figured in shades of grey that are proportional to the number of simulations where a
polymorphic population was observed with a mix of SC haplotypes, pollen-part mutant and function Sl haplotypes. Black
squares corresponding to sets of parameters under which the evolutionary outcome was only polymorphism and white squares
to cases under which no polymorphism was observed. A hundred replicate runs were performed for each combination of
parameter values (population size N, mutation rate u). k = 20 for all simulations.
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