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ABSTRACT

Self-incompatibility (SI) systems are widespread mechanisms that prevent self-fertilization in
angiosperms. They are generally encoded by one genome region containing several multiallelic genes,
usually called the S-locus. They involve a recognition step between the pollen and the pistil component and
pollen is rejected when it shares alleles with the pistil. The direct consequence is that rare alleles are favored,
such that the S-alleles are subject to negative frequency-dependent selection. Several theoretical articles
have predicted the specific patterns of polymorphism, compared to neutral loci, expected for such genes
under balancing selection. For instance, many more alleles should be maintained and populations should
be less differentiated than for neutral loci. However, empirical tests of these predictions in natural
populations have remained scarce. Here, we compare the genetic structure at the S-locus and microsatellite
markers for five natural populations of the rare species Brassica insularis. As in other Brassica species,
B. insularis has a sporophytic SI system for which molecular markers are available. Our results match well the
theoretical predictions and constitute the first general comparison of S-allele and neutral polymorphism.

OMOMORPHIC self-incompatibility (SI) systems

are widespread physiological mechanisms pre-
venting self-fertilization in Angiosperms by control-
ling pollen germination or pollen tube growth (DE
NETTANCOURT 2001). Pollen and pistil are incompat-
ible when they both express identical alleles. The recog-
nition involves specificity molecules usually encoded
by one genome region containing several multiallelic
genes (DE NETTANCOURT 2001). In gametophytic
(GSI) systems, the pollen phenotype is encoded by its
own haploid genome, whereas in sporophytic (SSI)
systems, the pollen phenotype is determined by the
sporophyte (diploid pollen parent) and can involve
dominance interactions among alleles. For instance,
two classes of alleles are known in Brassica oleracea
(NAsSrRALLAH 1991). Class I alleles are dominant over
the class II alleles in the pollen, while alleles within class
I and class II are mutually codominant. In the pistil, all
alleles are codominant. This scheme is also found in
B. campestris, with the exception that alleles occur in
three dominance levels in the pollen and a few alleles
are recessive in the stigma (HATAKEYAMA et al. 1998). At
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the molecular level, the SSI system of the Brassicaceae is
among the best known (for a recent review see Hiscock
and McInnis 2003). Both pistil and pollen genes have
been identified (SCHOPFER et al. 1999; TAKAYAMA et al.
2000). In this system, recognition proceeds through
receptor-ligand interaction between S-locus cysteine-
rich protein (SCR), a small hypervariable ligand peptide,
and SHocus receptor kinase (SRK), a transmembrane
receptor with an intracellular kinase domain (KAGCHROO
et al. 2001).

SI evolutionary properties have also long aroused the
population geneticist’s interest because selection pres-
sures are known a priori. Compatible crosses require
distinct alleles so that the population-level rare alleles
are favored and numerous alleles are expected to be
maintained by negative frequency-dependent selection
(for a review see LAWRENCE 2000). In single popula-
tions, WRIGHT’s (1939) pioneering work, synthesized by
Yoxkovama and N1 (1979), showed that, in GSI systems,
the high number of S-alleles maintained in a population
depends greatly on the effective population size, but
very little on the mutation rate. In SSI systems, domi-
nance relationships break down the symmetry relation-
ships among alleles and lead to differential allele
behaviors and dynamics, according to their dominance
levels (ScHIERUP et al. 1997; UyENoyAMA 2000). Re-
cessive alleles are expected to be less numerous, but
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maintained at higher frequencies than dominant ones
(UvEnovama 2000). However, the general relationship
between the number of S-alleles and the population size
is conserved (SCHIERUP et al. 1997). A higher number of
alleles than for neutral markers and a positive correla-
tion with the population size are thus expected for the
S-locus.

In subdivided populations, interactions between
balancing selection and population structure shape
the distribution of S-alleles, sometimes in nontrivial
ways. Contrary to what happens for neutral markers,
SCHIERUP (1998) showed in a simulation study that
subdivision does not greatly affect the number of alleles
in the whole population. This result was confirmed by
MuirHEAD (2001), who provided analytical solutions for
the case of symmetrical balancing selection (GSI and
the MHC locus): when migration is above some thresh-
old, a locus under balancing selection behaves as in a
panmictic population. Intermediate migration rates
tend to deplete the total number of alleles compared
to a single large population. The number of alleles
increases with subdivision, as in a neutral case, only
when migration is very low. This nontrivial pattern can
be explained because balancing selection is expected to
increase the effective migration rates as rare migrant
alleles are favored (ScHiERUP et al. 2000). Consequently
alleles tend to be shared by several subpopulations, so
that the total number of alleles is not inflated as would
be the case for a neutral locus. In addition, subpopula-
tions are expected to be less differentiated (lower Fgr
values) compared to neutral markers, for both GSI and
SSI systems (SCHIERUP et al. 2000).

Although such theoretical studies have now provided
a coherent set of predictions, empirical tests of these
predictions in natural populations have remained
scarce. The effect of population structure on genes
under balancing selection has been investigated for the
MHC system, for instance, in bighorn sheep (BOYCE et al.
1997), in Atlantic salmon (LANDRY and BERNATCHEZ
2001), and in island fox (AGUILAR et al. 2004). Un-
expectedly, in several cases, Fgr values at MHC loci were
as high as or even higher than Fsrat neutral loci (for a
short compilation see MUIRHEAD 2001). These results
could be explained by the fact that different demes
experience different selective environments, locally
favoring certain subsets of alleles (MUIRHEAD 2001).
Since selection is expected to be driven by mating type,
not by environmental factors, departure from theoret-
ical expectation is less likely for the SI system (unless
spatially heterogeneous selection pressures operate on
linked loci). Recently BRENNAN et al. (2003) inferred
population structure from the autocorrelation pattern
within a single population of Senecio squalidus at four
allozyme markers and six S-alleles identified by diallele
crosses. They found no population structure either for
the S-locus or for the allozyme loci. However, local
population structure within a population may not be a

relevant level for testing the effect of balancing selec-
tion, as the theoretical studies do not deal with con-
tinuous populations. Cases with strong population
differentiation should offer better conditions for com-
paring the pattern of the two kinds of loci. To our
knowledge, no study has yet compared the diversity
pattern for S-alleles and neutral markers among pop-
ulations that are clearly distinct.

In this article we investigate the effect of balancing
selection on the number and distribution of S-alleles in
natural populations of the rare and endangered species
B. insularis. We compared the population genetic
structure of five natural populations of the species for
11 microsatellite markers and for the S-locus, using an
antibody-based approach to detect S-alleles. Here, we
focus mainly on the test of population genetics theoret-
ical predictions. Other results on the mating system of
this rare species and their consequences for its conser-
vation will be discussed elsewhere.

MATERIALS AND METHODS

Biological material, characteristics of the populations, and
sampling protocol: B. insularis is a rare Mediterranean wild
species of the B. oleracea group (with 2n = 18 chromosomes).
Its distribution is restricted to small, isolated populations in
Corsica (9 known populations), Sardinia (15-17 ), Tunisia (5),
Algeria (1), and in Pantelleria island, near Sicily (1) (SNOGERUP
et al. 1990). It inhabits primarily limestone or schist cliffs at
elevations of 300-1000 m. It is a short-lived perennial species
with insect pollination and flowers between March and May. As
in other Brassica sp., there is a sporophytic self-incompatibility
system; however, individuals vary in selfincompatibility level.
In a survey of ~30 individuals, one plant was found fully
compatible, four had a low compatibility level, and eight were
mostly incompatible except in some tests (S. GLEMIN and
A. MiGgNoOT, unpublished data). We studied five Corsican
populations distributed from north to southeast (Figure 1):
Teghime, Caporalino, Punta Gorbaghiola, Inzecca, and Punta
Calcina. Flowering rates were estimated in most populations in
2000 and 2001 and in 1999 for the Caporalino population.
Population sizes were estimated by direct count in the two
smallest populations (Punta Calcina and Punta Gorbaghiola).
In the other populations, sizes were estimated by extrapolation
from the flowering rate estimated in quadrants and the
total number of flowering plants counted by eye. Population
sizes ranged from 80 to 2500 individuals (Table 1). These
populations are geographically isolated and highly and
significantly differentiated for allozyme markers (HURTREZ-
Boussks 1996; PeTrT e al. 2001). The range of population sizes
and the quite high population structure offer appropriate
conditions to detect differences in behavior between S-alleles
and neutral alleles.

Samples for genotyping microsatellite markers were col-
lected in the natural populations in 1999 and 2000. Samples
for Slocus genotyping were also collected in the same
population in 2000 and/or in individuals issued from seeds
collected in the same populations in 1992 and grown at the
Conservatoire Botanique National Méditerranéen de Porquer-
olles (CBNMP), on Porquerolles Island (Table 1). Some
populations include local patches a few tens or hundreds of
meters distant from each other (Teghime, at least four;
Caporalino, at least two; Punta Gorbaghiola, two; Inzecca,
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Ficure 1.—Distribution of the five Corsican populations of
Brassica insularis studied. Open circles indicate other known
populations, not studied here.

two or three; and Punta Calcina, one). As sampling among
local patches was not equivalent for the two types of markers,
local population structure was not fully studied (see below).
Microsatellite makers: We used 11 microsatellite loci, 10 de-
veloped in B. oleracea [38A, 59A, and 26A from Szewc-MCFADEN
et al. 1996 and 10-B01, 10-B06, 10-D08, 10-E06, 10F07, 11-HO09,
and 12-D02 from the United Kingdom CropNet Brassica Data-
base (http:/ukcrop.net/perl/ace/search/BrassicaDBrclass=
Microsatellite) ] and one in Arabidopsis thaliana (AT129; BELL
and Ecker 1994). DNA was extracted using the method of
DoyLE and DoyLE (1987). The amplifications were carried out
ina total volume of 15 pl, containing the PCR buffer Eurogentec
[750 mm of Tris HC1 pH 8.8, 200 mm of (NH4) 9SOy, 0.1% Tween
20]; 10 ng of genomic DNA; 1 unit of Taq DNA polymerase;
75 wmol of each dNTP; and 400 nmol of each forward and
reverse primer labeled with y-*P and 0.5 mmol (11-H09),
1 mmol (384, 10-B06, 10-D08, 10-E06, 10-F07, and 12 D-02),
or 2 mmol (AT129, 59A, and 26A) of MgCl,. PCR amplifications
were carried out on a Mastercycler Eppendorf thermocycler
with a standard program (2 min at 94°; 30 cycles of 30 sec at 94°,
30 sec at the TI of each locus, 50 sec at 72°; and 2 min at 72°) or
a “touchdown” program for loci (10-B06, 10-D08, 10-E06, 10-F07,
11-HO09, and 12-D02) that did not amplify with the standard
program. The sizes of amplified fragments were determined by

radiography after migration on 8% acrylamide-bisabrylamide/
TBE gels for loci <300 bp and on 8% acrylamide-bisabrylamide /
TTE gels for the otherloci. The exact sizes of the fragments were
determined using the puc 19 sequence (EMBL no.1.09137) as a
reference.

Biochemical characterization of S-alleles: In Brassica spe-
cies, the genes involved in SI recognition are known
(NAsSrRALLAH 1991; SCHOPFER et al. 1999; TARASAKI et al. 2000)
and the genomic structure of the Slocus has been intensively
studied (e.g., SUZUKI et al. 1999; CASSELMAN et al. 2000). Rather
than through time-consuming phenotypic tests, S-alleles can
thus be directly characterized by sequencing or by using
molecular or biochemical markers. Here, we used a bio-
chemical method developed on B. oleracea by GAUDE et al.
(1991). It allows the fast characterization of alleles of the
soluble S-locus glycoprotein (SLG) protein and it has been
used to characterize SLG polymorphism in Brassica crop
collections (RUFFIO-CHABLE ef al. 1997, 1999). SLG is not the
stigmatic determinant of SI (TAKASAKI et al. 2000). However,
SLGis highly polymorphic and tightly linked to SRK and SCR,
forming a haplotype structure (SaTo et al. 2002). However,
there is no direct estimation of the magnitude of linkage
disequilibrium between SLG and SRK or SCR and recombina-
tion seems to have occurred in the evolutionary history of
S-alleles (AwaDpALLA and CHARLESWORTH 1999; SATO el al.
2002). Despite this limitation, at the scale of our study, SLG
polymorphism should give a rough prediction of S-allele
polymorphism.

For each plant, 5-10 stigmas were sampled from young
unpollinated flowers after anthesis and quickly frozen in
liquid nitrogen. Proteins were extracted, separated on iso-
electric focusing (IEF) gels, and electrotransferred onto nitro-
cellulose membranes as previously described (GAUDE et al.
1991). SLG proteins were detected by protein blots using two
antibodies: a polyclonal serum raised in rabbit and specific for
class I proteins (hereafter, anti-class I antibody) and a mono-
clonal mouse antibody specific for class II proteins (hereafter,
anti-class II antibody). These antibodies were raised against
synthetic peptides corresponding to the N termini of SLGs of
classes I and II, respectively (GAUDE et al. 1993, 1995). S-alleles
were determined by identifying bands detected by the two
antibodies (an example is given in Figure 2). Because of
possible multiple glycosylation patterns on the same SLG, one
allele can yield several bands (see Figure 2). Comparison of
several individuals sharing alleles is thus sometimes required
to identify alleles unambiguously.

Phenotypic tests: When possible, we performed phenotypic
tests to confirm the dominance relationship among alleles,
assumed on the basis of antibodies classification. SI was tested
using both seed set and assessment of pollen tube growth.
Pollinations were performed on young emasculated buds

TABLE 1

Characteristics of the populations and the samples

Population % of No. of flowering Sample size for Sample size for

Populations size flowering plants microsatellites S alleles*
Teghime 2000 17 340 71 22/28
Caporalino 1500 27" 405 39 0/55
Inzecca 500 55 275 40 35/39
Punta Gorbaghiol 300 70° 210 40 37/24
Punta Calcina 80 56 45 41 29/4

“2000-2001.

"1999.

‘Natural populations/ CBNMP.
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F1GURE 2.—Genotyping of individuals by IEF and Western
blotting. The Western blot membrane was first immunos-
tained with the anti-class I antibody (up) and then with the
anti-class II antibody (down). Isoelectric point (pI) markers
are indicated on the left. Each arrow corresponds to one allele
(five class I and two class II in all). Because of possible mul-
tiple glycosylation patterns on the same SLG, one allele can
correspond to several bands. The occurrence of two class II
alleles and not only one has been verified on other blots.

shortly after anthesis. For the seed set method, 10 flowers were
used for each cross and 6 flowers for the pollen tube growth
method. For the pollen tube growth method, styles were fixed
in FAA buffer (glacial acetic acid, 10%; 40% formalin, 10%;
70% alcohol, 80%) after 24 hr. After washing they were placed
in a “Z stain” (1% aniline-blue, 10%; detergent, 10%; 0.2 m
KsPOy, 70%; 1 m NaOH, 10%) at 65° for 40 min to 1 hr, de-
pending on the style size. Aniline blue was then added and the
styles were observed with a fluorescent photonic microscope.
Data analysis: Genetic diversity and population structure for
microsalellite markers: We used the Genepop software (RAYMOND
and RoussseT 1995) to estimate the mean number of alleles
per locus, the expected heterozygosity (H.), and the fixation
index (fis) for each population. To compare the relative
effective population size of the five populations studied, we
also estimated the parameter 6 = 4N, . As we were interested
in a rough and relative assessment of the population sizes,
the detailed mutation model of the microsatellite loci was
not crucial to our purpose. We thus chose to estimate 0

from the expected heterozygozity (H.) under the stepwise
mutation model (SMM) (KiMmUurRa and OnTA 1978), 6 =
(1/\/(H. — 1) — 1)/2, as microsatellites are supposed to evolve
mostly according to this model or to derived models (ELLEGREN
2004). 6 was estimated as the mean of the 0; estimated for each
locus. Population genetic structure was analyzed by estimating
global Fsrand st between all population pairs. It values were
tested by exact tests implemented in the Genepop software. To
compare Igy for microsatellites to that of the Slocus, we boot-
strapped Fsr over the 11 microsatellites, so as to provide a con-
fidence interval of overall “neutral” Fst.

Estimation of numbers of S-alleles: dealing with undetected alleles:
Because the S-allele genotyping method cannot detect all
alleles, we cannot obtain the actual number of alleles in our
samples, so uncertainty of typing must be taken into account.
This is the main problem of our approach. However, other
methods, such as PCR-based methods, also have to cope with
undetected alleles (MABLE et al. 2003). In previous studies of
B. oleracea (RUFF10-CHABLE et al. 1999), undetected alleles were
found. Those studied in detail were found to be class I alleles
(Rurr10-CHABLE and GAUDE 2001; T. GAUDE and I. FoBis-
Loisy, unpublished data). Among class II haplotypes, only S2
was shown to exhibit variable levels of SLG protein expression
(MIEGE et al. 2001) and up to now no new class IT allele among
undetected alleles. We thus chose to assume that all missing
alleles in B. insularis were also class I alleles. Individuals in
which only one class I allele was detected were assumed to
carry another unknown class I allele. Two kinds of individuals
present uncertainties: (i) individuals with no detected allele
(“white pattern” in RUFF1I0-CHABLE et al. 1999) either can carry
two undetected class I alleles or may indicate experimental
problems (such as poorly conserved stigmas or too low a con-
centration of SLGs in the extract) and (ii) individuals with only
one class II allele detected can be homozygous for that allele
or heterozygous with an unknown class I allele. In B. oleracea,
some class I alleles are also detected using the anti-class II anti-
body (V. Rurr10-CHABLE and T. GAUDE, unpublished data).
We treated as “true” class II alleles those that were, at the same
time, detected by the anti-class II antibody and shown as
recessive in the pollen and codominant in the stigma by
phenotypic tests. Alleles detected as class II on the basis of
antibody, but without phenotypic confirmation, were consid-
ered “ambiguous.”

For each population separately, and for all five taken
together, we estimated the numbers of missing alleles by assum-
ing they had the same mean frequency as the mean frequency
of class I alleles detected (on the basis of the theoretical predic-
tion that all class I alleles should have the same frequency).
Given the sample size, N, the mean frequency of detected class I
alleles, f;, and the number of gene copies carrying a missing
allele, m, we estimated the number of missing alleles as #,,, =
m/2N}. Estimation of the number of missing alleles depends
on the assumptions made for points i and ii above. We esti-
mated n,, for three cases that are summarized in Figure 3. At
one extreme, all white pattern individuals were assumed to be
due to experimental errors and all individuals with only one
class IT or ambiguous allele were assumed to be class IT homo-
zygotes (Figure 3, thick solid lines). At the other extreme, all
white pattern individuals were assumed to be heterozygotes for
two missing class I alleles, and all individuals with only one class
II allele were assumed to be heterozygotes with a missing class I
allele; ambiguous alleles are considered as class I alleles
(Figure 3, dashed lines). In the intermediate case, the number
of white pattern individuals was limited to 10% of the sample,
as found in RUFFI0-CHABLE ¢l al. (1999), and only 20% of the
individuals with one class II allele were assumed to be hetero-
zygous; ambiguous alleles were considered as class I alleles
(Figure 3, dashed lines, * indicates the attribution with a given
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FIGURE 3.—Rules of attribution of the IEF profiles observed
for the four possible genotypes. I, class I allele; II;, class IT allele;
A,,,ambiguous allele; ?, no detection. Thin lines, unambiguous
attributions, identical under the three assumptions. Thick
solid lines, lowest estimates. Dashed lines, highestand interme-
diate estimates. These two assumptions differ for attributions
indicated by the asterisk (see main text).

percentage). Other possibilities might occur, for instance, the
presence of a class I homozygote due to leaky SI reaction, but
they should not affect the results greatly. We chose not to
consider them to simplify the analyses. For each population
and for each estimation method we computed the repeatability
of the study, R = (N; — n)/(N, — 2), where Ny is the number
of genes copies sampled and nis the number of S-alleles deter-
mined from the sample (CaMPBELL and LAWRENCE 1981).
Here, the 2 corresponds to the minimum number of alleles
that must exist in a population: one class I and one class II.
Because of the different assumptions used and the complexity
of the SI system in Brassica (two dominance classes), no
extrapolation to the total number of alleles in the population
is given.

Tests of the theoretical predictions: We analyzed the S-locus data
to test the predictions about the effect of population size on
the number of S-alleles and of population structure on the dis-
tribution of these alleles. Whenever possible, we also took the
dominance classes into account. When predictions were avail-
able only for symmetrical systems (such as MHC or GSI) we
analyzed separately the dominant and recessive alleles, assum-
ing symmetrical equivalence within each class.

For GSI, an approximate Log-Log linear relationship is ex-
pected between the population effective size and the number
of S-alleles (RicHMAN and KonN 1996). For SSI, despite the
dominance hierarchy, simulation results revealed a similar
relationship (SCHIERUP ¢! al. 1997). To test this prediction we
tested for the correlation between Log 0 and the Log of the
number of S-alleles (Figure 4). We also used nonparametric
correlations.

Whatever the dominance relationships, Fsratalocus under
balancing selection should be lower than that at a neutral
locus. To compare with microsatellites, Fsr at the S-locus was

Number of S alleles
40

20 [ - memmmmmmmm T

10k ~~

: Number detected
o : Lowest estimate
x : Intermediate estimate

+ : Higest estimate

(C]
1 2 5 10 15

FiGURE 4.—Number of S-alleles detected and estimated
(three estimates) as a function of 6 estimated under the
SMM hypothesis. Diamonds, number detected; circles, lowest
estimate; crosses, intermediate estimate; plus signs, highest
estimate. The four regression lines are also given, bottom
to top, from the detected number to the highest estimate.

computed using Genepop software, treating the missing alleles
as missing data. Here, only two cases were envisaged: individ-
uals with only one class II allele were all declared as hetero-
zygotes with a missing class I allele or all declared as
homozygotes. Fsr at the S-locus was checked against the
confidence interval for the neutral markers (see above).
MuirHEAD (2001) suggested that Fgy is not the best statistic
for revealing population differentiation under balancing
selection. In the case of symmetrical balancing selection, she
showed that the distribution of the number of alleles present
in kpopulations (the “sharing distribution”) is better, because
it depends only on the ratio, m/u, of the migration rate to the
origination rate of new alleles. We computed this distribution
and fitted our data to Muirhead’s model by minimizing the
sum of the squared error between the expected and the ob-
served distribution (see APPENDIX). We excluded nonambig-
uous class II alleles and assumed that the others are selectively
equivalent. Finally, ScHierUP (1998) showed that the magni-
tude of migration can greatly affect both within- and among-
population frequency spectra of S-alleles. We thus computed
both. As recessive alleles should be maintained at higher fre-
quencies than dominant ones, and as the existing theoretical
results concern only GSI, we distinguished the spectra of
both classes of alleles separately. As described above for
computing fsr, individuals with only one class II allele were
all declared as heterozygotes with a missing class I allele or all
as homozygotes.

RESULTS

Neutral diversity and population structure: The five
populations range from Punta Calcina, the least poly-
morphic, to Teghime, the most variable (see Table 2).
The mean number of alleles per microsatellite locus
ranges from 2.55 to 7.27 and the heterozygozity from 0.22
to 0.63. The estimated 0 ranges from 1.08 to 10.48. Both
the mean number of alleles per locus and 6 correlate well
with the numbers of flowering plants (respectively,
Tpearson = 0.95, P=0.014, and pearson = 0.89, P= 0.044).

Fst among the five populations is quite high (0.28,
95% C.I. 0.22-0.35), and pairwise values are between
0.12 and 0.57. Three populations, Caporalino, Teghime,



284 S. Glémin et al.

TABLE 2

Summary of genetic diversity parameters for the five populations studied

Proportion of

Mean no. of alleles

Populations polymorphic loci per locus H. ks Osnvim

Teghime 1.00 7.27 0.58 0.217% 10.48

Caporalino 1.00 6.55 0.63 0.158* 8.43

Inzecca 1.00 5.27 0.48 —0.003 6.25

Punta Gorbaghiola 0.91 491 0.50 0.147% 2.38

Punta Calcina 0.45 2.55 0.22 0.045 1.08
*P < 0.0001.

and Punta Gorbaghiola show quite high and significant
Fs values. This could be due to partial selfing as some
individuals are partially compatible (tested for the
Caporalino and Teghime populations; S. GLEMIN and
A. MigNoT, unpublished data). However, quite high
levels of selfing are required to explain such fis values.
In a self-incompatible species such a result can be attrib-
uted also to local spatial structure (Wahlund effect;
WaHLUND 1928). This possibility was supported by esti-
mating Fsr among the local patches within each pop-
ulation. Fgr values among local patches were indeed
significant, especially for Teghime, which shows strong
substructure, with at least four patches having pairwise
Fsr from 0.064 to 0.19. These patches are located only a
few hundreds meters from each other. The same kind of
spatial structure, albeit less marked, was found in the
other populations (not shown). Null alleles may also
account for the observed high Fg values and would be a
more parsimonious interpretation.

Number and distribution of S-alleles: Estimation of the
number of S-alleles: In the entire sample, we detected 18
alleles with the anti-class I antibody and 6 using the anti-
class IT one. The number of alleles detected ranges from
only 3 alleles in the Punta Calcina population to 16
alleles in the Caporalino population (Table 3). The num-
ber of missing alleles varied widely among the popula-
tions. In Punta Calcina, we detected at least one allele
for each individual, but in Inzecca 32 individuals could
not be genotyped. We suspect that this is due not only to
missing alleles but also to experimental problems (see
MATERIALS AND METHODS). Some plants with few to
numerous abnormal styles were found in this popula-
tion in Corsica and 7 out of 19 plants grown in the
botanical garden were of this type. We found a large
number of class II alleles compared to theoretical
predictions (UYENOYAMA 2000) and to what was found
in B. oleracea and B. rapa, in which only 3 class II alleles
and 1 class I allele are known, respectively (Kusasa et al.
1997). However, our phenotypic tests show that only
2 of the alleles detected by the anti-class II antibody
were actually shown to be recessive in pollen and
codominant in stigma. Moreover, these alleles were
the most frequent, as in other Brassica species and as
theoretically predicted (UvyENoyama 2000). The four

remaining alleles are therefore noted as ambiguous (see
MATERIALS AND METHODS). The distribution among the
five populations of all possible kinds of genotypes under
this classification is given in Table 3.

For all the estimates of allele numbers (given in Table
3), the repeatability (R) is high (between 0.73 and 0.95).
This may suggest a good survey of S-allele diversity but
could also result from the presence of few class II alleles
in high frequency (see Punta Calcina, for instance). The
repeatability statistics should thus be viewed with cau-
tion in such sporophytic systems. Depending on which
assumptions were made (see MATERIALS AND METHODS),
the range of estimates could be very large. For the
Inzecca and Punta Calcina populations, great uncer-
tainty exists (high frequency of white patterns or II/?
genotypes). Whereas the lowest and the intermediate
estimates are strongly correlated (%pearson = 0.99, P =
0.0006), and both are correlated with the number of
alleles detected (7pearson = 0.99, P=0.0021 and %pearson =
0.97, P=0.006, respectively), the highest estimate gives
results that seems somewhat aberrant. For example, in
the Punta Calcina population, the number of S-alleles
number is increased from 3 detected to 19 estimated if
we assume no class II homozygotes.

We found a positive and significant correlation be-
tween 0 and the number of S-alleles detected (#pearson =
0.93, P= 0.021; %spearman = 0.90, P= 0.037) and a mar-
ginally significant correlation between 6 and the lowest
estimate (7pearson = 0.87, P=0.053; 7%5pearman = 0.80, P=
0.104) or the intermediate one (7pearson = 0.85, P=0.068;
Tspearman = 0.80, P = 0.104). With the highest estimate,
the correlation is not significant (7pearson = 0.53, P=0.36;
Tspearman = 0.30, P=0.61).

Distribution of S-alleles among populations: Fsp and
Jfrequency spectrum: To compare the S-allele and neutral
structures, we estimated Fgr at the S-locus. With the
genotype II/? treated as having a missing allele or as
homozygotes, the results were very similar, except that
some pairwise Fg values involving the population Punta
Calcina were very high (up to 0.63, see Figure 5).
Excluding Punta Calcina, the overall Fsr is 0.088 or
0.12 under the two different assumptions, respectively,
compared with 0.23 for the microsatellites (Punta
Calcina excluded; 0.28 when Punta Calcinais included).
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TABLE 3

Genotypes and number of S-alleles detected and estimated in the five populations

Populations
Punta Punta
Teghime Caporalino Inzecca Gorbaghiola Calcina Total

No. of plants: 50 55 74 61 33 273
Alleles detected
Class 1 8 11 5 6 2 18
Class II 2 2 2 2 1 2
Ambiguous 3 3 2 0 0 4
Genotypes
?/? 7 12 32 6 0 57
1/? 13 9 7 25 3 57
11/? 2 10 15 18 29 74
Ambiguous/? 2 2 10 0 0 14
1/1 18 8 0 2 0 28
I1/11 2 5 0 0 0 7
1/11 1 2 6 10 1 20
I/ambiguous 3 6 3 0 0 12
II/ambiguous 0 1 1 0 0 2
Ambiguous/ambiguous 2 0 0 0 0 2
Estimation of the no. of S-alleles
Lowest 15 19 11 12 5 31
R 0.85 0.80 0.89 0.91 0.95 093
Intermediate 18 24 15 16 8 41
R 0.83 0.77 0.86 0.89 0.91 0.92
Highest 19 31 31 16 19 56
R 0.83 0.73 0.80 0.88 0.73  0.90

Intermediate estimates assume 10% of ?/? individuals, 20% of II/? heterozygotes, and that ambiguous alleles
are class I alleles. R is the repeatability index (see main text). ?, “white pattern.”

The S-locus Fst value is outside the confidence interval
for the neutral Fsr (0.17-0.31; 0.22-0.35 when Punta
Calcina is included). Figure 5 plots pairwise S-locus
Fst wvs. neutral Fg. Whichever estimate was used,
values of Fgt at the S-locus are lower than the neutral
Fst value except for three pairs involving Punta
Calcina when all II/? genotypes were assumed to be
homozygotes.

In addition to Fsr values, we studied the frequency
distributions of S-alleles within and among populations.
Figure 6A presents the frequency spectrum of the
S-alleles over the whole set of populations, for class I,
class II, and ambiguous alleles. The two class II alleles
show much higher frequencies than the class I or
ambiguous alleles, both of which behave similarly.
Figure 6B compares the frequency spectrum over the
whole populations (as in Figure 6A) and the mean
frequency spectrum within each population, excluding
class Il alleles and pooling class I and ambiguous alleles.
Both within and across populations, ambiguous alleles
have a frequency similar to that of class I alleles and
lower than that of class II alleles. Figure 7 shows the
sharing distribution of the number of alleles presentin &
populations (MuUIRHEAD 2001). Except for class II

alleles present in four and five populations, respectively,
the distribution is skewed toward private alleles present
in only one population. This is confirmed by fitting
Muirhead’s model with a ratio m/u = 1.5, suggesting

Fgr at the S locus
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F1GURE 5.—Pairwise Fgt at the S-locus as a function of the
Fgr for microsatellites. The solid line indicates equality. Fsr’s
at the S-locus were computed assuming no class II homozy-
gotes (solid diamonds) or that all II/? profiles were homozy-
gous (open diamonds). The circled diamonds correspond to
Fgr pairs involving Punta Calcina.
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F1GURE 6.—Frequency spectrum of the S-alleles (A) across
all the populations and (B) within a population. In B, the two
class II alleles are excluded and the ambiguous alleles are
pooled with the class I alleles. The frequency spectrum is
given here in percentage and not in absolute number of
alleles because it is the mean over the five populations.

very restricted migration. Here we stress that, contrary
to the estimates from Fst, m is the demographic
migration rate, not the effective rate taking into account
selective advantage of rare migrants (SCHIERUP el al.
2000). However, because the two class II alleles are not
equivalent to the others and are excluded from the
analysis, the frequencies of the alleles do not sum to
one, and a bias toward private alleles is expected. This
result should thus be viewed with caution.

DISCUSSION

Testing the predictions of population genetics
theory of SI: Number of S-alleles and population size:
Whichever the assumptions we made to assign geno-
types (see above), the total estimated numbers of
S-alleles were quite high, at least 30, and comparable
to other SI systems studied (for review see LAWRENCE
2000). The five populations we studied have a wide
range of population sizes (from ~80 to ~2500), and
their values are positively and significantly correlated
with estimated 0-values, as predicted. Because the Log-

Number of alleles

W | OJ |1 @ Ambiguous

e Fit of Muirhead’s model (2001)

Number of populations

FIGURE 7.—“Sharing distribution” of the S-alleles that is the
number of alleles present in k populations. The solid circle
corresponds to the fit of MUIRHEAD’s (2001) model (see
the main text).

Log linear relationship we fitted (see Figure 4) is an
approximation of the more complex relationship be-
tween the number of S-alleles and the population size in
the SSI system, this result should be taken with some
caution. However, nonparametric correlations are of
the same order.

Genetic structure at the S-locus: Our microsatellite
analysis confirms the strong differentiation among the
five populations (mean Fgr = 0.28, pairwise Fgrranging
from 0.12 to 0.57), already found with isozyme markers
(HUurRTREZ-BOUSSES 1996). In agreement with their
restricted geographic range and geographical isolation,
the populations are also genetically isolated. As pre-
dicted, Fgt at the S-locus is smaller than neutral Fgr.
Excluding the population Punta Calcina (which we
discuss later), we found that Fgt for the S-locus was
about half that for microsatellites. Lower differentiation
at the S-locus can be explained by a higher effective
migration rate for alleles under balancing selection,
because rare migrants will be more successful than
expected under neutrality (see SCHIERUP et al. 2000).
Fgr at the S-locus is also weakly sensitive to the relative
migration rate indicated by the microsatellite analysis
and falls mostly in the range 0-0.1, as suggested by
simulation results of SCHIERUP et al. (2000; see their
Figure 1). This contrasts with results on the MHC
(discussed in MuirHEAD 2001). To explain the pattern
observed in several studies on the MHC, MUIRHEAD
(2001) invoked additional selection pressure for subsets
of alleles in different local populations, due to different
environmental pressures (for example, parasites). Unless
pleiotropic effects of S-genes or linked loci are involved
in local adaptation, SI systems are thus more likely to
match theoretical expectations involving a simple form
of balancing selection.

We also studied the distribution of S-alleles within
and among the populations. For the special case of
the Brassica system, no predictions of the frequency
spectrum with balancing selection and population
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subdivision are available. ScHIERUP (1998) performed
simulations for the gametophytic case, assuming high,
intermediate, and low migration rates. Because of S-
allele assay uncertainties and because of the peculiarity
of Brassica systems, direct comparison cannot be made
easily. However, the skewed total frequency spectrum
and the rather flat within-population spectrum (Figure
6B) can hardly fit the pattern Schierup obtained with
high migration rates. The observed sharing distribution
with numerous private alleles (Figure 7) also fits the
theoretical prediction assuming a very low migration/
mutation rate ratio (1.5). Assuming a low mutation rate
of the order of 107° or 10~° and population size of the
order of 100 or 1000 would lead to very low Nm, so that
complete differentiation at neutral loci should be ob-
served. Because of the class II alleles in high frequency,
class I alleles are less frequent and probably less
widespread than alleles in GSI systems, as assumed in
MUuUIrRHEAD’s (2001) model. This should reduce the
fitted m/u ratio and explain the discrepancy between
the Fsrand sharing distribution analyses. Despite these
cautions, our data globally fit the theoretical predictions
of the impact of balancing selection on population
structure, assuming a low migration rate.

Impact of local substructure: In three populations we
found significant Fg (Table 2), suggesting Wahlund
effects due to within-population structure, the presence
of null alleles, or (less probably) partial selfing. The two
latter explanations should have little influence on the
interpretation of the results on S-alleles. However,
further substructure might affect our conclusions. Local
subdivision should increase the local effective popula-
tion size. This could increase the neutral diversity but
has little effect on the number of S-alleles in each
population, which is insensitive to local subdivision,
unless migration among local subpopulations is very
small (ScHIERUP 1998; MUIRHEAD 2001). By increasing
local effective population size, local subdivision should
reduce differentiation among populations both for
neutral markers and for S-alleles, particularly the
former. The significant difference in Fsr values observed
for the two different kinds of genes is thus conservative.
However, additional theoretical work should examine
hierarchical population structure.

Consequences of dominance relationships: In B. oleracea,
S-alleles fall into two classes, I and II, with class II alleles
being recessive to class I alleles in pollen and codomi-
nant in stigma. UvyENOYAMA (2000) analyzed theoreti-
cally this special case of the Brassica SSI system. As
predicted, numerous class I alleles in low frequencies
and few class II alleles in higher frequencies are
observed in Brassica crops accessions (RUFFI0-CHABLE
et al. 1997, 1999), but no such data exist in natural
populations. We found up to 18 class I alleles and 2
class II alleles. In the entire population, the class I
alleles have frequencies <5%, whereas the frequencies
of the two class II alleles are ~8 and 11% (higher if

we assume that some homozygotes occur; see Figure
6A). Within populations, there is at least one frequent
class II allele in all populations except in Teghime,
where the three most frequent alleles are class I. The
two class II alleles are present in all populations except
in Punta Calcina (see Figure 7), where only one is
present in high frequency (between 45 and 90%,
depending on the assumptions about homozygotes).
In agreement with the theoretical prediction, there
are numerous class I alleles at low frequency and at least
two more widespread class II alleles. UyENOYAMA
(2000) predicted that class II alleles are more prone to
stochastic loss than class I alleles, except when only
one class II allele exists. She suggested that the evolu-
tionary persistent state should be a state with one class II
allele and many class I’s. However, she considered only
a single (isolated) population. In subdivided popula-
tions, local exclusion of class II alleles could be over-
whelmed by migration, maintaining polymorphism
for such an allelic class. But such a case remains to be
modeled.

Finally, we found four ambiguous alleles: they are
detected by the anti-class II antibody but are as rare as
class I alleles (see Figures 5A and 6), and we do not have
any evidence of their dominance category. We exclude
that such multiplicity of class II detection might result
from the reaction with other members of the S-gene
family. Indeed, it is well documented that, among
stigmatic proteins, antibodies detect only SLG and a
few soluble SRK proteins (GAUDE et al. 1993, 1995;
GIRANTON et al. 1995), which were not detected here
(weak specific labeling). Cross-labeling, thatis, anti-class
II antibody detecting class I alleles, was found in some
Brassica cultivars (V. RUFFIO-CHABLE and T. GAUDE,
unpublished data) and may also occur in B. insularis.
If they are actually class I alleles, our results match
experimental results in B. oleracea and the theoretical
predictions on the number and distribution of class I
and class II alleles. If they are class II alleles, our results
suggest that B. insularis differs from other Brassica spe-
cies. We also consider that all undetected alleles belong
to class I. If some are actually class II alleles, this might
also partly contradict the theoretical expectations. To
provide a definitive answer, phenotypic dominance tests
and sequencing of ambiguous and undetected alleles
will be necessary.

The case of Punta Calcina: In small populations, only
a low number of S-alleles can be maintained, and mate
availability can be reduced (ByErs and MEAGHER 1992;
VEKEMANS et al. 1998). This has been invoked to explain
the reduced fecundity in small endangered populations
of self-incompatible plants (for example, LEs et al. 1991;
ASPINWALL and CHRISTIAN 1992; DEMAURO 1993;
ByYERS 1995). We found a quite high number of S-alleles
in all populations except the smallest, Punta Calcina.
This population is likely to be threatened by low mate
availability, because only three alleles were detected,
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one reaching very high frequency (between 45 and 90%
depending on the assumptions about homozygotes;
see Table 3). The high frequency of this class II allele
explains the high pairwise Fsr values between Punta
Calcina and the other populations.

Such a high frequency is difficult to explain, because
selection should reduce it. Although UyENOYAMA’S
(2000) model can predict high frequency of a unique
class II allele having few class I alleles, our genotype
frequencies (under any of our estimation hypotheses)
cannot match her predictions (numerical computations
not shown). One can propose several explanations.
First, the class II allele could have reached a high
frequency by chance, after a recent bottleneck. How-
ever, the microsatellite data show no signature of such
an event (tested using the software Bottleneck; CORNUET
and LUIKART 1996). Second, in B. oleracea, class 11 alleles
are associated with weaker SI reaction. Partially com-
patible alleles should be favored in populations experi-
encing low mate availability. We found some plants with
weak or variable compatibility level but there is no
association with the class of alleles they carry (S. GLEMIN
and A. MiGNoOT, unpublished data). Moreover, the few
individuals from Punta Calcina available at the CBNMP
(and carrying the class II allele only) seem to be strongly
incompatible. Further, we did not find any deviation
from Hardy-Weinberg expectation (Iis = 0.045, NS; see
Table 2) that could result from partial selfing of a weakly
compatible plant. Finally, even in a small population
inbreeding depression might also prevent the spread
of such compatible alleles (GLEMIN et al. 2001), and
we effectively found quite high inbreeding depression
in two populations (Caporalino and Teghime) of this
species (S. GLEMIN and A. MiGNOT, unpublished data).
A final explanation for the high frequency of the class II
allele in the Punta Calcina population could be that it
is favored by segregation distortion, as was found in
A. lyrata, where the pollen carrying the most frequent
and recessive allele seems to be selectively favored
(BECHSGAARD et al. 2004). This hypothesis remains
to be tested, and additional work will be necessary to
understand the pattern of S-alleles found in this
population.
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where n is the total number of populations, m is the
migration rate, and w is the mutation rate that gives new
S-alleles. Given a ratio m/u and replacing the 7, in
Equation A.2 we can numerically compute the sharing
distribution (using the function NSolve in the Mathe-
matica software; WoLFrRAM 1996). To fit the model to our
data, we compute the sum-of-squares error, SSE =
S (Bhee — pebs)? for different m/ uratios and choose
the ratio that minimizes SSE. Values of m/ ufrom 0.01 to
10 were tested.



