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Impact of negative frequency-dependent selection on
mating pattern and genetic structure: a comparative
analysis of the S-locus and nuclear SSR loci in Prunus
lannesiana var. speciosa

K Shuri1,2, K Saika2, K Junko2, K Michiharu2, T Nagamitsu1, H Iwata3, Y Tsumura1 and Y Mukai4

Mating processes of local demes and spatial genetic structure of island populations at the self-incompatibility (S-) locus under
negative frequency-dependent selection (NFDS) were evaluated in Prunus lannesiana var. speciosa in comparison with nuclear
simple sequence repeat (SSR) loci that seemed to be evolutionarily neutral. Our observations of local mating patterns indicated
that male–female pair fecundity was influenced by not only self-incompatibility, but also various factors, such as kinship, pollen
production and flowering synchrony. In spite of the mating bias caused by these factors, the NFDS effect on changes in allele
frequencies from potential mates to mating pollen was detected at the S-locus but not at the SSR loci, although the changes
from adult to juvenile cohorts were not apparent at any loci. Genetic differentiation and isolation-by-distance over various
spatial scales were smaller at the S-locus than at the SSR loci, as expected under the NFDS. Allele-sharing distributions among
the populations also had a unimodal pattern at the S-locus, indicating the NFDS effect except for alleles unique to individual
populations probably due to isolation among islands, although this pattern was not exhibited by the SSR loci. Our results
suggest that the NFDS at the S-locus has an impact on both the mating patterns and the genetic structure in the P. lannesiana
populations studied.
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INTRODUCTION

Homomorphic self-incompatibility (SI) systems are widespread
physiological mechanisms that prevent self-fertilization in angios-
perms by controlling pollen germination or pollen tube growth (de
Nettancourt, 1977). Recognition between the pollen and the pistil
involves specificity molecules, usually encoded by a single-genome
region called an S-locus, containing several multiallelic genes. The
pollen and pistil are incompatible if both of them express identical
alleles, otherwise they are compatible (de Nettancourt, 1977). In
gametophytic SI systems, the phenotype of pollen is determined by
the gametophyte (that is, by its own haploid genome), whereas in
sporophytic SI systems, it is determined by the sporophyte (that is, by
the diploid pollen parent) and there can be dominance interactions
among alleles. As the SI systems constitute invisible barriers to self-
fertilization and to mating between closely related individuals; the
presence of the system probably has a large influence on actual
reproduction patterns in a local deme. Recently, Schierup et al. (2006)
studied mate availability and mating events by directly genotyping S-
alleles between two consecutive generations in a natural deme of
Arabidopsis lyrata (Brassicaceae). In Prunus avium populations,
Stoeckel et al. (2011) also studied the effects of SI system and genetic
drift by comparing the frequencies of S-alleles between multiple

groups of parents and offspring using a mating model that included
the S-locus data. These studies demonstrated that not only SI systems
but also genetic drift, limited pollen dispersal, large reproductive
variance and other factors affected mating patterns. However, direct
investigations of the influence of SI systems on mating patterns in
natural populations are scarce.
The evolutionary properties of SI systems have long aroused the

interest of population geneticists studying balancing selection. As
compatible crosses require distinct alleles, a direct expected conse-
quence is that rare alleles are favored within populations, such that
S-alleles are subject to negative frequency-dependent selection
(NFDS) (for a review see Lawrence, 2000). Thus, a greater number
of alleles are expected at the S-locus than at selectively neutral loci.
Several theoretical studies have predicted that the patterns of
polymorphism among populations are different between genes subject
to NFDS and selectively neutral loci (Schierup, 1998; Schierup et al.,
2000; Muirhead, 2001). NFDS that favors rare migrant alleles is
expected to increase effective migration rates, so that the alleles tend
to be shared among populations. Consequently, the degree of
differentiation among populations is expected to be less (lower GST

and FST values) at the S-locus than at selectively neutral loci, and thus
unlike the selectively neutral alleles, the number of S-alleles within
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populations should be quite independent of population subdivision
(Schierup, 1998; Schierup et al., 2000; Muirhead, 2001).
Several empirical tests for a coherent set of such predictions have

been now undertaken in natural populations of several plant species.
In Brassica insularis, Glémin et al. (2005) compared the population
structure at the S-locus with that indicated by selectively neutral loci,
nuclear simple sequence repeats (SSRs or microsatellites); their data
supported most of the theoretical predictions. In Senecio squalidus,
spatial genetic structure within populations was found to be weak at
both the S-locus and at allozyme loci for which variation seemed to
be selectively neutral (Brennan et al., 2003), whereas genetic differ-
entiation among populations was smaller at the S-locus than at the
allozyme loci (Brennan et al., 2006). In Arabidopsis halleri, the spatial
genetic structure within populations was weaker when determined on
the basis of the S-locus than when SSR loci were considered (Leducq
et al., 2011). In P. avium, genetic differentiation among populations
was smaller according to S-locus data than SSR loci (Stoeckel et al.,
2008); higher diversity and evenness in allele frequencies, as well as
larger deviations from neutrality at the S-locus than at the SSR loci
were observed in a local population, but the spatial genetic structure
within the population did not differ between these loci (Schueler
et al., 2006). In Pyrus pyraster, genetic differentiation among popula-
tions was smaller according to S-locus data than SSR loci
(Holderegger et al., 2008).
In this study, we evaluated both direct effects of SI systems on

mating patterns in local demes and the effects of NFDS resulting from
the mating process on population genetic structure. In order to
address these aims, natural populations on islands were investigated.
Island populations were chosen because observations of mating
patterns are likely to be accurate in isolated demes on islands, and
because infrequent migration between islands is likely to result in
obvious genetic structure among island populations. P. lannesiana var.
speciosa is suitable for this approach as it has a gametophytic SI
system for which the molecular mechanism is already known, thus
allowing us to genotype the S-locus directly in individuals sampled
from natural populations (Kato and Mukai, 2004). In order to test the
theoretical predictions for NFDS at the S-locus, SSRs were also
examined to represent selectively neutral loci. First, the mating
patterns in local demes were determined by paternity assignment,
and the effects of SI system on mating success and changes in allele
frequencies during the mating processes were evaluated. Second, the
genetic structure within and among the populations was assessed at
various spatial scales.

MATERIALS AND METHODS

Study species and sites
P. lannesiana var. speciosa (Rosaceae) is a deciduous tree species, semi-endemic

to the Izu Islands, south of Honshu, Japan. Insects, such as bees, flies and

beetles, pollinate the flowers and birds disperse the seeds (Kato, S., personal

observation).

Study sites were selected from the whole range of the species’ distribution,

consisting of the Izu Peninsula and seven islands: Oshima, Niijima, Kouzu,

Miyake, Mikura, Hachijo and Aogashima (Figure 1a). A single site was selected

on the peninsula and on each of the islands, with the exception of the Hachijo

Island, where three subsites, HcA, HcB and HcC, were chosen (Figure 1b).

Adult trees with a diameter at breast height (dbh)410 cm were sampled from

the seven sites and the three subsites to assess the genetic structure across the

peninsula and island populations (trees from the three subsites on the Hachijo

Island were pooled) (Figure 1b). In our previous studies, putative hybrids with

related species were found on the Izu Peninsula (Kato et al., 2007, 2011). Such

individuals were excluded from the samples collected from the Izu Peninsula

site in this study.

On the Hachijo Island, juvenile trees (o5 cmdbh) were sampled at subsite

HcA (Figure 1b) to compare adult and juvenile cohorts, and two plots, A and

B, were also established in order to observe mating patterns (Figure 1b). In

each plot, all flowering trees were mapped, and seven mother trees were chosen

(Figure 1c). The crown area (m2) of every flowering tree was measured

(Figure 1c). Plot A was located in a forest, where the flowering trees occurred

occasionally, and there were a few potential mates outside the plot. Plot B was

in a meadow on the north-facing slope of the mountain and was quite isolated

(4300m away) from other flowering trees outside the plot.

Genotyping samples at the S-locus and SSR loci
Young leaves of adult trees at the eight sites, including the three subsites,

juvenile trees from subsite HcA and all flowering trees in the two plots, were

sampled. Seeds of the 14 mother trees in these plots were also collected in 2001

and/or 2002. The first leaves of seedlings developing from these seeds were

sampled once the cotyledons appeared. As most (490%) of the seeds

germinated, differences in allele frequencies between the seeds and seedlings

could be ignored. The sampled leaves were stored at –80 1C while awaiting

DNA extraction.

Total DNA was extracted from the stored leaves using the method described

by Murray and Thompson (1980). Genotypes at the S-locus, sequences of

which were confirmed to be an S-RNase gene (Kato et al., 2007), were

determined based on restriction fragment length polymorphism (RFLP)

detected by genomic Southern analysis using complementary DNA for

S-RNase as a probe, as described in Kato and Mukai (2004). This method

could certainly visualize the variations of both two S-alleles, which respective

individuals possess, implying that null alleles are unlikely to be detected at the

S-locus. Genotypes at 11 nuclear SSR loci, BPPCT005, 014, 026, 028, 034, 037,

038 and 040 (Dirlewanger et al., 2002), UDP96-001 (Cipriani et al., 1999),

UDP98-412 (Testolin et al., 2000) and pchcms5 (Sosinski et al., 2000), were

also scored using the method described by Kato et al. (2011). Part of the

genotypes had been already determined in our previous studies (Kato and

Mukai, 2004; Kato et al., 2007, 2011).

Mating patterns
Paternity of every genotyped seed was assigned by means of simple exclusion

based on genotypes at the S-locus and SSR loci of all flowering trees in each

plot. If it was not possible to assign paternity, the pollen donor was assumed to

be located outside the plot. When multiple pollen donors were assigned, the

maximum-likelihood paternity was determined using Cervus ver. 2.0

(Marshall, 2001) with a 95% threshold as the strict confidence level. Allele

frequencies of the flowering trees in each plot were used in an assignment

simulation with the parameters: 10 000 cycles, 99% of loci typed and 0% error

rate. For both S-locus and SSR loci, the genotyping was assumed to be accurate

because no mismatch of genotypes was found between the seeds and their

mother trees. Only flowering trees were regarded as candidate pollen donors in

each plot. The proportions of candidate pollen donors sampled were 60% in

plot A and 80% in plot B in consideration of the isolation from other

flowering trees outside these plots.

Effects of SI on mating success
Effects of the SI system on male–female pair fecundity were evaluated using a

Bayesian model (Klein et al., 2008, Tani et al., 2009), discriminating between

factors such as spatial distance, kinship coefficient, flowering synchrony

between mates and floral abundance of pollen donors. The SI score s between

the mother trees and the candidate pollen donors was allocated a value of 0

when they were compatible (no S-alleles were shared), 0.5 when half-

compatible (one of two alleles at the S-locus were shared) and 1 when

incompatible (both S-alleles were shared). The horizontal distances, d (m),

between the mother trees and the other flowering trees were recorded in each

plot. The kinship coefficient g (Loiselle et al., 1995) between them was

calculated for each plot using SPAGeDi version 1.1 (Hardy and Vekemans,

2002). In order to measure the flowering synchrony, the relative flowering

intensity r of every flowering tree in each plot was scored every day from 2

March to 10 April in 2002 at six levels from 0 (no flowers were open or almost

all the petals had fallen off), to 1, 2, 3 or 4 (1/5, 2/5, 3/5 and 4/5 of flowers,
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respectively, were opening or remaining) and 5 (all flowers were open).

Flowering synchrony oij between the mother tree i and the candidate pollen

donor j was defined as:

oij ¼
X
t

min rit ; rjt
� �

/
X
t

rit ;

where t is the observation date. The floral abundance of the flowering trees was

based on their crown area c (m2). The relative effects of individual factors (SI

score, kinship coefficient, flowering synchrony and floral abundance) were

evaluated by means of standardization of variables of the factors, which makes

the variables to have mean¼ 0 and s.d.¼ 1. For the standardized variables,

corresponding parameters were estimated.

Parameters of pollen dispersal and male fecundity have often been estimated

on the basis of the neighborhood model using maximum likelihood (Burczyk

et al., 2002) or Bayesian methods (Klein et al., 2008). In our mating model, the

results of paternity assignment were used to simplify the model (Tani et al.,

2009), and an exponential power function (Oddou-Muratorio et al., 2005) was

applied to a dispersal kernel. Based on the paternity assignment, mother trees

with 410 seeds, whose pollen donors were found within the plots, were

examined in our model. For mother tree i {i¼ 1, 2,..., M}, the number of seeds

nij sired by pollen donor j {j¼ 1, 2,..., N}, including selfing when i and j were

the same tree, was assumed to follow a multinomial distribution with

probability pij and sample size
PN
k¼ 1

nik. The probability pij that pollen donor

j sired seeds of mother tree i was determined by parameters of pollen dispersal

a1 (scaling), a2 (shape) and male–female pair fecundity fij from pollen donor

j to mother tree i in the form:

pij ¼
fij exp � a1dij

� �a2� �
PN
k¼ 1

fik exp � a1dikð Þa2½ �
;

where dij is the horizontal distance between mother tree i and pollen donor j.

Male–female pair fecundity fij of pollen donor j to mother tree i was

determined from SI score sij, kinship coefficient gij, flowering synchrony oij
and crown area cj in the form:

fij ¼ exp b1sij
� �

exp b2gij
� �

exp b3oij
� �

c
b4
j

where b1, b2, b3 and b4 are parameters of sij, gij, oij and cj, respectively. In 2001,

b3 was not estimated because oij was not recorded. In each year, the parameters

were estimated from both plots A and B, assuming that the same parameter

was shared between the plots. The likelihood function for M mother trees was

expressed as:

L n; s; g; o; c a1; a2; b1;b2;b3; b4jð Þ¼
YMA

iA ¼ 1

YNA

jA ¼ 1

p
nij
ij

 ! YMB

iB ¼ 1

YNB

jB ¼ 1

p
nij
ij

 !

where mother trees and pollen donors were iA {iA¼ 1, 2,..., MA} and jA {jA¼ 1,

2,..., NA} in plot A and iB {iB¼ 1, 2,..., MB} and jB {jB¼ 1, 2,..., NB} in plot B,

respectively. The posterior probability distributions were derived from the

likelihood and prior probabilities of normal distributions with mean 0 and

variance 1,000 for b1, b2, b3 and b4 (initial values were 0), and prior

a c

b

Figure 1 Locations of populations and numbers of individuals of P. lannesiana var. speciosa examined in this study. Eight populations on the Izu Peninsula

and Izu Islands (a), three sub-populations, HcA with a juvenile cohort, HcB, and HcC, and two plots, A and B on Hachijo Island (b), and locations and
crown areas of trees in each plot (c). Trees with shaded crowns are selected as mother trees.
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probabilities of gamma distributions with their parameters set to 0.001 for a1
and a2 (initial values were 1). The parameters were estimated as posterior

medians via Markov-chain Monte Carlo (MCMC) sampling using JAGS 2.1.0

(Plummer, 2010) and the rjags package in R 2.11.1 (R Development Core Team

2010). The MCMC procedure for the model was run for 50 000 iterations with

100 intervals, after a burn-in period of 5,000 iterations. Convergence of the

MCMCs was observed after all iterations of three chains of the parameters, and

these were visualized using the coda package in R 2.11.1.

Allele frequencies at various stages
The allele frequencies in potential mates were obtained from the flowering

trees in each plot. In order to obtain allele frequencies in the pollen that

fertilized offspring of mother trees, a paternal gametic genotype at each locus

for each offspring was determined by subtracting the maternal gametic

genotype from the offspring genotype. It was possible to determine the

paternal gamete genotype unambiguously unless both an offspring and its

parents were heterozygous with the same pair of alleles (for example, genotype

AB). Otherwise, the paternal gamete genotype was either A or B at a frequency

of 0.5.

Changes in allele frequencies were compared between the potential mates

and pollen siring offspring of the mother trees in each plot. Between these two

generations, the NFDS effect caused by the SI system is expected to lead to the

changes in allele frequencies at the S-locus. In a deterministic model, alleles at

the S-locus with higher and lower frequencies in potential mates will decrease

and increase in siring pollen, respectively. However, such changes at the SSR

loci are not expected. When the changes calculated by subtracting the allele

frequencies at the S-locus and SSR loci in the potential mates from those in the

siring pollen are plotted against the allele frequencies in the potential mates in

each plot, a negative correlation is expected only at the loci under NFDS, that

is, the S-locus.

In addition to the NFDS effect, genetic drift results in variations in allele

frequencies due to the finite size of sampled offspring through a random

sampling process. The variations were generated from Monte Carlo simula-

tions for both the S-locus and SSR loci because random genetic drift affects

both types of loci. The number of alleles was assumed to follow a multinomial

distribution with the sample size (the number of offspring sampled from the

mother trees in each plot) and the allele frequencies in the potential mates in

each plot. The procedure was repeated 1,000 times, and the 95% confidence

interval for each allele frequency at each locus in the potential mates was

obtained. From the confidence interval, sampling variances in the changes in

allele frequencies from siring pollen to potential mates were also plotted to

evaluate the effect of random genetic drift.

Between the adult and juvenile cohorts at subsite HcA, the changes in allele

frequencies were also examined by the same method because NFDS is also

expected to occur during the establishment of the juvenile cohort from the

adult cohort through reproduction and regeneration.

Linkage disequilibria and neutrality
The linkage among the S-locus and the SSR loci and their selective neutrality

were examined. The linkage disequilibrium at every pair of these loci within

and across adult populations at the eight sites was tested after sequential

Bonferroni multiple-comparison correction using FSTAT 2.9.3.2 (Goudet,

2001). The selective neutrality at the S-locus and the SSR loci in the eight

adult populations was evaluated by comparing observed and expected allele

frequencies, according to Ewens’ sampling theory (Ewens, 1972) and using

Watterson’s homozygosity test (Watterson, 1978) implemented in Arlequin 2.0

(Schneider et al., 2000).

Spatial genetic structure
Spatial genetic structure was compared between the S-locus and the SSR loci at

various scales. At the local scale (within the plots), spatial autocorrelation was

assessed by means of the kinship coefficient gij, which measures the correlation

between the frequencies of homologous alleles in pairs of individuals (Loiselle

et al., 1995). Multiallelic single-locus and the multilocus kinship estimators

were plotted against the logarithm of geographical distance, and the linear

regression slope bg was tested for significance by Mantel tests with 10 000

permutations. For the SSR loci, the mean and s.e. of bg were estimated using a

jackknife procedure over loci. In order to evaluate whether this mean is

significantly larger than the value of bg at the S-locus, we compared using a

one-tailed t-test. The standardized regression slope (Sp) statistic, defined as

Sp¼ –bg/(1–g1) in Vekemans and Hardy (2004), was also calculated. Here g1 is

the kinship estimator gij between adjacent individuals. The Sp statistic allows a

better comparison between different species and populations, as the kinship

estimator itself depends on the sampling scheme used (Vekemans and Hardy,

2004). Calculations of the pairwise gij, the Mantel tests and the jack-knife tests

over loci were performed using SPAGeDi.

At the regional scale (among the eight sites), isolation-by-distance was

examined by means of the relationship between the genetic distance between

the adult populations and the log-transformed geographic distance between

the sites (Rousset, 1997). The pairwise population GST values were calculated

as described below, and used as the genetic distance indices. The significance of

the association between the two types of distance was determined by the

Mantel test (Mantel, 1967) using permutation procedures (1000 resamplings)

implemented in the ISOLDE module of GENEPOP 4.0.10 (Raymond and

Rousset, 1995).

Population genetic structure
The total and effective numbers of alleles (Kimura and Crow, 1964) and the

observed and expected heterozygosity (Nei, 1973) across the eight adult

populations were also calculated for the S-locus and the SSR loci. Genetic

differentiation among the eight sites and among the three subsites was

evaluated using a standard measure, GST value. The 95% confidence interval

and the P value for GST were obtained by bootstrapping using the DEMEtics

package in R 2.11.1.

Muirhead (2001) suggested that GST and FST are not the best statistics for

revealing population differentiation under balancing selection and that the

pattern of allele sharing among populations (sharing distribution) is better.

The sharing distribution is a frequency distribution of alleles shared among k

populations (k¼ 1, 2, y, n) in a total of n populations. We determined this

distribution for both the S-locus and SSR loci from adult populations at the

eight sites.

RESULTS

In total, 439 adult trees were sampled from the Izu peninsula and the
seven islands, and the sample size ranged from 31 to 98 among the
eight sites (Figure 1a). The 98 adult trees on the Hachijo Island were
divided into the three subsites, HcA, HcB and HcC, with sample sizes
of 33, 33 and 32, respectively (Figure 1b). At subsite HcA, 26 juvenile
trees were also sampled (Figure 1b). The average dbhs of the adult
and juvenile trees at subsite HcA were 21.5±1.3 (mean±s.e.) and
2.7±0.2 cm, respectively. On the Hachijo Island, 86 flowering trees in
plot A and 79 in plot B were examined as candidate pollen donors
(Figure 1c). The average crown area of the flowering trees was
11.1±1.0 (mean±s.e.) m2 in plot A and 6.8±0.6m2 in plot B
(Figure 1c).

Mating patterns and effects of SI on mating success
Two monomorphic SSR loci, BPPCT026 and UDP96-001, found in
the two plots were not used in the following paternity assignment.
The exclusion probability for paternity over the remaining nine SSR
loci and the S-locus was 0.998 in plot A and 0.997 in plot B. The
pollen donors for 88 out of 152 (57.9%) seeds of seven mother trees
in plot A and 179 out of 221 (81.0%) seeds of seven mother trees in
plot B were assigned within the plots (Table 1). A single seed in plot A
was the result of self-pollination. The mean distances from the mother
trees to the assigned pollen donors for their seeds ranged from 8.4 to
19.3m in plot A and from 9.9 to 22.0m in plot B (Table 1).
The parameters estimated from the mating models for pollen

dispersal and male–female pair fecundity was similar in 2001 and
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2002 (Table 2). According to the estimated scale (a1) and shape (a2)
parameters for pollen dispersal, mean dispersal distance a1G(3/a2)/
G(2/a2) (Oddou-Muratorio et al., 2005) was 6.7m in 2001 and
13.5m in 2002, and the dispersal curves were more leptokurtic
(a2¼ 0.57 in 2001 and 0.52 in 2002) than an exponential curve
(a2¼ 1). With respect to male–female pair fecundity, the SI score and
the kinship coefficient had significantly negative effects, whereas
flowering synchrony and floral abundance had significantly positive
effects because their 95% credible intervals did not include 0
(Table 2). The floral abundance had the largest effect among the
four factors (Table 2). Male–female pair fecundity decreased not only
in incompatible mating pairs, but also in half-compatible pairs, in
comparison with fully compatible pairs (Figures 2a and c). The
kinship coefficient showed negative associations with male–female
pair fecundity in overall patterns, but indicated a non-linear

relationship, where the fecundity decreased, as a result of both
positive and negative kinship coefficients, that is, with increasing
deviation from 0 (Figures 2b and d).

Allele frequencies
The changes in allele frequencies at the S-locus from potential mates
to siring pollen showed a significant negative correlation with allele
frequencies in the potential mates in plot B (R¼ –0.464, P¼ 0.030)
although no significant correlation was found in plot A (R¼ –0.383,
P¼ 0.078; Figures 3a and c). In the SSR loci, no significant correlation
was found in the both plots (R¼ –0.245, P¼ 0.068 in plot A and
R¼ –0.149, P¼ 0.274 in plot B; Figures 3b and d). The changes in
allele frequencies from adult to juvenile cohorts were not significantly
correlated with allele frequencies in the adult cohorts at both the S-
locus and SSR loci (R¼ –0.280, P¼ 0.218 for S-locus and R¼ 0.040,

Table 1 Results of paternity analysis and mean pollen dispersal distances calculated on the basis of the locations of mother trees and the

putative pollen donors within the plot

Plot Year Mother tree Simple exclusion Most likely Multiple candidates No. of candidates Total Mean distance (m)

Plot A 2001 A116 3 (20.0%) 1 (6.7%) — 11 (73.3%) 15 NA

A146 11 (44.0%) 4 (16.0%) 1 (4.0%) 9 (36.0%) 25 13.8

A184 10 (41.7%) 2 (8.3%) — 12 (50.0%) 24 19.3

2002 A102 1 (4.8%) — — 20 (95.2%) 21 NA

A104 19 (76.0%) — — 6 (24.0%) 25 8.4

A130 15 (68.2%) 2 (9.1%) — 5 (22.7%) 22 10.1

A167 20 (100.0%) — — — 20 9.9

Total 79 (52.0%) 9 (5.9%) 1 (0.7%) 63 (41.4%) 152 12.3

Plot B 2001 B237 15 (60.0%) 7 (28.0%) — 3 (12.0%) 25 19.2

B250 20 (80.0%) 3 (12.0%) — 2 (8.0%) 25 13.8

B260 11 (44.0%) 9 (36.0%) 1 (4.0%) 4 (16.0%) 25 22.0

2002 B234 20 (76.9%) 3 (11.5%) — 3 (11.5%) 26 9.9

B248 12 (60.0%) 3 (15.0%) 1 (5.0%) 4 (20.0%) 20 13.8

B250 18 (64.3%) 2 (7.1%) 3 (10.7%) 5 (17.9%) 28 14.8

B252 17 (81.0%) — 3 (14.3%) 1 (4.8%) 21 10.1

B260 12 (46.2%) 9 (34.6%) — 5 (19.2%) 26 13.2

B277 15 (60.0%) 3 (12.0%) 1 (4.0%) 6 (24.0%) 25 17.2

Total 140 (63.3%) 39 (17.6%) 9 (4.1%) 33 (14.9%) 221 14.9

‘Simple exclusion’ indicates the seeds with the pollen donors assigned by means of simple exclusion, based on the multilocus genotypes of all trees in each plot; ‘Most likely’ indicates seeds with
the pollen donors assigned on the basis of maximum-likelihood paternity assignment (Marshall et al., 1998), at a threshold of 95% as the strict confidence level when the seeds had two or more
pollen donor candidates; ‘Multiple candidates’ indicates seeds with no most likely pollen donors even if the seeds had two or more pollen donor candidates; ‘No candidates’ indicates seeds with
no suitable pollen donor candidates and ‘NA’ indicates no available data because too few seeds had their paternity assigned.

Table 2 Parameters (50%: median of posterior distribution) for standardized variables of the four factors (self-incompatibility score, kinship

coefficient, flowering synchrony, and floral abundance) and 95% credible intervals (2.5% and 97.5%) estimated from the models for pollen

dispersal and male–female pair fecundity

Parameter

2001 2002

2.5% 50% 97.5% 2.5% 50% 97.5%

Pollen dispersal (a1, scaling) 0.190 0.641 4.878 0.227 0.793 5.513

Pollen dispersal (a2, shape) 0.386 0.573 0.861 0.357 0.516 0.744

Self-incompatibility (b1) –0.5646 –0.2660 –0.0030 –0.7625 –0.5442 –0.3198

Kinship coefficient (b2) –0.8020 –0.5531 –0.3037 –0.6388 –0.4228 –0.2295

Flowering synchrony (b3) ND ND ND 0.0186 0.2649 0.4919

Floral abundance (b4) 4.2106 6.5320 8.9266 4.6647 6.2537 8.1064

The ‘ND’ indicates no data.
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P¼ 0.752 for SSR loci; Figures 3e and f). At both the S-locus and SSR
loci, some alleles showed significant changes in allele frequencies,
which exceeded the 95% confidence intervals of sampling variances
due to random genetic drift (Figure 3).

Linkage disequilibria and neutrality
No pairings of the S-locus and the SSR loci showed significant linkage
disequilibrium across the eight adult populations or within the
populations individually (P4adjusted P¼ 0.00076).
Significant deviations from selective neutrality were detected at the

S-locus in adult populations at seven of the eight sites; the exception
was Aogashima (Watterson’s homozygosity test, Po0.05). Among the
SSR loci, significant deviations from neutrality were found at
BPPCT034 and 038 at a single site (Po0.05) and at BPPCT014
and 028 at two sites (Po0.05).

Spatial genetic structure
At the local scale, significant decreases in pairwise kinship coefficients
with increasing spatial distance in both the plots were detected at the

SSR loci (Mantel test, Po0.05; Table 3), but not at the S-locus.
Among the nine SSR loci that were not monomorphic, that is,
excluding BPPCT026 and UDP96-001, there was considerable var-
iance in the slope bg. In plot A, the bg value for the S-locus were
significantly smaller (an almost sixfold decrease) than those for the
SSR loci (one-tailed t-test, Po0.05), but it was not the case in plot B.
The Sp values at the S-locus (0.00139 in plot A and 0.00450 in plot B)
were smaller than the multilocus Sp values at the SSR loci (0.00807 in
plot A and 0.00729 in plot B).
At the regional scale, significant decreases in the pairwise measures

of genetic differentiation (GST value) with increasing geographical
distance were found at the S-locus and at nine SSR loci, the
exceptions being BPPCT005 and 034 (Mantel test, Po0.05;
Table 3). The regression slope (b) was smaller at the S-locus (0.012)
than at the SSR loci (0.039) (Table 3).

Population genetic structure
Across adult populations at the eight sites, both the total number and
effective number of alleles at the S-locus were much higher than at the
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Figure 2 Relationships of male–female pair fecundity with the incompatibility index based on the S-locus data in 2001 (a) and 2002 (c) and with the

kinship coefficient calculated from the SSR loci data in 2001 (b) and 2002 (d). The data for nine mother trees in plots A and B were pooled.
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SSR loci (Table 4). The expected heterozygosity was also higher at the
S-locus than at the SSR loci (Table 4), although obligate hetero-
zygosity was not found at the S-locus because there was a single
homozygous adult tree.
Among adult populations at the three subsites on the Hachijo

Island, genetic differentiation measured by GST value was significant
at both the S-locus and the three SSR loci (Po0.05; Table 4). The GST

value at the S-locus (0.005) was lower than the mean GST value over
the SSR loci (0.011) although their 95% confidence intervals over-
lapped (Table 4). Among adult populations at the eight sites, GST

value was significantly positive at both the S-locus and the 11 SSR loci

(Po0.001; Table 4). The GST value at the S-locus (0.020) was
significantly lower than the mean GST value over the SSR loci
(0.065) because their 95% confidence intervals did not overlap
(Table 4).
For the S-locus and the SSR loci, frequency distributions of alleles

shared among k populations (k¼ 1, 2, y, 8) (sharing distributions)
were determined for adult populations at the eight sites. Alleles found
only in a single population (private alleles) were the most frequent
alleles at both the S-locus and SSR loci (Figure 4). Excluding the
private alleles, the sharing distribution for the S-locus was bell-shaped
with a peak at alleles shared among five populations (Figure 4a). In
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Figure 3 Correlations between change in allele frequencies from potential mates to siring pollen and allele frequencies in the potential mates at the S-locus

in plots A (a) and B (c) and at the SSR loci in plots A (b) and B (d) and between change in allele frequencies from adult to juvenile cohorts and allele

frequencies in the adult cohorts at the S-locus (e) and SSR loci (f). Dotted lines show the 95% confidence intervals of sampling variances due to random

genetic drift.
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contrast, the sharing distribution for the mean frequency across the
SSR loci was U-shaped, with two peaks, one associated with the
private alleles and the other with the alleles common to all the
populations (Figure 4b).

DISCUSSION

The S-locus and SSR loci examined in this study are regarded as
unlinked, independent loci because no linkage disequilibrium was
detected in any pairs of the loci. Allelic diversity was clearly higher at
the S-locus than at the SSR loci (Table 4). The result indicates the
NFDS effect at the S-locus, assuming that the SSR loci are selectively
neutral. The occurrence of NFDS at the S-locus and the approximate
neutrality at the SSR loci were supported by the neutrality tests. These
tests revealed significant departures from neutrality at the S-locus in

seven of the eight populations, while they detected significant
deviations at four of the eleven SSR loci in one or two populations.

Effects of the gametophytic SI system on mating patterns
In our samples, one seed and one tree were considered to result from
self-pollination. This result is unlikely to indicate the presence of a
self-compatible allele because the behavior of the S-alleles of the seed
and the tree fulfill a normal function of the SI system in the other
seeds and trees. As our analytical method is less likely to lead to
genotyping errors, the putative selfed samples may imply pseudo-self-
compatibility that rarely occurs by chance.
We evaluated the influence of a gametophytic SI system on mating

patterns in two local demes (plots A and B) of P. lannesiana var.
speciosa. As the S-alleles exhibited high diversity in the plots (Kato

Table 3 Patterns of spatial autocorrelations in two plots on the Hachijo Island and IBD in eight adult populations on the peninsula and the

seven islands

Locus Plot A (N¼68) Plot B (N¼78) IBD (GST)

bg g1 Sp bg g1 Sp b R2

BPPCT005 –0.00059 0.02027 0.00060 –0.01914* 0.01986 0.01953 0.021 0.467

BPPCT014 –0.02039* 0.02069 0.02082 –0.00982 –0.02620 0.00957 0.010* 0.605

BPPCT026 ND ND ND ND ND ND 0.016* 0.494

BPPCT028 –0.02711* 0.06957 0.02913 –0.02619* 0.15005 0.03081 0.190** 0.852

BPPCT034 –0.00787 –0.00364 0.00784 –0.02091* 0.05803 0.02220 0.008 0.237

BPPCT037 –0.00769 –0.07446 0.00716 –0.00830 0.03282 0.00858 0.062*** 0.843

BPPCT038 –0.01364 0.04559 0.01429 0.00546 –0.02043 –0.00536 0.025** 0.615

BPPCT040 –0.01101 0.07415 0.01189 0.00853 –0.01965 –0.00837 0.032** 0.711

UDP96-001 ND ND ND ND ND ND 0.042** 0.592

UDP98-412 0.00880 0.00062 –0.00880 0.00297 –0.01156 –0.00293 0.030* 0.521

pchcms5 0.00019 0.01907 –0.00019 0.00167 –0.07129 –0.00155 0.036** 0.72

All SSR loci –0.00791*(s.e. 0.00336) 0.01581 0.00807 –0.00719*(s.e. 0.00428) 0.01149 0.00729 0.039*** 0.897

S-locus –0.00138 0.01088 0.00139 –0.00435 0.03345 0.00450 0.012** 0.721

Abbreviation: IBD, isolation-by-distance.
bg, regression slope of pairwise kinship coefficients gij on the logarithm of geographical distance; g1, average gij between adjacent individuals; Sp, Sp-statistics following Vekemans and Hardy
(2004); b, regression slope of pairwise GST value on the logarithm of geographical distance; R2, Pearson product-moment correlation coefficient. Significance of each regression slope is given by
* if Po0.05, ** if Po0.01 and *** if Po0.001. ‘ND’ indicates no data.

Table 4 Numbers of alleles, heterozygosities and GST values at each locus

Locus names Total number of

alleles

Effective number of

alleles

Observed

heterozygosity

Expected

heterozygosity

GST

Across populations Across sub-populations

BPPCT005 14 2.2 0.595 0.553 0.045*** (0.040–0.051) 0.003 (–0.007–0.014)

BPPCT014 18 5.3 0.802 0.811 0.025*** (0.021–0.030) 0.021** (0.011–0.031)

BPPCT026 7 1.3 0.212 0.208 0.034*** (0.027–0.040) 0.013 (–0.005–0.030)

BPPCT028 10 2.6 0.611 0.614 0.159*** (0.152–0.165) 0.012 (–0.002–0.027)

BPPCT034 12 2.8 0.594 0.641 0.051*** (0.044–0.059) 0.007 (–0.005–0.020)

BPPCT037 25 4.6 0.737 0.781 0.100*** (0.095–0.104) 0.028** (0.014–0.042)

BPPCT038 21 5.7 0.804 0.825 0.052*** (0.048–0.056) 0.000 (–0.008–0.009)

BPPCT040 13 2.9 0.617 0.649 0.048*** (0.042–0.054) 0.026* (0.008–0.044)

UDP96-001 5 1.2 0.175 0.175 0.086*** (0.076–0.095) ND

UDP98-412 10 2.7 0.631 0.632 0.069*** (0.063–0.075) –0.002 (–0.015–0.011)

pchcms5 19 3.9 0.722 0.742 0.053*** (0.047–0.058) 0.002 (–0.012–0.016)

Mean SSR

loci

14 2.5 0.591 0.603 0.065*** (0.064–0.067) 0.011 (0.007–0.015)

S-locus 66 20.5 0.996 0.952 0.020*** (0.018–0.022) 0.005* (0.000–0.010)

Significance of GST values is given by * if Po0.05, ** if Po0.01 and *** if Po0.001, and the 95% confidence interval is shown in parentheses. ‘ND’ indicates no data.
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and Mukai, 2004), almost all the pairs of mother trees and candidate
pollen donors were either fully compatible (67.9%) or half-compa-
tible (29.9%). Therefore, the negative effect of the SI scores on mating
success was mainly a result of differences in the scores between fully
compatible (1) and half-compatible (0.5) pairs (Figures 2a and c). In
the half-compatible pairs, half of the pollen from the donors can
pollinate the mother trees as a result of the gametophytic SI system.
Pollen deposited on a stigma competes for access to the ovules, each
of which develops into a single seed in P. lannesiana var. speciosa.
If pollen from half and fully compatible donors is mixed on a stigma,
the half-compatible donor will be half as likely to sire offspring as the
fully compatible donor as a result of pollen competition. On the other
hand, if each flower only receives pollen from either a half or a fully
compatible donor because of limited mating opportunity, the half-
compatible donor will be equally likely to sire offspring as the fully
compatible donor. Thus, the recorded reduction in siring success of
half-compatible donors suggests that there was mixed pollination,
with pollen reaching the flowers from both half and fully compatible
donors, with sufficient availability of multiple mates. In line with our
results, pollen donor diversity was high in a fragmented P. avium
population (Cottrell et al., 2009), and multiple mates were available in
an isolated P. mahaleb population (Garcı́ia et al., 2005). Holderegger
et al. (2008) concluded that populations of rare wild pear (Pyrus
pyraster) were not limited in terms of principal mate availability even
if the S-allele diversity was smaller. The wild pear also has a
gametophytic SI system, and thus both half and fully compatible
pairs occur in their mating. As Holderegger et al. (2008) did not
discriminate half and fully compatible pairs, the difference in

fecundity between the half and fully compatible pairs shown in the
study had not been demonstrated in their study.
The realized mating patterns in natural conditions may depend not

only on the SI system but also on pollen dispersal and fecundity
variations in local demes. The pollen dispersal distances estimated
from the mating model were 6.7 and 13.5m, and the actual dispersal
distances ranged from 8.4 to 22.0m (Table 1). These distances were
shorter than those recorded for some animal-pollinated plants
(Smouse and Sork, 2004) and Prunus populations (Garcı́ia et al.,
2005; Cottrell et al., 2009), although there was some long distance
pollination from outside of the plots. Schierup et al. (2006) reported
that pollen donors siring seeds appeared to occur closer to the mother
plants than compatible candidates in a population of Arabidopsis
lyrata. Cottrell et al. (2009) also found a similar pattern in a
population of P. avium. Also in P. avium, Stoeckel et al. (2011)
suggested that the effect of local drift associated with limited pollen
dispersal and large reproductive variance was strong enough to
counteract the influence of SI systems on mating patterns. Our
findings also suggest that available mates are limited to neighbors,
resulting in the spatial genetic structure observed in the local demes
(Table 3). Male–female pair fecundity mainly depended on the crown
area of pollen donors, suggesting that the amount of pollen produced
most greatly affects mating success (Table 2). Flowering synchrony
also restricted mating pairs, as indicated by its significant positive
effect on mating success. Furthermore, mating between close relatives
can increase the risk of selective abortion and inbreeding depression
(Charlesworth and Charlesworth, 1987; Charlesworth et al., 1990),
which is consistent with the overall negative effects of the kinship
coefficient on mating success. The kinship coefficient tended to have
more complicated effects than the SI scores. Male–female pair
fecundity decreased when relatedness was either positive or negative
(Figures 2b and d), suggesting that mating between distant relatives is
also prevented, although it is difficult to determine the exact causes.
The lower fecundity in pairs with low kinship could be due to
outbreeding depression although outbreeding depression was not
detected in P. mahaleb using crossing experiments (Pflugshaupt et al.,
2002).
As mating under a gametophytic SI system requires distinct

S-alleles between the male and female, the direct expected conse-
quence is that rare S-alleles frequencies increase in the next generation
whereas very common S-alleles are counter-selected. In P. avium
populations, Stoeckel et al. (2011) firstly provided the formal
empirical demonstration of this direct NFDS effect. Our observation
in plot B also revealed the changes in allele frequencies at the S-locus
from potential mates to mating pollen, as expected under NFDS, by
comparing between the S-locus and SSR loci (Figure 3). However, we
failed to find the change in plot A, where the proportion of seeds
whose pollen donors were assigned within the plots was lower (58%)
than in plot B (81%). Thus, lower reliability of allele frequency in the
potential mates in plot A may lead to the result. However, between the
two cohorts of juvenile and adult trees, such changes were not
apparent at any loci, indicating that the survival process after the
fertilization makes allele frequency patterns produced by the SI system
too noisy to detect the NFDS effect.
Our findings suggest that the gametophytic SI system with half and

full compatibility affects mating patterns in the local demes, as well as
preventing self-fertilization in P. lannesiana var. speciosa. Various
ecological and genetic factors, such as limited pollen dispersal, floral
abundance, flowering synchrony, and kinship, are also likely to affect
the mating patterns. The NFDS effect owing to the SI system is
evident although mating biases due to the ecological and genetic

a

b

Figure 4 Distributions of allele-sharing probabilities of the S-locus (a) and

SSR loci (b) in eight adult populations.
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factors and the stochastic regeneration process could mask the
expected changes in allele frequencies at the S-locus.

Population structure at the S-locus
Theoretical predictions for balancing selection are lower genetic
differentiation between populations and less-clear spatial genetic
structure at the S-locus in comparison with that at selectively neutral9
loci (Schierup, 1998; Schierup et al., 2000; Muirhead, 2001; Leducq
et al., 2011). Glémin et al., 2005 compared genetic structure between
the S-locus and SSR loci in five populations of Brassica insularis with
a sporophytic SI system, and their results were consistent with these
predictions. Although Brennan et al., 2003 found no significant
spatial genetic structure at either the S-locus or allozyme loci in
Senecio aqualidus, Leducq et al. (2011) recorded reduced spatial
genetic structure at the S-locus than at SSR loci in Arabidopsis halleri.
In rosaceous species with a gametophytic SI system, Stoeckel et al.
(2008) and Holderegger et al. (2008) found less genetic differentiation
between populations at the S-locus than at SSR loci, although
Schueler et al. (2006) did not find any differences in the extent of
spatial genetic structure between the two locus types. Our results
showed less genetic differentiation between populations and reduced
spatial genetic structure, as indicated by the GST values and kinship
coefficients, at the S-locus than at the SSR loci at different spatial
scales (Tables 3 and 4). Unlike the genetic differentiations among
populations, the signature of NFDS effects on spatial genetic structure
is expected to depend strongly on population and species character-
istics, such as the extent of pollen and seed dispersal, the degree of
population isolation, the type of SI system and the allelic diversity at
the S-locus (Leducq et al., 2011). It is predicted that, for a certain
allelic diversity at the S-locus, limited gene dispersal in isolated
populations tends to increase difference in the NFDS effects on spatial
genetic structure between the S-locus and SSR loci. Although the
relatively narrow areas of the plots were investigated in our study, the
gene dispersal within plots and the pollen immigration from outside
the plots were restricted in comparison with those recorded from the
other related species (P. avium in Schueler et al., 2006 and Cottrell
et al., 2009, P. mahaleb in Garcı́ia et al., 2005). Thus, less-clear spatial
genetic structure at the S-locus observed in P. lannesiana populations
was consistent with the expectations in Leducq et al. (2011).
The sharing distribution at the S-locus observed in P. lannesiana

populations was characterized by both a predominant occurrence of
alleles unique to a single population (private alleles) and a bell-shaped
distribution with a peak at alleles shared among five populations
(Figure 4). This pattern is different from that observed in B. insularis
populations, which are characterized by both the most frequent
private alleles and the frequency decreasing as the number of
populations increases (Glémin et al., 2005). Although the sharing
distribution in B. insularis populations suggests a constantly low
migration rate, that in P. lannesiana populations implies that the
migration rate varies both spatially and temporally. The Izu Islands
are oceanic islands without any previous connections to the mainland
or between each other, with the exception of the Niijima and Kouzu
Islands, which may have been joined at times of the minimum sea
levels during glacial periods (Kaneoka et al., 1970). Genetic structure
in P. lannesiana var. speciosa was characterized by relatively low
genetic variation among island populations and isolation-by-distance
patterns at both chloroplast and nuclear loci, suggesting seed-
mediated gene flow by birds between neighboring islands (Kato
et al., 2011). The genetic variation at the S-locus also exhibited an
isolation-by-distance pattern (Kato et al., 2007). Thus, gene flow
between islands that are close together and isolation of remote islands

seem to be responsible for the allele sharing among populations and
the accumulation of private alleles, respectively, at the S-locus.
Furthermore, the Izu Islands were formed by volcanic activity a few
million years ago (Kaneoka et al., 1970) and have suffered, historically,
from volcanic eruptions (Kato et al., 2011). Such island history
suggests colonization after the creation of new habitats and sub-
sequent isolation of the established populations, which may explain
the observed allele-sharing pattern at the S-locus. In contrast to the S-
locus, the SSR loci exhibited a U-shaped sharing distribution with two
peaks, one associated with the private alleles and the other with alleles
common to all populations (Figure 4). Such U-shaped patterns were
generated by positive selection and selective neutrality (Slatkin, 1980),
while bell-shaped patterns are caused by balancing selection
(Muirhead, 2001). Ignoring the most frequent private alleles, which
are probably the consequences of recent isolation between islands,
NFDS at the S-alleles in P. lannesiana var. speciosa is likely to have
been responsible for allele-sharing patterns among the island
populations.
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