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A model for the evolution of high frequencies
of males in an androdioecious plant based on
a cross-compatibility advantage of males
CHRISTINE VASSILIADIS , MYRIAM VALERO* , PIERRE SAUMITOU-LAPRADE
& BERNARD GODELLEà1
Laboratoire de GeÂneÂtique et Evolution des Populations VeÂgeÂtales, ESA-CNRS 8016, BaÃt SN2, UniversiteÂ de Lille 1,
F-59655 Villeneuve d'Ascq cedex, France and àLaboratoire d'Evolution et SysteÂmatique des VeÂgeÂtaux,
UniversiteÂ Paris Sud, Orsay, France

Lloyd's (1975) and Charlesworth & Charlesworth's (1978) phenotypic selection models for the
maintenance of androdioecy predict that males (female-sterile individuals) must have an advantage in
fertility (K) of at least two in order to invade a hermaphroditic population, and that their equilibrium
frequency (xeq  (K ) 2)/2(K ) 1)) is always less than 0.5. In this paper, we develop a model in which
male fertility is frequency-dependent, a situation not investigated in the previous models, to explore
the conditions under which a high frequency of males (i.e. more than 50%) could be maintained at
equilibrium. We demonstrate that a gametophytic self-incompatibility (GSI) locus linked to a nuclear
sex determination locus can favour rare alleles through male function, by causing frequencydependent selection. Thus, the spread of a female-sterility allele in a hermaphroditic population may
be induced. In contrast with the previous models, our model can explain male frequencies greater than
50% in a functionally androdioecious species, as long as there is (i) dominance of female-sterility at
the sex locus, and (ii) a few alleles at the self-incompatibility locus, even if the advantage in fertility of
male phenotype is lower than two.
Keywords: androdioecy, evolution, female-sterility, reproduction, self-incompatibility.
nuclear inheritance of sex and a large panmictic population, Lloyd (1975) and Charlesworth & Charlesworth
(1978) have demonstrated that unisexual plants must be
at least twice as ®t as hermaphrodites (K ³ 2) and that
their equilibrium frequency (x) is always less than 0.5:

Introduction
The two symmetrical sexual dimorphisms: gynodioecy
(co-occurrence of female with hermaphroditic plants)
and androdioecy (males and hermaphrodites) are both
encountered in Angiosperms. Gynodioecy is the second
most common plant breeding system after hermaphroditism (7% and 72%, respectively, see Delannay, 1978;
Richards, 1997), whereas androdioecy is remarkably
rare (Yampolsky & Yampolsky, 1922; Charlesworth,
1984; Anderson & Symon, 1989; Vassiliadis, 1999).
Lloyd (1975) and Charlesworth & Charlesworth (1978)
developed phenotypic selection models (Lloyd, 1977) to
understand the maintenance of these two sexual dimorphisms in the context of evolution towards dioecy.
These authors demonstrated that unisexual plants cannot invade a hermaphroditic population unless they
have an advantage in fertility (K). Speci®cally, assuming
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Under these assumptions, as the same conditions hold
for both male and female morphs, these phenotypic
selection models or compensation models cannot explain
why gynodioecy is more frequent than androdioecy.
In a partially sel®ng hermaphroditic population,
selective pressures for the spread of a unisexual mutant
are no longer identical for male and female plants
(Lloyd, 1975; Charlesworth & Charlesworth, 1978;
Charlesworth, 1984). Female plants (always outcrossed)
may be favoured when selfed hermaphrodites suer
from inbreeding depression. On the other hand, in the
case of a female-sterile mutant, the occurrence of sel®ng
lowers male plant fertility as a result of the reduction in
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the number of available female gametes. Consequently,
gynodioecy may be maintained even if female advantage
in ®tness is less than two. But for androdioecy to be
maintained, the fertility advantage of males must be more
than double that of hermaphrodites. This could explain
the rarity of androdioecy compared with gynodioecy.
Another possible explanation of the greater frequency
of gynodioecy in nature concerns sex determination in
such species. In many known gynodioecious species,
expression of the sexual phenotype is the result of an
interaction between nuclear and cytoplasmic genes
(Couvet et al., 1990), whereas in the only two wellstudied androdioecious species, sex inheritance appears
to be nuclear. In Mercurialis annua there is one
dominant gene for male phenotype (Pannell, 1997b);
and in Datisca glomerata two recessive genes are
involved (Wolf et al., 1997). Various models assuming
a nucleo-cytoplasmic inheritance of sex (e.g. Lewis,
1941; Couvet et al., 1986; Frank, 1989) have demonstrated that conditions for the maintenance of gynodioecy are less restrictive compared with simple nuclear
genetic determination. Moreover, these models established that female plants under some conditions can
reach equilibrium frequencies greater than 50%, particularly when stochastic factors in¯uence the spatial
distribution of sex-determining genes (Couvet et al.,
1998). High female frequencies are indeed often
observed in gynodioecious species (e.g. DommeÂe et al.,
1983; Cuguen et al., 1994).
The existence of functional androdioecy (i.e. a species
in which hermaphrodites have been proved to have
eective male function) has been veri®ed in only seven
plant species so far (Oxalis suksdor®i, Orndu, 1972;
Datisca glomerata, Liston et al., 1990; Fritsch & Rieseberg, 1992; Mercurialis annua, Pannell, 1997c,d; Fraxinus lanuginosa, Ishida & Hiura, 1998; Schizopepon
bryoniaefolius, Akimoto et al., 1999; Phillyrea angustifolia, Lepart & DommeÂe, 1992; Vassiliadis et al. 2000;
Fraxinus ornus, DommeÂe et al., 1999). Datisca glomerata
and M. annua are characterized by a male advantage
in fertility more than double that of hermaphrodites;
they exhibit high outcrossing rates but are not selfincompatible, and male frequencies within populations
are low (<30%). In these species the maintenance of
male individuals may be explicable according to Lloyd's
(1975) and Charlesworth & Charlesworth's (1978)
models. Contrary to theoretical expectations, hermaphrodites of S. bryoniaefolius are highly endogamous.
However, in this species, the outcrossing rate has been
reported to vary with male frequency (Akimoto et al.,
1999) and male fertility is thus frequency-dependent, a
condition not considered in previous models.
In P. angustifolia, male frequencies are close to 50%
in most of the populations that have been studied in

southern France (review in Vassiliadis, 1999). This sex
ratio could suggest a functional dioecy. However, in
previous controlled-crosses experiments (Vassiliadis
et al., 2000), we have shown that hermaphrodites did
reproduce via their male function. Moreover, the
estimated male advantage in siring success was only
1.93 compared with hermaphrodites. In this previous
study, hermaphrodites were shown to be self-incompatible and crossing success between hermaphrodites to be
more variable than between males and hermaphrodites,
perhaps because of cross-incompatibility among
hermaphrodites. The male fertility of hermaphrodites
has also been examined in a natural population using
paternity analysis (Vassiliadis, 1999), and is not close to
zero: in P. angustifolia hermaphrodites are functional
and not cryptic females.
In the present paper, we explore how self-incompatibility may interact with sex determination in an
androdioecious species to favour the male plants and
thus increase their frequency at equilibrium above that
predicted by previous models. A model is developed in
which a sex determination locus is completely genetically linked to a self-incompatibility locus. The in¯uences
of three key parameters are discussed: dominance vs.
recessiveness of female-sterility alleles, male advantage
in fertility (K), and number of self-incompatibility
alleles (n).

Model assumptions and parameters
The model developed in this study considers one in®nite
population, with no pollen limitation, no overlapping
generations, and no mutations. The initial population
contains only hermaphroditic individuals (initial frequency of males x  0). The model considers a gametophytic self-incompatibility (GSI) system which involves
one S-locus, with `n' alleles: S1, S2,¼,Sn. Under such a
system, Si pollen is compatible with any recipient sporophyte Sj/Sk (with j and k ¹ i). In the initial population,
there are n(n ) 1)/2 dierent diploid genotypes which are
all heterozygotes as a result of the incompatibility system
(Wright, 1939). At equilibrium, these genotypes are at
equal frequencies, because of the negative frequencydependent selection caused by self-incompatibility
systems. Consequently, each Si allele is present at a
frequency of 1/n in the population (Wright, 1939).
Starting from this equilibrium situation for selfincompatibility alleles, a second nuclear locus, noted
A, governing the sexual phenotype is introduced. Two
alleles are possible at this locus. The allelic form Am
encodes for female-sterility (male phenotype) and Ah
causes female-fertility (hermaphroditic phenotype). The
two loci, S (self-incompatibility) and A (female-sterility),
are in complete linkage disequilibrium.
Ó The Genetical Society of Great Britain, Heredity, 85, 413±422.
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We examined two dominance relationships: femalesterility is either dominant over female-fertility (Am >
Ah) or recessive (Am < Ah). (Analysis for the recessive
case is presented in the Appendix.)
In the dominant case, female-sterile individuals are
heterozygotes and the female-sterility allele Am is
associated with only one self-incompatibility allele, S1.
All other self-incompatibility alleles (S2¼Sn) play the
same role in the population for obvious reasons of
symmetry. We will thus consider their frequencies to be
identical.
Under these assumptions, in a population containing
n incompatibility alleles, each `regular' pollen genotype
(not associated with female-sterility) will be incompatible if its incompatibility allele corresponds to one of the
two alleles of the hermaphrodite recipient; these are
dierent from each other and are both dierent from S1
[probability  2/(n ) 1)]. Because all non-male genotypes are present at the same frequency, all other
`regular' pollen grains are thus compatible with a
probability of 1 ) (2/(n ) 1)) or (n ) 3)/(n ) 1) (see

Table 1 Characteristics of crosses and progeny in the
dominant model (Am > Ah): only one `male' haplotype is
found (S1Am) in the population that contains `n'
incompatibility alleles
(a) Genotypes and associated phenotypes, relative male
fertility and frequencies of individuals (there must be at
least three self-incompatibility alleles)
Genotype

Sexual
phenotype

Male
S 1 Am =S i Ah
i¹1
S i Ah =S j Ah Hermaphrodite
i ¹ 1, j ¹ 1, i ¹ j

Relative
male fertility

Frequency

K

x

1

1)x
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Table 1). In the model presented in this paper, we de®ne
the male advantage in fertility (K) as the amount of
pollen produced by a male divided by the amount of
pollen produced by a hermaphrodite. Moreover, we
assume that no ®tness variation occurs within each
sexual phenotype.
All of the dierent possible genotypes and their
associated phenotypes, under the assumption of dominant female-sterility, are presented in Table 1(a), along
with their relative male-fertilities and frequencies. The
crossing table (Table 1b) among pollen donors and
hermaphrodite recipients in generation t gives the
compatibility conditions for each cross, the frequency
of compatible pollen genotypes and the genotypes
produced in the next generation (t + 1). Not all the
pollen types contribute to the next generation. Therefore, the frequency of a progeny genotype must be
weighted by the frequency of compatible pollen over
each hermaphrodite recipient. This allows the calculation of the male frequency in the generation t + 1 (x¢),
given in the following recursion equation:
x0  Kx
2

Kx



ÿnÿ3ÿ2Kx
nÿ1

2

1ÿx



Kx

ÿ  2
ÿnÿ3 :
Kx nÿ2
nÿ1  1 ÿ x nÿ1

2

Results
Dominant model
The equilibrium male frequencies (xeq) were easily found
by solving the recursion eqn (2), for x¢  x. The solution
of the resulting ®rst-degree equation is given in the
following equation:
xeq

ÿ 
K nÿ1
ÿ2


  ÿnÿ3
nÿ2
2 K nÿ3 ÿ 1

3

(b) Crossing table among pollen donors and hermaphrodite recipients
Recipient genotype
(frequency)

Pollen genotype
(frequency)

SiAh/SjAh
(1)

S1Am
(Kx/2)*

SkAh
(Kx/2* + (1 ) x)**)

Compatibility conditions

Always compatible

k ¹ i and k ¹ j

Compatibility probability

1

1 ) 2/(n ) 1) = (n ) 3)/(n ) 1)

Progeny genotype

S1Am/SiAh
i¹1

SiAh/SkAh
i ¹ 1, k ¹ 1, i ¹ k

Progeny frequency

(Kx/2)/W

((Kx/2 + (1 ) x)) (n ) 3)/(n ) 1))/W

* Pollen produced by male; ** pollen produced by hermaphrodite; W: weighting factor because all pollen types do not contribute to the next
generation.

Ó The Genetical Society of Great Britain, Heredity, 85, 413±422.
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This result looks very similar to the equilibrium
frequency obtained by Lloyd (1975) and Charlesworth
, with
& Charlesworth (1978) given in eqn (1): x  2 Kÿ2
ÿnÿ2Kÿ1
0
K in the denominator replaced
by K  K nÿ3 > K and
ÿ 
.
Replacing
K with K¢ makes
in the numerator by K nÿ1
nÿ3ÿ

>
1
corresponds
to the
sense because the ratio nÿ2
nÿ3
cross-compatibility advantage of males compared with
hermaphrodites, as we shall demonstrate in the following paragraph.
The genotype of a male is S1Am/SiAh (i ¹ 1). Thus it
produces half S1Am and half SiAh pollen. The genotype
of a hermaphrodite is SjAh/SkAh (with j ¹ k, j and k ¹ 1;
for instance S2Ah/S3Ah). S1 pollen grains are always
compatible with hermaphrodites, whereas Si pollen
grains have a probability nÿ3
nÿ1 of being compatible:
indeed, out of the n ) 1 possible alleles (i  2¼n),
n ) 3 alleles are compatible (i  4¼n in our example).
The mean probability that a pollen grain produced by a
male will be compatible on a given stigma is thus:
1
nÿ3
nÿ2


:
2 2 n ÿ 1 n ÿ 1
On the same stigma (say S2Ah/S3Ah), the mean probability that a pollen grain produced by a hermaphrodite
will be compatible is nÿ3
nÿ1.
The ratio  n ÿ 2= n ÿ 1= n ÿ 3= n ÿ 1  nÿ2
nÿ3 > 1
is thus the cross-compatibility advantage of males
relative to hermaphrodites. Such a dierence between
males and hermaphrodites does not exist when S1 alleles
can be either associated with the Ah allele or with Am
allele: in this case, the equilibrium male frequency is the
one obtained with the compensation model, corresponding to eqn (1). When the alleles S1 and Am are in complete
linkage disequilibrium, the cross-compatibility advantage alone cannot account for the dierences in male
equilibrium frequency between our model and the
compensation model. Taking into account just the
cross-compatibility advantage would lead to the following male frequency:
ÿ 
ÿ 
ÿ2
ÿ2
K nÿ2
K nÿ1
nÿ3
 ÿnÿ2
 <  ÿnÿ3

  xeq :
nÿ2
2 K nÿ3 ÿ 1
2 K nÿ3 ÿ 1
The dierence from the numerator in eqn (3) (given here
in xeq) and indicated in bold characters can be explained
by comparing the recursion equation for xÿ obtained
in

:
our model (eqn 2), rewritten using K 0  K nÿ2
nÿ3


0
1 nÿ1
Kx
;
4
x0 
0
2 n ÿ 2 K x  1 ÿ x
with the recursion equation corresponding to the compensation model:

x0 

1
K 0x
:
0
2 K x  1 ÿ x

5

Equation (5) gives the expected proportion of males x¢
in generation t + 1, when males represent a fraction x
of the population at generation t, and produce K¢ more
male gametes than hermaphrodites. The factor 1/2
represents the fact that half of male ospring are males.
In our model, this is no longer true. Males indeed
produce half S1Am gametes, and half SiAh gametes. But
on a given stigma, the probability of compatibility of
SiAh pollen grains is only nÿ3
nÿ1. The mean proportion of
A
ospring
bearing
allele
S
1
m which will be male is thus
1 1 ÿnÿ3 1 ÿnÿ1
1

which
is greater than 1/2.
=

2
2
2 nÿ1
2 nÿ2
The combined ÿeects
 of the cross-compatibility
of the biased sexadvantage K 0  K nÿ2
nÿ3 ÿ> K
 and
1
ratio in male ospring 12 nÿ1
nÿ2 > 2 can lead to very high
male frequencies (Fig. 1). For n  3, the male frequency
reaches unity, leading to population extinction. For
higher values of n, the male frequency is always higher
than the value (K ) 2)/2(K ) 1) predicted by the compensation model with a simple nuclear sex determination (Fig. 1), although it approaches this limit for
higher values of n. Recall that for low values of male
advantage, K (between 1 and 2, not shown), males
cannot be maintained in the compensation model.
In contrast, they can be maintained at rather higher
frequencies using our model. For instance, with K  1.5
and with six self-incompatibility alleles, eqn (2) shows
that 25% males can be maintained at equilibrium. This
requires a much higher male advantage (K  3) under

Fig. 1 Male frequency at equilibrium in our dominant model
(upper nappe, eqn 2) and in the compensation model (lower
nappe, eqn 1), as a function of the number of S-alleles (n, from
3 to 12) and the relative male advantage in fertility (K, from 2
to 11).
Ó The Genetical Society of Great Britain, Heredity, 85, 413±422.
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S1Am: 1/8

S5Ah: 1/8
S1Am: 1/8
S3Ah: 1/24

S5Ah: 1/24
S4Ah: 1/24
Amount of pollen
grains produced

S2Ah: 1/24

S2Ah: 1/24
S3Ah: 1/24

S2Ah: 1/24

S3Ah: 1/24
S4Ah: 1/24

S5Ah: 1/24

S4Ah: 1/24
S5Ah: 1/24

S2Ah: 1/8

S1Am: 1/8

S3Ah: 1/8

S1Am: 1/8

S4Ah: 1/8

2
2
2
2
1
1
1
1
1

1/12

Male fertility

1

1/8
1/8
1/8
1/8
1/12
1/12
1/12
1/12

S1Am/S2Ah S1Am/S3Ah S1Am/S4Ah S1Am/S5Ah

Males: total frequency = 0.5

S4Ah/S5Ah
S3Ah/S5Ah
S3Ah/S4Ah
S2Ah/S5Ah
S2Ah/S4Ah

1/12

Our model demonstrates that an incompatibility
system completely linked with a sex determination
locus causes a frequency-dependent selection, and can
therefore favour rare alleles through male function.
Thus, it may induce the spread of the female-sterility
allele (rare) within a hermaphroditic population.
Contrary to the results predicted by Lloyd (1975)
and Charlesworth & Charlesworth (1978), this model
can explain male frequencies greater than 0.5 in a

Frequency

Discussion

S2Ah/S3Ah

When assuming recessive female-sterility, it is not
possible to solve the recursion equations for x¢  x
analytically to ®nd the equilibrium frequency of males.
We thus iterated the recursion equations numerically for
various parameter sets (eqns A1, A2, A3 and A4) using
MATHEMATICA v.3.0 software (Wolfram, 1996). Because
the female-sterility allele is recessive, males can only be
homozygotes for this allele, and the only possible
genotype for males will be S1Am/S2Am (Table A1a).
The equilibrium male frequency is in general smaller
than in the compensation model, except for small K and
small n (Fig. 2).

Genotype

Recessive model

Hermaphrodites: total frequency = 0.5

the compensation model (eqn 1). In our model, eqn (3)
shows that the frequency of males is higher than 0.5
whenever K > n ) 3.
In this model, hermaphrodites are not simply cryptic
females, because their pollen grains can fertilize the
ovules of other hermaphrodites. For instance, when
K  2 and n  5, there are 5 ´ (5 ) 1)/2  10 possible
plant genotypes that are all heterozygous at the selfincompatibility locus (Table 2). Among these 10 genotypes, four bear the dominant female-sterility allele
(S1Am) and one of the other alleles (S2, S3, S4 or S5; see
Table 2). Considering a given hermaphroditic genotype
(say S2S3, see Table 3), the proportion of S1Am pollen
grains that is compatible is 0.5, which ensures that half
of the progeny are males. Of the remaining 50%
compatible pollen grains (non-S1Am), half are produced
by males, and half by ®ve dierent types of hermaphrodites, which therefore function as true hermaphrodites
and not cryptic females. In the compensation model, in a
population with 50% males (as half of male ospring
are males), there cannot be any true hermaphrodites
because the latter do not contribute to the subsequent
generation via male gametes. However, in our model, it
is possible to observe a population made up of 50%
males and 50% hermaphrodites which all demonstrate a
real male function. This is possible because of the biased
sex ratio in the progeny of males (as shown above).

Table 2 Amount of pollen grains produced in a population at equilibrium with a two-fold relative fertility advantage for males and ®ve self-incompatibility
alleles, the ®fth allele (denoted S1Am) causing dominant female-sterility. In this case, the equilibrium frequency of males is 0.5. Half of the S2 pollen grains are
produced by hermaphrodites (3 ´ 1/24), half are produced by males (1/8). All S1Am pollen grains are produced by males
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Table 3 What happens in an S2Ah/S3Ah ¯ower. Only S4Ah, S5Ah and S1Am pollen grains germinate. Half of the ovules are
fertilized by S1Am pollen grains, produced only by males. Half of the ovules are fertilized by S4 or S5 pollen grains, half of
which are produced by males, and the remaining half by hermaphrodites, which are thus not cryptic females (even though the
male proportion in the population is 0.5). Males thus contribute all S1Am alleles and 1/2 of non-S1Am alleles, whereas
hermaphrodites contribute 1/2 of non-S1Am alleles
S 2 Ah

S3Ah

S4Ah

S5Ah

S1Am

1/2
1/2

1/2
1/2

1/2
1/2

1/2
1/2

0
1

Pollen grain ®tness

0

0

1

1

1

Proportion of ovules sired

0

0

1/4

1/4

1/2

1/8
1/8

1/8
1/8

0
1/2

Pollen grains genotypes
Available amount issued from:
Hermaphrodites
Males

Pollen-donors contribution
Hermaphrodites
Males

Fig. 2 Male frequency at equilibrium in our recessive model
[lower nappe, obtained at equilibrium with eqns (A1)±(A4)]
and in the compensation model (upper nappe, eqn 1), as a
function of the number of S-alleles (n, from 3 to 12) and the
relative male advantage in fertility (K, from 2 to 11).

functionally androdioecious species. However, the
equilibrium frequency of male phenotypes is highly
dependent on three key parameters: the dominance of
female-sterility at the sex locus, the number of alleles
at the self-incompatibility locus, and the ®tness
advantage of the male morph.
In our dominant model, all Am alleles are found in
S1Am haplotypes, which is expected if the femalesterility mutation arises only once, and the S1 allele is
associated only with Am: the S1Ah haplotype does not
exist. Two explanations would lead to this case. In the
®rst explanation, when the female-sterility mutation ®rst
appears, S1 alleles are as common as any other S allele,
and associated with the Ah allele in hermaphrodites.
However, even if the S1Ah haplotype is initially quite

common, there is a selective process that reduces its
frequency. As the S1Am male haplotype becomes common, as a result of the male advantage coupled with the
compatibility advantage, the S1 allele will be at a
disadvantage in hermaphrodites. Through this selective
process, S1Am frequency increases and the S1Ah haplotype, although not completely eliminated at equilibrium
(result not shown), may be eliminated in small populations by random drift, so that S1 remains only in the
S1Am haplotype. In the second explanation, when the
female-sterility mutation ®rst appears, this new allele,
Am, has a pleiotropic eect on the self-incompatibility
locus, which creates a new S-allele called S1. This S1
allele is then only associated with Am.
We chose to model a GSI rather than a sporophytic
self-incompatibility for several reasons. First, GSI is
more widespread than SSI in angiosperms (Charlesworth, 1985). Secondly, GSI is simpler to implement and
thus ideal for an initial approach. Thirdly, GSI is the
only system in which maleness can be associated with a
single S-allele. In the SSI case, the female-sterile
haplotype would never bene®t from an absolute crosscompatibility advantage.
In our study, the results of models are highly
dependent on the dominance relation at the sex locus.
If female-sterility is dominant, a high frequency of males
(>50%) can be maintained within populations even
when their advantage in ®tness is low (K £ 2), as long as
the number of S-alleles is also low (n < 6) (Fig. 1).
On the other hand, if female-sterility is recessive,
equilibrium male frequency is smaller than or equal to
0.5 (Fig. 2). When female-sterility is dominant, only
one SI allele is associated with female-sterility (S1Am)
and it is exclusively paternally inherited. This haplotype
is more frequently transmitted than others because
it bene®ts from (i) a cross-compatibility advantage
Ó The Genetical Society of Great Britain, Heredity, 85, 413±422.
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nÿ2
nÿ3

> 1 resulting from the allele S1 [males are always
compatible (fully or half-compatible) with all hermaphroditic
(ii) a male-biased paternal sex
ÿ genotypes];
 1
resulting
from a greater cross-compati>
ratio 12 nÿ1
nÿ2
2
bility of male-determining alleles; and (iii) a male ®tness
advantage (K). The ®rst two phenomena are a result of
the fact that males can interact with n ) 1 partners
(dierent genotypes), whereas hermaphrodites have only
n ) 2 possible partners. Consequently, a small n causes a
higher male advantage than a large n, and the former
situation should be encountered more frequently in
small, recently founded populations (colonization
event). However, as the number of SI alleles (n)
increases, incompatibility among hermaphrodites
decreases and the male cross-compatibility advantage
becomes negligible. This can occur through mutation or,
more probably, migration from other populations,
especially in wind-pollinated species such as Phillyrea,
Fraxinus, and Mercurialis. Consequently, when n is
high, the dierence in ®tness between males and
hermaphrodites depends only on their relative advantage in male ®tness, and the equilibrium male frequency
matches the results of the compensation model.
If female-sterility is recessive (see Appendix), the two
male haplotypes (S1Am and S2Am) can be found in a
heterozygous state in hermaphroditic individuals so that
no haplotype is exclusively associated with males and
paternally inherited. Consequently, males bene®t from
only a weak cross-compatibility advantage. Paradoxically, we ®nd that the male advantage in ®tness (K)
favours the frequency of hermaphrodites: as K increases,
the frequency of S1Am and S2Am haplotypes increases in
the pollen pool, and providing that n is large enough,
more hermaphrodite phenotypes (heterozygotes for
S1Am or S2Am haplotypes) will be produced than male
phenotypes. Consequently, when female-sterility is
recessive, the equilibrium male frequency is even smaller
than in the compensation model for large values of n
and K (Fig. 2). The genetics of sex determination has
been studied in only two species; female-sterility is
dominant in one species (Pannell, 1997b) and recessive
in the other (Wolf et al., 1997). Therefore, it is not
possible to draw any conclusion about the dominance of
female-sterility.
The number of S-alleles (n) that are maintained at
mutation±selection equilibrium within a ®nite population depends on population size N in a gametophytic
self-incompatibility system (Wright, 1939; Vekemans &
Slatkin, 1994; Schierup, 1998; Vekemans et al., 1998),
and may be less than six when N < 50 (Vekemans &
Slatkin, 1994; Schierup, 1998). This small value of n
above which a high frequency of males cannot be
maintained in our dominant model is thus plausible in
small populations.
Ó The Genetical Society of Great Britain, Heredity, 85, 413±422.
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The linkage between the two loci is a key assumption
in our model. Indeed, if the linkage between selfincompatibility and sex determination is not complete,
our results coincide with those of the compensation
model (results not shown). However, the recombinant
haplotype for the S-allele originally associated with
female-fertility (S1Ah in the dominant model), will have
a higher probability of being lost by drift than the
nonrecombinant male haplotype (S1Am), provided that
n is small enough (see above discussion).
The male haplotype (S1Am) can be regarded as a
sel®sh gene, which favours its own transmission to the
detriment of the others. Indeed, this exclusively paternally inherited haplotype not only suppresses the female
function, but also biases the sex ratio of its own
ospring and thus acts as a sex-ratio distorter. Selection
acts on the haplotype as a whole, and so recombination
between the two loci might be selected against. Such
sel®sh haplotypes, implying two loci that never recombine (carried in an inversion loop, for example), have
already been described (e.g. sex-ratio distorters; see
review in Werren & Beukeboom, 1998).
In this study, we have modelled the evolution of male
frequency considering that androdioecy evolves from
hermaphroditism, as in all previous theoretical studies
(Lloyd's (1975), Charlesworth & Charlesworth's (1978)
phenotypic models as well as Pannell's (1997a) metapopulation genetic model). However, the only clear data
favour androdioecy as a reversion from dioecy (Mercurialis annua, Pannell, 1997d). Because experimental data
are so scarce, we still cannot reject the hypothesis of an
evolution from hermaphrodism. Moreover, in the case
of Phillyrea angustifolia, even if phylogenetic data
(Wallander & Albert 2000) do not provide a sucient
resolution to determine whether androdioecy evolved
from dioecy or hermaphrodism, the presence of a relict
pistil in male ¯owers, as the only signi®cant morphological dierence between male and hermaphrodite
¯owers (Lepart & DommeÂe, 1992), strongly suggests
that androdioecy has evolved from an hermaphrodite
ancestor.
In conclusion, a gametophytic self-incompatibility
system linked to a nuclear sex determinism, by causing a
frequency-dependent selection, may explain the high
frequencies of males recently reported in some androdioecious species (these include the functional androdioecious species P. angustifolia (Vassiliadis, 1999) and
in two other potentially androdioecious species, Fraxinus
lanuginosa (10±49.7% males in populations) (Ishida &
Hiura, 1998) and Fraxinus ornus (50% males in populations) (DommeÂe et al., 1999), for which the pollen of
hermaphrodites has been proven potentially fertile). The
conditions required by the model to explain the maintenance of high male frequency within a hermaphroditic
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population are dominance of female-sterility (Am > Ah)
with a complete linkage between Am and S1 alleles, and
a few S-alleles. Controlled crosses can easily test both
predictions of this model.
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Appendix: recessive female sterility
If female-sterility is recessive (Am < Ah), males must be
homozygous for this allele, which would never occur if
only one SI allele is associated with the sterility allele.
We thus assumed that two incompatibility alleles (S1
and S2) are in complete linkage disequilibrium with the
sterility allele (Am). All other self-incompatibility alleles
(S3¼Sn) play the same role in the population for
obvious symmetry reasons, and we will thus consider
their frequencies to be identical.
A `regular' pollen grain (neither S1 nor S2) will be
incompatible if its incompatibility allele corresponds to
one of the two alleles of the recipient which are dierent
from each other, and both dierent from S1 and S2
(probability=2/(n ) 2)). All other pollen genotypes are
compatible with a probability of 1 ± (2/(n ) 2)) or
(n ) 4)/(n ) 2) (see Table A1). In addition, situations
where a `regular' pollen grain arrives on the stigma of a
hermaphrodite bearing one S-allele associated with the
female-sterility allele (i.e. S1 or S2), the other being any
other S-allele must be considered. The compatibility
probability in that case is (n ) 3)/(n ) 2) (see Table A1).
Table A1: Characteristics of crosses
and progeny in the recessive model
(Ah > Am): two `male' haplotypes are
found (S1Am and S2Am) in the
population which contains n
incompatibility alleles
(a) Genotypes and associated
phenotypes, relative male fertility and
frequencies of individuals (there must
be at least three self-incompatibility
alleles)
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The dierent genotypes of the individuals under this
assumption, their associated phenotypes, relative male
fertility, and frequencies are presented in Table A1(a).
The frequency of compatibility of a pollen genotype
with a hermaphrodite recipient SjAh/SkAh (j ¹ k, j and
k ¹ 1), and the phenotype of the progeny produced are
shown in Table A1(b). This allows the calculation of the
male frequency in generation t + 1 (x¢), according to
the four following recursion equations:
"
#
y
Kx

y
ÿ 
A1
x0 
2y  z Kx  y  2 nÿ3
nÿ2 y  z
"
#
1
z
Kx

y

ÿ 
y
y0 
2 2y  z
Kx  y  nÿ4
nÿ2 y  z

A2

t0  y 0

A3

"
#
ÿ 
ÿ 
2y nÿ3
z nÿ4
yz
nÿ2
nÿ2
ÿ 
ÿ 
z 

2y  z Kx  y  nÿ3
Kx  y  nÿ4
nÿ2 y  z
nÿ2 y  z
0

A4

Sexual
phenotype

Relative male
fertility

Frequency
x+y+z+t=1

S 1 Am =S 2 Am

Male

K

x

S 1 Am =S i Ah

Hermaphrodite

1

y

Hermaphrodite

1

t*

Hermaphrodite

1

z

Genotype

i ¹ 1 and 2
S 2 Am =S i Ah
i ¹ 1 and 2
S i Ah =S j Ah
i and j ¹ 1 and 2, i ¹ j
* For obvious reasons of symmetry, t = y.
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(b) Crossing table among pollen donors and hermaphrodite recipients
Recipient genotype
frequency

Pollen genotype frequency

SjAh/SkAh

S1Am

S2Am

Si Ah

z/(y + t + z) = z/(2y + z)
Compatibility conditions
Compatibility probability
Progeny genotype

Kx/2* + y/2**
Always compatible
1
S1Am/SiAh
i¹1
(Kx + y)/2W

Kx/2* + t/2**
Always compatible
1
S2Am/SiAh
i¹2
(Kx + t)/2W

y/2 + t/2 + z**
i ¹ j and i ¹ k
(n ) 4)/(n ) 2)
SiAh/SjAh and SiAh/SkAh
i ¹ j and k; j ¹ k; i, j and k ¹ 1 and 2
[(z + (y + t)/2) (n ) 4)/(n ) 2)]/W

Incompatible
0

Always compatible
1
S1Am/S2Am
S2Am/SjAh
j ¹ 1 and 2
(Kx + t)/2W

i ¹ 1 and i ¹ j
(n ) 3)/(n ) 2)
S1Am/SiAh
SiAh/SjAh
i ¹ 1 and 2 i ¹ j
[(z + (y + t)/2) (n ) 3)/(n ) 2)]/W

Always compatible
1
S1Am/S2Am
S2Am/SiAh
i ¹ 1 and 2
(Kx + y)/2W

Incompatible
0

i ¹ j and i ¹ 2
(n ) 3)/(n ) 2)
S1Am/SiAh
SiAh/SjAh
i ¹ 1 and 2; i ¹ j, i and j ¹ 1 and 2
[(z + (y + t)/2) (n ) 4)/(n ) 2)]/W

Progeny frequency
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S1Am/SjAh
y/(2y + z)

Compatibility conditions
Compatibility probability
Progeny genotype
Progeny frequency

S2Am/SjAh
t/(2y + z)

Compatibility conditions
Compatibility probability
Progeny genotype
Progeny frequency

* Pollen produced by male; ** pollen produced by hermaphrodite; W: weighting factor because all pollen types are not compatible; in grey: incompatible crosses.

