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Famille Fruit-set  Nombre de fruits  Poids des graines 
 F / H F / (H+G)  F / H F / (H+G)  F / H F / (H+G) 

E 1.33 1.29  1.00 0.96  1.67 1.56 
I 1.50 1.49  1.46 1.51    
K 1.62 1.53  1.42 1.31    
P 1.75 1.64  1.32 1.30    
S 1.24 1.18  0.97 0.99    
Y 1.22 1.14  1.17 1.05    
V 1.22 1.24  1.21 1.19  1.28 1.14 
Z 1.23 1.20  1.22 1.17    
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Evolution of dioecy: can nuclear—cytoplasmic
interactions select for maleness?

SANDRINE MAURICE*, ERIC BELHASSENj, DENIS COUVET & PIERRE-HENRI
GOUYON

Laboratoire d'Evo/ution et Systematique des Végetaux, Bat 362, Université Paris Sud, 91 405 Orsay Cedex, tENSAM,
2 P/ace Pierre Via/a, 34000 Montpe//ier and tLaborarofre d'Evo/ution, CEFE, Route de Mende, BP 5051, 34033

Mon tpe/ller Cedex, France

A model of evolution of reproductive systems, when sex is determined by both nuclear and
cytoplasmic genes, is presented. Such a control of sex is known to facilitate the occurrence of female
individuals in hermaphroditic populations, thus leading to gynodioecy. A two-cytotypes two-
nuclear foci (two alleles at each nuclear locus) model for gynodioecy has been developed previously.
Such gynodioecious systems are usually considered as stable, i.e. not leading to dioecy. In order to
find out if the presence of females can select for male individuals when sex determination is
nuclear—cytoplasmic, we followed the evolution of alleles responsible for female sterility. These
alleles can be at the preceding loci or at a third locus. We show that male individuals can be selected.
Dioecy evolves in less restrictive conditions than under nuclear sex determination. The same also
holds for trioecy (coexistence of females, hermaphrodites and males). Nuclear—cytoplasmic
polymorphism can be maintained in these reproductive systems.

Keywords: cytoplasmic male sterility, dioecy, gynodioecy, reproductive systems, sex determina-
tion, trioecy.

Introduction
The evolution of dioecy from the hermaphrodite state
has long been discussed but is still not fully understood.
The selective force most commonly put forward is the
avoidance of inbreeding (see Thomson & Barrett,
1981, for references). Other explanations are based on
resource allocation theories. Different sexual forms can
be more or less efficient in gamete production, depend-
ing on their biology (Charnov et al., 1976). The total
number of gametes produced by an individual can
influence the chance of success of each gamete depend-
ing on the mode of pollination and seed dispersal; the
evolution of dioecy has thus often been thought to be
related to ecological conditions (Willson, 1979; see
Thomson & Brunet, 1990, for a review and discus-
sion). All these explanations deal with the number of
gametes that the different sexual types pass to the next
generation and are synthesized by Charnov's 'evolu-
tionary stable strategy' calculations based on a pheno-
typic model of sexual strategies (Charnov et a!., 1976).
Numerous genetic models involving male-sterile and
female-sterile nuclear mutations also exist. These
models give the same results as Charnov 's calculations

*Correspondence
346

except when they deal with genetic constraints or with
inbreeding (Charlesworth & Charlesworth, 1978;
Gregorius etal., 1983).

Charlesworth & Charlesworth (1978) have studied
the influence of the recombination rate between the
male sterility and the female sterility loci on the condi-
tions that lead to dioecy, with different dominance
coefficients of the sterility alleles: such constraints lead
to equal or more restricted conditions for the evolution
of dioecy compared with phenotypic models. Another
genetic phenomenon that is known to influence the
outcome of selection on sexual phenotypes is
nuclear—cytoplasmic sex determination. Such a deter-
mination has been found in many wild and cultivated
species (see Kaul, 1988, for a review). There are three
reasons why the nuclear—cytoplasmic determination of
sex can be important.
1 We already know that cytoplasmic or
nuclear—cytoplasmic determination of sex allows the
maintenance of gynodioecy under conditions when the
population would be hermaphroditic if sex were con-
trolled only by nuclear genes. These conditions are
given by the relative female fertility of the two sex
morphs, females and hermaphrodites. Several models
show that cytoplasmic polymorphism, and thus
females, can be maintained (Lewis, 1941; Lloyd, 1974:
pollination limitation in females; Charlesworth, 1981;
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Delannay et at., 1981; Ross & Gregorius, 1985;
Gouyon et at., 1991: deleterious effect of the nuclear
allele restoring male function; Frank, 1989: mutation
and drift affecting cytotypes and nuclear restorers
together with a deleterious effect of restorers).
2 Results from these models, combined with obser-
vations of high frequencies of females in natural popu-
lations of gynodioecious species with nuclear—
cytoplasmic determination of sex (Plantago lanceolata:
Baker, 1963; Van Damme, 1983; Thymus vulgaris:
Dommee eta,!., 1978; Beihassen et at., 1991; Origanum
vulgare: Kheyr-Pour, 1980) raise the question of how
the selection on the sex allocation of individuals
producing pollen is affected. Indeed, the higher the
frequency of females, the higher should be the success
of male gametes. Selection for a male-biased sex alloca-
tion in hermaphrodites or even for completely male
individuals is thus expected. This has been shown to be
true for nuclear control of male sterility (Charlesworth
& Charlesworth, 1978).
3 Gynodioecy and dioecy are associated at the family
level (88 per cent of families with gynodioecious
species also contain dioecious species, a proportion
that is much higher than in the whole flora: Maurice et
at., 1993) and gynodioecy often involves nuclear—cyto-
plasmic determination of sex. We thus wonder if
nuclear—cytoplasmic gynodioecy can lead to dioecy?

The question of male allocation iii hermaphrodites
has been explored when there is an entirely male-sterile
cytotype (all individuals having this cytotype are
female; cytotype here designates the cytoplasmic geno-
type, not the level of ploidy) and a second fully male-
fertile one (all individuals having this cytotype are
hermaphroditic). In this case, the fertile cytotype acts
as an isolated compartment for genes involved in
pollen production (such as female-sterile alleles), so
that conditions for males to evolve are the same as with
nuclear sex determination (Charlesworth, 1989;
Maurice et a!., 1993; see Werren, 1987, for a similar
process in the evolution of sex ratio). When one cyto-
type is fertile and one contains females and herma-
phrodites, hermaphrodites can sometimes be selected
to invest more in male function, but the fertile cytotype
is then quickly lost (Maurice et at., 1993). Genetic
studies (Ptantago lanceolata: Van Damme, 1983;
Thymus vutgaris: Belhassen et a!., 1991) have shown
that several cytotypes causing male sterility can be
found within a single population. The presence of
females in several cytotypes can be crucial for the
maintenance of cytoplasmic polymorphism. Here we
consider an extension of the simplified sex detemina-
tion proposed by Van Damme (1985) for gynodioecy
in Plantago: there are two potentially male-sterile cyto-
types and a nuclear locus that restores male fertility for

each cytotype. This model has been explored for
gynodioecy by Gouyon et a!. (1991). In the following
model, both cytotypes can yield females, hermaphro-
dites and males, depending on the nuclear genes. Using
computer calculations, we search for the conditions
that allow males to invade a gynodioecious population
with such a determination of sex and compare these
conditions with those obtained when the determination
of sex is nuclear.

Model
The model is similar to the one described in Gouyon et
at. (1991) which was based on the situation encoun-
tered in Plantago tanceotata (Van Damme, 1983).
There are two cytotypes. Corresponding to each cyto-
type (Cl, C2), there exist nuclear loci (1, 2) which
control restoration of male fertility (i.e. pollen produc-
tion). Being male or hermaphrodite can be controlled
by different restorer alleles or by modifiers of sex allo-
cation at other loci. We thus have considered two pos-
sible models for the control of sex. In the two-locus
model (Table 1), both loci (1, 2) have three alleles: one
allele that does not restore male fertility (usually called
maintainer alleles: ri, r2) and two alleles that restore
male fertility. One restorer allele makes an individual
hermaphroditic (Ri, R2), the other makes complete
males (R'l, R'2). In the three-locus model (Table 2),
each restorer locus (1, 2) has a maintainer allele (ri, r2)
and a restorer allele (Ri, R2). Individuals restored for
male fertility are hermaphrodite or male depending on
their genotype at a third nuclear locus (M/m). We
assume that the restorer alleles are dominant over the
maintainer or female alleles, which is the most
commonly observed case (Kaul, 1988, p.12l). Most
calculations were made with the male alleles dominant
over the hermaphroditic alleles, but we also calculated
the reverse to check if it influences the results. In both
models the loci are assumed to be unlinked. The nota-
tion is the same as in Charnov et at. (1976): fi is the
relative female fertility of hermaphrodites compared
with females and a is the relative male fertility of
hermaphrodites compared with males. Following the
standard resource allocation theory, unisexual individ-
uals are better in their specific function than herma-
phrodites. The parameters a and fi thus vary between
zero and one. Restorer alleles are assumed to have a
pleiotropic deleterious effect (Charlesworth, 1981;
Delannay et at., 1981; Frank, 1989). This deleterious
effect, or cost, is denoted by d and is the diminution in
fertility of individuals bearing a restorer allele
compared with individuals bearing only the maintainer
allele at the corresponding locus. This cost can affect
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female fertility (df) or male fertility (dm). In the two-
locus model, the hermaphrodite restorer allele and the
male restorer allele need not have the same cost (Table
1). In the three-locus model, only restorer alleles have
cost (loci 1 and 2) and the male allele at the third locus
has no effect on females. The fertilities of the different
genotypes are given in Tables 1 and 2.

The cytotype is assumed to be exclusively mater-
nally transmitted. Hermaphrodites are assumed not to
self-fertilize, so that gametes combine at random. The
dominance assumed for the sexual phenotypic effect of
alleles is also applied to their deleterious effects (see
Tables 1 and 2). We present the results obtained when
the parameter values are the same for both cytotypes
and when the male and hermaphrodite restorer alleles
have the same cost, so that the differences between
individuals are restricted to their sexual phenotype.
The model thus has four parameters: a, /3, dm and df,
which are constant for each calculation.

The cost of the restorer alleles was arbitrarily set at
5 per cent (low cost) and 20 per cent (high cost), on one
or both fertilities. The recursions describing change in
genotype frequencies are given in the Appendix. Start-
ing with arbitrary frequencies of female and
hermaphrodite genotypes, we first let the population
evolve until an equilibrium was reached to find the
range of /3 values for which nuclear—cytoplasmic
gynodioecy is obtained. The equilibrium was defined
by a change in genotype frequencies of less than 10-a
over 100 generations. Values of /3 differing by steps of
0.01 were used to find the limit for gynodioecy.
Gynodioecious populations contain both cytoplasmic
types (Cl, C2) and riri, riRi, RiRi genotypes at both
restorer loci. Then, for different values of /3, males
were introduced at low frequency after the gynodioe-
cious equilibrium was reached. For the two-locus
model the genotypes C1R'1R1R2r2 and C2R1rJR'2R2
were introduced at a frequency of 0.00 5 each. We also
carried out calculations introducing first the male
restorer active in one cytotype (R' 1) and introducing
the second male restorer (R '2) only after the new
equilibrium was reached. For the three-locus model,
the genotype C1R1i1R2r2Mm was introduced at a
frequency of 0.005. Using a step of 0.01 for a, we
found the range of a for which males increase in
frequency when rare (a <a 1) and the range of a for
which males increase in frequency and completely
displace the hermaphrodites (a <a 2). Again, the final
state corresponds to a change in genotype frequencies
of less than 10 over 100 generations. We verified
that the final state was a stable equilibrium by carring
out the reverse calculations, i.e. starting with a dioe-
cious population and introducing hermaphrodites at
low frequency. The final state was usually approached
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Table 2 Sexual phenotype and fertilities of individuals of cytotype Cl depending on their genotype for the three-locus model of
sex determination. A similar table can be written down for individuals of cytotype C2. Notations are the same as in Table 1. The
male allele (M) is dominant over the hermaphrodite allele (m). The genotype at locus 2 does not affect the sexual phenotype of
Cl individuals but does affect their fertilities

Genotype
at locus 1

Genotype
at locus 3

Sexual
phenotype

Genotype at locus 2

r2r2 R2r2 or R2R2

Male
fertility

Female
fertility

Male Female
fertility fertility

rirl

RlrlorRlRl

mm
Mm or MM

mm
Mm or MM

F
F
H
M

0
0

a(1—dml)
ldm1

1

1

f3(1—dfl)
0

0 l—df2
0 1—d12

a(1—dml)(1—dm2) /3(1—dfl)(1—df2)
(ldm1)(ldm2) 0

Table 3 Frequency of females in gynodioecious populations, depending on the
relative female fertility of hermaphrodites compared with females (9), when the
control of sex is nuclear or nuclear—cytoplasmic. When the control of sex is
nuclear—cytoplasmic, the frequency of the restorer allele Ri at locus i (i =1 or 2) is
indicated in parentheses. The frequency of each cytotype is 0.5

Control of sex

Nuclear—cytoplasmic

dm=0.05 dm=0.05 dm=0.20 dm=0.20
j9 Nuclear d10 dfO.05 dfO dfO.20

0.2 0.375 0.383f
(0.452)

0.400 0.415
(0.436) (0.426)

0.489
(0.358)

0.4 0.167 0.179
(0.620)

0.218 0.228
(0.578) (0.570)

0.378
(0.432)

0.5 0 0.02 1
(0.862)

0.082 0.090
(0.736) (0.722)

0.306
(0.486)

0.6 — — — — 0.219
(0.560)

0.8 — — — — 0.020
(0.862)

A — means that females are not maintained under these conditions.
t and I: The two cases discussed in the text.

rapidly (less than 100 generations) except near the limit
values of a.

We verified that the program gave the same results
as analytical calculations for nuclear determination of
sex, when all the genotypes of one cytotype were set to
zero at the beginning of the calculations.

Results

Nuclear—c ytop/asmic polymorphism

As already explained in previous papers (Charles-
worth, 1981; Delannay et a!., 1981; Gouyon et a!.,

1991), the cost of restorer alleles allows for the main-
tenance of joint polymorphism, i.e. polymorphism for
the cytotypes and for the restorer loci, in gynodioe-
cious reproductive systems. We found here that this
also holds for other reproductive systems whenever the
maintainer alleles are not lost, i.e. when the females are
not eliminated. The joint polymorphism is thus main-
tained under gynodioecy, dioecy and trioecy (coexist-
ence of females, males and hermaphrodites). The
mechanism responsible for the maintenance of this
polymorphism is the same as the one detailed in
Gouyon eta!. (1991) for gynodioecy.
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Conditions for nuclear—c ytoplasmic gynodioccy
Females are maintained or not depending on the rela-
tive fertility of hermaphrodites compared with females
(/3) and the cost of restoration. As /3 increases, the
frequency of females decreases. The calculations are
deterministic (without drift) and a very low frequency
of females allows the maintenance of joint polymorph-
ism. The value of /3 above which the female frequency
is less than 0.1 per cent is considered as the limit for
gynodioecy. When the cost is 5 per cent and on male
function only, the limiting /3 is 0.51; when it is on both
fertilities, the threshold /3 is 0.55. When the cost is 20
per cent and on male function only, the threshold /3 is
0.57; when it is on both fertilities, it is 0.82. The limit of
/3 for the maintenance of females under nuclear sex
determination is 0.5 (Lewis, 1941). Examples of
frequencies of females in gynodioecious populations
with a nuclear or a nuclear—cytoplasmic determination
of sex are given in Table 3.

Conditions for the evolution of dioecy
For some parameter values males increase in frequency
but do not eliminate the hermaphrodites. The rate of
increase of the male alleles at the beginning of the

process depends on whether the male alleles are
dominant over the hermaphrodite alleles, or the
reverse, but the final result is never different. The
threshold of the male fertility of hermaphrodites
compared with males under which a rare male pheno-
type increases in frequency is denoted by a 1. The
value for which males increase in frequency and
completely eliminate the hermaphrodites is denoted by
a 2. These values are given in Table 4 for the two
genetic models for maleness. In every case, the values
(a] and a2) are equal to or higher than the corre-
sponding values for a nuclear sex determination. This
means that males both increase and invade under less
restrictive conditions with nuclear—cytoplasmic control
of sex. The difference in conditions is, however, usually
quite small. It becomes larger as the cost of restorer
alleles increases and/or affects both fertilities. The
comparison of Tables 3 and 4 (for example cases t and) shows that the change on the threshold a is linked to
the increase in female frequency compared with
nuclear control of sex. It does not depend on whether
the cytotypes are more or less restored (the frequencies
of the restorer alleles are similar in the two cases).

The joint polymorphism is maintained under dioecy,
i.e. both Cl and C2 as well as the polymorphism at the
nuclear restorer loci are maintained. In such dioecious
systems, the frequency of females always exceeds 50

Table 4 Limit on the relative male fertility of hermaphrodites compared with males
(a) for the increase of males in the population: if a  al then males, if rare, increase
in the population; if a  a2 then hermaphrodites are eliminated from the
population, i.e. a2 is the threshold for dioecy. If a2 < a al males and
hermaphrodites coexist, i.e. the reproductive system is trioecy (except in the two
nuclear cases denoted by § in which females are not present). For each set of
parameters, the first line gives the results for the two-locus model and the second
line the results for the three-locus model

Control of sex

Nuclear

Nuclear—cytoplasmic

dmO.05
df 0

dmO.05 dm=0.20
df =0.05 dfO

dmO.20
dfO.20

/3 al a2 al a2 al a2 al a2 al a2

0.2

0.4

0.5

0.6

0.8

0.80 0.80

0.60 0.60

0.50 0.50

0.50 0.40
0.50 0.20

0.80 0.80
0.80 0.80
0.60 0.60
0.60 0.60
0.51 0.50
0.51 0.50

0.81 0.81 0.81 0.81
0.81 0.81 0.81 0.81
0.63 0.62 0.62 0.62
0.63 0.63 0.63 0.63
0.54 0.53 0.54 0.52
0.54 0.54 0.54 0.54

0.85 0.85
0.86 0.86
0.72 0.71
0.73 0.73
0.65 0.64
0.66 0.66
0.59 0.57
0.60 0.60
0.50 0.42
0.50 0.46
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per cent, usually slightly. For the four cases of Table 4,
the frequency of females in dioecious populations is
0.506, 0.513, 0.53 1 and 0.567, respectively.

Conditions for trioecy
The values of a I and a2 are not always the same,
unlike the nuclear case. This means that' for some
values of the relative fertility of hermaphrodites com-
pared with males (a2 < a  a1), rare males increase in
frequency but do not eliminate the hermaphrodites, i.e.
trioecy is the reproductive system. These trioecious
systems are stable: the sex ratio at equilibrium is the
same whether the males or the hermaphrodites are the
rare type at the beginning of the calculation. With the
three-locus model of sex control, each sexual pheno-
type has the same frequency in Cl and C2. For the two-
locus model, as the introduction of the male restorer
alleles of both cytotypes at the same time is quite
unrealistic, we have verified that trioecy evolves when
one of the male restorer alleles is introduced first. The
conditions are exactly the same as those already
found. When a> a 1, none of the male restorer alleles
increases. When a a2, both male restorer alleles
invade. When a 2< a  a], the first male restorer allele
introduced invades the corresponding cytotype: the
population is then composed of a dioecious cytotype
and a gynodioecious cytotype; the second male
restorer allele does not increase. The only exception is
that when a <0.5 (e.g. in the last case of Table 4) the
second male restorer allele increases but does not
eliminate the corresponding hermaphrodite restorer
allele: one cytotype is dioecious and the other one is
trioecious or androdioecious. Thus, with the two-locus
control of sex, trioecy can also be the reproductive
system but not all sexual phenotypes are found in each
cytotype.

Discussion
We show here that dioecy evolves in less restrictive
conditions when the control of sex is nuclear—cytoplas-
mic compared with when the sex determination is
nuclear. Another noticeable difference is that trioe-
cious reproductive systems can be stable. The
cytoplasmic polymorphism is maintained under these
reproductive systems.

The results presented here were obtained by
comparing, in each calculation, male individuals,
female individuals and one kind of hermaphrodite
individual (i.e. characterized by fixed relative female
and male fertilities). The results thus give us the repro-
ductive system obtained when hermaphrodites in the
population have a fixed sexual allocation and are in
competition with wholly male individuals. Selfing in

hermaphrodites was not considered in those calcula-
tions because we wanted to focus on the consequences
of a change in the genetic control of sex. Selfing
changes the conditions for the evolution of dioecy
under any genetic control of sex but there is no reason
to believe that selling would change the direction of the
effects of the sex determination. Compared with the
stable reproductive system obtained when the control
of sex is nuclear, the nuclear—cytoplasmic models more
often give gynodioecy, dioecy and trioecy at the
expense of hermaphroditism or androdioecy. Repro-
ductive systems with females are thus obtained in a
wider range of conditions, as could have been
predicted. The important result here is that the cyto-
plasmic genes cause an increase in female frequency
compared with purely nuclear control of sex and that,
despite the fact that cytoplasmic genes play a part in
the sex determination, this can select for maleness. This
is proven by the fact that reproductive systems with
males, dioecy or trioecy sometimes replace other
reproductive systems, including gynodioecy. Further-
more, not only can male-sterile cytoplasmic mutations
result in selection for females and afterwards males but
nuclear—cytoplasniic polymorphism can be maintained
under these new reproductive systems (dioecy and
trioecy). It is thus possible that nuclear—cytoplasmic
determination acts not only as a transient stage as has
been previously proposed (Delannay et at., 1981;
Gouyon & Couvet, 1985) but can also be maintained
during and after the evolution of dioecious reproduc-
tive systems.

If the alleles restoring male fertility have only a slight
negative pleiotropic effect on fertility, the range of
values in which dioecy is the stable reproductive
system under nuclear—cytoplasmic control of sex is
only a little larger than when the control of sex is
nuclear. This nevertheless proves that dioecy can
evolve from nuclear—cytoplasmic gynodioecy, contrary
to the common belief (Ross, 1978; but see Maurice et
at., 1993). Two points can be made. Firstly, the
evolution of dioecy is not favoured when the cyto-
type(s) responsible for male sterility is (are) not res-
tored, i.e. when the control of sex is strictly cytoplasmic
(Charlesworth, 1989; Maurice et at., 1993). We showed
here that once the cytotypes are restored, the selection
on males does not depend on the extent to which the
cytotypes are restored (frequency of restorer alleles)
but does depend on the increase in female frequency.
There is thus a discontinuity between a purely cyto-
plasmic control of sex and a nuclear—cytoplasmic con-
trol. Secondly, if we compare populations with
individuals having the same characteristics (relative fer-
tilities), nuclear—cytoplasmic sex determination favours
the evolution of dioecy compared with nuclear deter-
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mination. But if we compare populations with the same
frequency of females, nuclear determination is more
favourable to the evolution of males than a nuc-
lear—cytoplasmic model (Table 5); one must neverthe-
less remember that females need to have a higher
relative fertility to reach a given frequency if the con-
trol of sex is nuclear.

Atlan et cii. (1991) have found variability for sex
allocation among hermaphrodites of the gynodioecious
species Thymus vulgaris, which is known to have
nuclear—cytoplasmic sex determination (Beihassen et
al., 1991). It is not known whether these differences
result from different restorer alleles or from modifier
genes acting on restored individuals. We thus con-
sidered both possibilities for the control of maleness:
the two-locus model corresponds to the 'different
restorers' hypothesis and the three-locus model corre-
sponds to the 'modifiers' hypothesis. The results are
very similar between the two models. Males are a little
more easily selected in the three-locus model and
trioecy more rarely obtained.

Few studies have been carried out on the evolution
of dioecy under nuclear—cytoplasmic sex determina-
tion. Gregorius & Ross (1987) studied the evolution of
dioecy in a model with two cytotypes and one nuclear
locus with two alleles in which the nuclear allelic differ-
ence produces dioecy in one cytotype and herma-
phrodism or gynodioecy in the other cytotype. They
showed that dioecy can evolve by loss of the nondioe-
cious cytotype. Their results cannot be compared with
ours because in their model the reproductive system
obtained is the result of the competition between the
two cytotypes whereas in our model it is the result of
the competition between hermaphrodite and male
genotypes in each cytotype. Maurice et al. (1993)
studied the evolution of dioecy in a two-cytotype—two-
loci model based on the first model proposed for
nuclear—cytoplasmic gynodioecy (Charlesworth, 1981;
Delannay et al., 1981), i.e. all individuals of one cyto-
type are male-fertile and individuals of the other
cytotype are male-sterile (female) or male-fertile
depending on the genotype at the nuclear restoration
locus. In their model, as in the model presented here,
both cytotypes can yield hermaphrodite and male
individuals depending on the nuclear genotypes. They
showed that male individuals, or a more male-biased
sexual allocation in hermaphrodites, can evolve, but if
selection towards maleness is too strong the cytoplas-
mic polymorphism is lost during the evOlution of
dioecy. The fact that nuclear—cytoplasmic gynodioecy
can allow and even facilitate the evolution of dioecy
thus seems to have some general value but whether that
mode of sex control is retained in the new reproductive
system depends on the particular sex determination
system.

Table 5 Limit on the relative male fertility of
hermaphrodites (a2) for the evolution of dioecy, for nuclear
and nuclear—cytoplasmic sex determination models and for a
given frequency of females in the gynodioecious population
(F ).Foreach model, the frequency of females in the
population and the relative female fertility of hermaphrodites
(j9) are strictly inter-related. For the nuclear model, the
relation is: /3 = (1 — 2F )/2(1 —F) and the threshold value of
a for the evolution of dioecy is given by the relation
a + j3 = 1 (Charnov et al., 1976). For the nuclear—cytoplasmic
model, the calculations are those for the three-locus model

F

Control of sex

/3

Nuclear

a2

Nuclear—cytoplasniic
dmO.20 dfO
/3 a2

0.415
0.228
0.090

0.15
0.35
0.45

0.85
0.65
0.55

0.20 0.81
0.40 0.63
0.50 0.54

F /3

Nuclear

a2

Nuclear—cytoplasmic
dmdiO.20

/3 a2

0.489
0.378
0.219

0.02
0.20
0.36

0.98
0.80
0.64

0.20 0.86
0.40 0.73
0.60 0.60

In this model we have considered only selection of
males in gynodioecious populations with one kind of
hermaphrodite. In reality, whether completely male
individuals or hermaphrodites that are more male are
selected depends on: (1) whether female-sterile muta-
tions or mutations that only slightly modify the male!
female allocation of hermaphrodites arise more easily,
and (2) if slight modifications of the sexual allocation
are the more common, the sexual allocation selected in
hermaphrodites depends on the set of all relative
fertilities possible for the hermaphrodites and on the
characteristics of sex determination, including the
characteristics of cytotypes and the deleterious effects
of restorers.

Nuclear—cytoplasmic interactions allow females and
sometimes males or more male-biased hermaphrodites
to be maintained. This can allow selection to act on
these new sexual phenotypes (Gouyon & Couvet,
1985) and/or change the outcrossing rate of the
population. If this occurs, a new reproductive system
could be stable even if the nuclear—cytoplasmic poly-
morphism is finally lost. The consequences of
nuclear—cytoplasmic interactions on reproductive sys-
tems are thus probably even more important than is
shown here.
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Appendix: evolution of genotype frequencies
Two-locus model for the control of sex

Notations are the same as in the text and in Table 1.
Deleterious effects of restorer alleles have the same
value for Ri and R2(dml= dm2 dm, dl= df2= df)and
for R'l and R'2 (d111'l= dm'2= dm', 4'l= 4'2= 4').

The relative frequencies of genotypes in ovules at
the next generation are:
for ovules Clrlr2: {Clrlrlr2r2 + (1 — d1) ClrlrlR2r2

+(1 — df') ClrlrlR'2r2J+ j9.(1 — d1) [ClRlrlr2r2
+(1 — d1) C1R1r1R2r2+(1 — df') C1RJr1R'2r2j;

for ovules C1R1R'2: j3(1 — d1)(1 — df')[L C1RJr1R'2r2
+ . C1RJr1R'2R2+ . CJRJr1R'2R'2
+ . C1R1RJR'2r2+.C1R1R1R'2R2
+ C1R1R1R'2R'2]; etc.

Ovules C1R'l. and C2R'2. cannot exist because the
individuals C1R'l... and C2. .R'2. are male. That
implies that genotypes CiR 'iR 'i.. do not exist either.

The relative frequencies of genotypes in pollen at
the next generation are:
for pollen rlr2: a. (1 — dm ){ CiRirirjrj

+(1 — dm)CiRiriRjrj+(1 — dm')CiRiriR'jrj]
— dm')[CiR'irirjrj+(1 — dm)CiR'iriRjrj

+(1 — dm')CiR'iriR'jrjI, with (i,j) =(1,2) and (2,1);
for pollen R1R'2: a(1 — dm')(l — dm)[iC1R1r1R'2r2

+ C1R1riR'2R2 + 4.CJRJr1R'2R'2+4. CIRIRJR'2r2
+4. C1R1R1R'2R2+ C1R1R1R'2R'21

— dm')2[4. C1R'1R1R'2r2+4. C1R'1RJR'2R2
+ CIR'IR1R'2R'2] + (1 — dm)( 1 — dm')[4. C2R1r1R'2r2
+ 4. C2R1r1R'2R2 + 4. C2R1R1R'2r2
+ 4. c2R1R1R'2R2] + ( 1 — dm')2[4. C2R'1R1R'2r2
+4. c2R'1R1R'2R2]; etc.
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The frequencies of genotypes at the next generation
are obtained by multiplying the frequencies of ovules
and pollen and dividing them by the total ovule and
pollen productions:
total ovules = [Ciririrjrj+ (1 — df)[CiririRjrj+ CiririRjRj]

— d11)CiririR'j.]+ — df)[CiRirirjrj
+ CiRiRirjrj+ (1 —

d1 ) [ CiRiriRjrj+ CiRiriRjRj
+ CiRiRiRjrj+ CiRiRiR1R1]+(1 — df')[CiRiriR'j.
+ CiRiRiR'j.jj;

with (i,j) = (1,2) and (2,1);
total pollen a (1 — dm ) [CiRirirjrj + CiRiRirjrj

+(1— dm ) [CiRiriRjrj+ CiRiriRjRj+ CiRiRiRjrj
+ CiRiRiRjRj}+(l dm')[CiRiriR'j. + CiRiRiR'j.]}

— dm')[CiR'irirjrj+ CiR'iRirjrj
— dm)[CiR'iriRjrj+CiR'iriRjRj+ CiR'iRiRjrj

+ CiR'iRiRjRj]+(l — dm')[CiR'iriR'j.
+ CjR'jRjR'j.]];

with (4j)= (1,2) and (2,1).

Three-locus model for the control of sex
Notations are the saffie as in the text and in Table 2.
The deleterious effects of restorer alleles have the same
values for R 1 and R2.

The relative frequencies of genotypes in ovules at
the next generation are:
for ovules Clrlr2m: [Clrlrlr2r2mm +4. 61 ri rlr2r2Mm]

+4(1 — df ) [ClrlrlR2r2mm +4. ClrlrlR2r2Mm]
+,3.4(1 — d1){ClRlrlr2r2mm
+4(1 — df)ClRlrlR2r2mm];

for ovules CJr1R2M: (1 —df ) [4. ClrlrlR2r2Mm
+4. Girlr1R2r2MM +4. CJr1r1R2R2Mm
+ GJr1r1R2R2MMJ; etc.

Ovules C1R1. M and C2. R2M cannot exist because
the individuals C1R1. . . M. and C2. .R2.M. are male.
Genotypes CiRiRi. .MM do not exist either.

The relative frequencies of genotypes in pollen at
the next generation are:

for pollen rlr2m: a .4(1 — dm )[C'iRirirjrjmm
+4(1 —dm)CiRiriRjrjmml+4(1 dm)
[CiRirirjrjMm +4(1 — dm )CiRiriRjrjMm],

with (i,j)=(l,2) and (2,1);

for pollen R1r2M: (1 — dm ) [L ClRlrlr2r2Mm
+ 4. C1R1rJr2r2MM+4. C1R1RJr2r2Mm]
+ 4(1 — dm )2[1 CJRJr1R2r2Mm + 4. C1R1r1R2r2MM
+4. G1R1R1R2r2MmJ+4(1 — dm)2[4. C'2RlrlR2r2Mm
+ 4. C2R1rJR2r2MM+4. C2R1R1R2r2Mm
+ C2R1R1R2r2MM]; etc.

The frequencies of genotypes at the next generation
are obtained as above.

total ovules = Ciririrjrj.. +(1 — df )CiririRj...
+fi(1—df)CiRi.rjrjmm+/3(1—df)2CiRi.Rj.mm;

with(i,j)=(1,2) and (2,1);

total pollen = a (1 — dm )CiRi. rjrjmm
+ a(1 — dm)2CiRi.Rj.mm+(1 — dm)CjRj.TJTJM.
+(1—dm)2CiRi.Rj.M.;with(i,j)=(1,2)and(2,1).
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Gynodioecy is defined as the coexistence of two different sexual morphs in a population: females and
hermaphrodites. This breeding system is found among many different families of angiosperms and is
usually under nucleo-cytoplasmic inheritance, with maternally inherited genes causing male sterility and
nuclear factors restoring male fertility. Numerous theoretical models have investigated the conditions for
the stable coexistence of females and hermaphrodites. To date, all models rest on the assumption that
restoration of a given male sterile genotype is controlled by a single Mendelian factor. Here, we review data
bearing on the genetic determinism of sex inheritance in three gynodiecious plant species. We suggest that
restoration of male fertility is probably best viewed as a quantitative trait controlled by many loci. We
develop a threshold model that accommodates an underlying polygenic trait, which is resolved at the
phenotypic level in discrete sexual morphs. We use this model to reanalyse data in Thymus vulgaris, Silene
vulgaris and Plantago coronopus. A simple Mendelian inheritance of sex determinism is unlikely in all three
species. We discuss how our model can shed additional light on the genetics of restoration and point
towards future efforts in the modelling of gynodioecy.

Keywords: cytoplasmic male sterility; quantitative threshold model; sex determination

1. INTRODUCTION
Plants with gynodioecious breeding systems are composed
of populations where hermaphrodites, bearing perfect
flowers, coexist with females. Gynodioecy is a widespread
condition found among many angiosperm families. The
sex determination mechanism of females and hermaphro-
dites is crucial for understanding the evolution and
maintenance of this sexual polymorphism. For most
gynodioecious species, a combination of cytoplasmic
genes causing male sterility (hereafter CMS) and nuclear
restorer alleles determine the sex of an individual plant
(reviewed in Charlesworth 1981). In short, female plants
carry a CMS gene blocking the development of functional
anthers, while hermaphrodites either do not have such a
CMS gene or carry at least one nuclear restorer allele that
restores male function. Different CMS genes can coexist
within a species and even within a population (e.g. Van
Damme & van Delden 1982; Koelewijn & van Damme
1995a; Manicacci et al. 1996), each with its own specific
nuclear restorer allele(s). The molecular mechanism
responsible for male sterility is still unknown, but CMS
has been attributed to a (chimeric) open reading frame
(ORF) in the mitochondrial genome (e.g. in Zea mays,
Brassica napus, Petunia spp.). CMS associated genes are
thought to be derived from portions of known genes fused
with unknown sequences (Wise & Pring 2002). These new
ORFs encode proteins that are believed to interfere with

pollen production, causing male sterility. Nuclear
restorers alter the expression of these CMS associated
genes by modifying their transcripts and suppressing their
deleterious effects on male function, thereby restoring
male fertility (Schnable &Wise 1998; Bentolila et al. 2002;
Wise & Pring 2002).

The important feature of such a sex determination
system is that CMS genes are located in the mitochondria,
and thus are usually maternally inherited (Reboud & Zeyl
1994). Therefore, a CMS gene can invade a population of
hermaphrodites provided that females who carry it have
even a slight female fitness advantage compared to the
female fitness of hermaphrodites (Lewis 1941). Higher
seed set in females than hermaphrodites is indeed often
observed (e.g. review in Delph 1999). For the females to
be maintained in the population, however, polymorphism
at nuclear restorer loci is needed, as the fixation of a
restorer allele would cause the female phenotype to
disappear. Evidence of ‘hidden’ CMS genes, masked by
the fixation of nuclear restorers is found in many crop
species where CMS is recovered after crosses between
different lines or species for example, maize, rice (Oryza
sativa) and sunflower (Heliantus annuus) (Schnable &
Wise 1998). Maintenance of a polymorphism for nuclear
restorer alleles is, however, possible if one assumes a cost
of carrying such an allele in an alien cytoplasm (e.g.
Charlesworth 1981; Frank 1989; Gouyon et al. 1991). A
nuclear restorer allele is then selected for when in
combination with the cytoplasm it restores, and selected
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against otherwise. This generates frequency-dependent
selection on both the CMS and nuclear restorer alleles.
Empirical evidence for costs of restoration is still sparse
but the existence of costs have been demonstrated in
Plantago lanceolata (de Haan et al. 1997) and Lobelia
siphilitica (Bailey 2002).

Most theoretical studies on the maintenance of nucleo-
cytoplasmic gynodioecy have made the simplifying
assumption that, despite variation in CMS genes, each
CMS only needs one restorer allele in order to have its
male function restored, and in its simplest form the
nuclear restorer allele is assumed to be dominant to the
maintainer allele (Charlesworth 1981; Gouyon et al. 1991;
see Bailey et al. 2003 for the study of other patterns of
dominance and Saur Jacobs & Wade 2003 for a recent
review of the theory). However, empirical studies show
that some CMS genes may need a combination of two or
more nuclear restorer alleles in order to have their male
function restored. For example, in maize the T-cytoplasm
causing male sterility is restored by the joint action of the
nuclear restorer allele Rf2 in combination with one to
three additional restorers (Schnable & Wise 1998; Wise
et al. 1999). Koelewijn & van Damme (1995b) suggested
that at least five restorer loci were involved in restoring
male sterile cytoplasms of Plantago coronopus, and Dudle
et al. (2001) found that sex determination in L. siphilitica
seemed to vary among cytoplasms with one CMS gene
being restored by a single dominant allele, while
restoration of other CMS only could be explained by the
action of several nuclear loci and/or epistatic effects.

Here we propose that several loci with additive effects
may be involved in restoring a single CMS. The idea
emerged when reanalysing data of experimental crosses
of the gynodioecious Thymus vulgaris from Assouad
(1972). Sex determination in T. vulgaris is cyto-nuclear.
In T. vulgaris females, flowers vary in their anther
development. Three different flower types, so-called ‘b-’,
‘c-’ and ‘d-’females, can be distinguished depending on
the development of the sterile anthers (Thompson et al.
2002). A female plant carries only one type of flower. Such
flower polymorphisms have also been reported from other
gynodioecious species and have been proposed to be
simply due to the action of different CMS genes blocking
the development of anthers at different stages (e.g. Van
Damme & van Delden 1982). Thus female offspring of a
female plant should all have the same flower type as their
maternal plant, as they all carry the same cytoplasm.
However, analysis of female offspring from the three types
of in T. vulgaris shows that although the maternal flower
type is the commonest phenotype in the female offspring, a
female can produce female offspring with all three flower
types. Moreover, the sex ratio in the offspring also
varies among females of different flower types (figure 1).
When pollinated by a single pollen donor, b-females
produce more hermaphrodites than c-females (Fischer’s
exact test, p!0.0001) which in turn produce more
hermaphrodites than d-females (Fischer’s exact test,
p!0.0001; see figure 1). The same pattern is also found
in open pollinated b-, c- and d-females (data not shown).
These results show that (i) females of T. vulgaris vary in
their restoration ability and (ii) that the female types which
morphologically resemble hermaphrodites most (type b)
also have a higher proportion of hermaphrodites in
their offspring compared to females whose flowers have

only little or no male organ vestiges. Gigord et al. (1999)
also found that females with bigger corollas, which
morphologically resemble hermaphrodites most, have a
higher percentage of hermaphrodites in their progeny. The
morphological gradation from d- (females with no male
organs) to b-females (hermaphrodite-like) suggests that
the restoration could be viewed as a quantitative trait
controlled by several nuclear loci.

Below, we develop a threshold model for sex determi-
nation in gynodioecious species. We reanalyse data sets
consisting of controlled crossing experiments from three
different gynodioecious species (P. coronopus, T. vulgaris
and Silene vulgaris). We show that our model can
satisfactorily explain sex inheritance in such crosses.
Finally, we discuss the value of our model and how it
differs from Mendelian approaches adopted so far.

2. A THRESHOLD MODEL FOR SEX INHERITANCE
Threshold models have been widely used to model traits
that are discrete at the phenotypic level but thought to be
governed by polygenic inheritance. Traits whose inheri-
tance have been successfully modelled through that
framework include disease susceptibility, winglessness in
insects (see Roff 1996 for a review) or more recently
different sexual morphs (euphallic versus aphallic individ-
uals) in snails (Ostrowski et al. 2000). Here, we assume
that the discrete phenotypes (hermaphrodites and
females) are controlled by an underlying trait, which we
refer to as ‘maleness’. Note that this trait is not actually
observable. We assume that maleness is controlled by a
large number of loci with additive gene action and is
normally distributed in a population. The fraction of
individuals that have a trait value higher than a given
threshold, T, will have a hermaphrodite phenotype,
whereas the remaining individuals will have a female
phenotype (see figure 2a). Below, we outline our model for
the case of a binary phenotype (female versus hermaph-
rodite), but the model can easily be extended to cases
involving more than two phenotypes (see appendix).
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Figure 1. Mean proportion of hermaphrodites (Gs.e.) in
offspring of b-, c- and d-females (see text for further
explanation) of Thymus vulgaris. Proportions are based on
pooled offspring from 10 b-females (nZ344 offspring), 17
c-females (nZ764 offspring) and 18 d-females (nZ704
offspring). Several pollen donors were used for these crosses,
but each female was only crossed to a single pollen donor.
Data extracted from Assouad (1972).
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(a) Predicted proportions of hermaphrodites

in a cross

We consider a cross between (i) a female (or a
hermaphrodite maternal parent) carrying the CMS type
i having genetic value Mi

F and (ii) a (hermaphrodite) male
parent with genetic value Mi

H. These two parents are
randomly sampled from a population where maleness is
normally distributed. Given the assumptions above, an
offspring from that cross will inherit a genetic value, G,
which is normally distributedwithmeanmZ1=2ðMi

HCMi
FÞ

and variance s2. The expected proportion of hermaphro-
dite phenotypes in such a cross is then

pH Z
ðCN

T
fGðxÞdx; (2.1)

where FG is the probability density function of a Normal
distribution with mean m and variance s2.

(b) Maximum likelihood estimation of the

parameters of the threshold model

A dataset (see below) will typically consists of a series ofN
crosses involving n male parents with genetic values
Mi

H1;M
i
H2;.;Mi

Hn crossed to a series of m female parents
with values Mi

F1;M
i
F2;.;Mi

Fm. Let us ‘label’ the crosses
c1,c2,.,cN. Within the jth cross we observe nfj females and
nhj hermaphrodites. If we assume that the threshold model
outlined above governs inheritance of sexual phenotypes
in such a cross, we can write the likelihood of such data as

[ðcjÞZ
nfj Cnhj

nhj

 !
p
nhj
H ð1KpHÞnfj ; (2.2)

where pH is the probability defined by equation (2.1). The
likelihood of the whole dataset is then (assuming N
independent crosses)

[D Z
YN

jZ1

[ðcjÞ:

Maximum likelihood estimates (hereafter MLE) of the
parameters of the model can be obtained by maximizing
[D over the space of parameters. The parameters are the
genetic values of the different parents involved in the
crosses, i.e. MF’s and MH’s values, the within-family
variance s2 and the value of the threshold T. Our focus
here is predicting the sex ratio of progeny using our
threshold model and not to estimate components of
variance or the heritability of the maleness trait. We will
restrict our analysis to crosses involving unrelated
individual resulting in progeny that are assumed to be
outbred, and thus assume that within-family variances are
identical for a given species dataset. Without loss of
generality we can set the within-family variance to s2Z1
and set the threshold to TZ0. Note that assuming a
different value for T would only shift all genetic values
accordingly but would not change the predicted sex ratios
under the threshold model. If only a single cross was
available as data, the genetic value of the mother,MF1 and
the father MH1 of the cross would not be estimable, only
their sum would (as it determines the mean of the
distribution of within-family values for maleness). But as
data from more independent crosses involving the same
parents are available, all parental genetic values can be
estimated (§3 for details on the type of crosses analysed for
each species) provided that at least k crosses are available
(if k parental genetic values are to be estimated). Note,
however, that some maternal effects may be embedded
into the maternal genetic value we estimate.

The likelihood of the data under the threshold model
can be compared with a saturated model fitting the data
perfectly. The saturated model is obtained by setting in
equation (2.2) the ps to their observed value for each cross.
Our threshold model is nested within this saturated
model, and a likelihood ratio test, also known as a
G-test, can therefore be used to assess the fit of our
model relative to the saturated model. A large value of G
indicates that the saturatedmodel fits the data significantly
better and that some of the variation in sex ratio is not
accounted for by the threshold model. The G-statistic is
distributed as a chi-square with d degrees of freedom,
where d is the number of parameters fitted in the saturated
model minus the number of parameters used by the
threshold model. All calculations were carried out using
MATHEMATICA 4.1 (Wolfram 1996) and likelihoods were
maximized numerically using the function FindMinimum.

3. DATA ANALYSIS
(a) Plantago coronopus

The data of Koelewijn & van Damme (1995b) consist of
controlled crosses made between plants sampled at two
locations, ‘KwadeHoek’ (hereafter KH) and Oostvoornse
meer (hereafter OM). Within each location, two ecologi-
cally different sites were surveyed: (i) KH, a dune a salt
marsh and (ii)OMadune and ameadow.At each site, three
hermaphrodites and two females were sampled within an
area of about 50 m2. The following crosses were made
(omitting data from selfing hermaphrodites that are not
meeting the assumption of outbred progeny of our model).

Each female was crossed with every hermaphrodite used as
a male parent resulting in 6 sets of offspring.
Hermaphrodites were crossed with each other (including
reciprocal crosses) resulting in 6 sets of offspring.

m T maleness

pH

hermaphrodite

hermaphroditefemales (MS)

mTPMS TH maleness

pHpMS

pPMS

PMS

female

(a)

(b)

Figure 2. Graphical representation of the threshold model.
(a) A two-morph threshold model with females and
hermaphrodites. A single threshold T (dotted line) is used
(b). A three-morph threshold model featuring females,
partially male sterile (PMS) and hermaphrodites. Two
thresholds, TPMS and TH, are used.
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In total, there were thus 12 sets of crosses per site

involving five different parents. The data used here are
extracted from the subtables ‘first generation crosses’ of
tables 1–4 from Koelewijn & van Damme (1995b). The
maternal plants have two possible cytoplasms, which are,

respectively, denoted by cytoplasm 1 and 2. Within each
set of offspring, three categories of individual were
recorded: (i) male sterile (MS or females), (ii) partially
male sterile (PMS) and (iii) hermaphrodites (H). The
categories PMS and H were pooled in a single category (as

done by the authors in the original paper).
The threshold model was fitted by estimating eight

parameters (three genetic values of the hermaphrodites for
each of the two cytoplasms and the two genetic values of

the mothers). These genetic values were then used to
predict sex ratios within each cross. Our threshold model
predicts well the proportion of hermaphrodites for all but
a few crosses from the last sampling site (OM meadow;

table 1). Accordingly, the saturated model does not the fit
the data better than our reduced model in two of the four
sites (table 1).

(b) Thymus vulgaris

We reanalysed data from the study of Belhassen et al.
(1991), also analysed by Charlesworth & Laporte (1998)
using several Mendelian models. The data consisted of

crosses of nine female plants all descended from the same
maternal plant, i.e. all carrying the same cytoplasm,
crossed to six hermaphrodites from the same population
as the female plants. Not all possible crosses among the 15

plants (nine females, six hermaphrodites) were performed
but, each hermaphrodite was crossed with four of the nine
females (see table 5 in Belhassen et al. 1991) and the sex
ratio of the offspring was recorded. Using available data

from all 24 independent crosses, we fitted our model by
estimating the genetic value of female and hermaphrodite
plants (one for each parent so 15 parameters in total). This
allowed us to obtain the sex ratios predicted under the

threshold model for comparison with the observed ones.
The model predicts the sex ratio very well, except for
crosses with very few offspring (table 2; cross c10 and
c17). Over all, due to those crosses where predictions from
the threshold model are off by a few percent, the saturated

model fits the data better than our reduced model.

(c) Silene vulgaris

Charlesworth & Laporte (1998) analysed data from

several crossing experiments involving individuals orig-
inating from two different populations of S. vulgaris. The
data we could use to apply to the threshold model from
that study was, however, limited as individuals had to

involved in several different crosses in order to obtain be
able to estimate their parental genetic value. Given these
requirements, five crosses (crosses 18–22 from table 6 in
Charlesworth & Laporte 1998) were used. Our threshold

model was fitted using four parameters (one for each
parent involved in the crosses). The threshold model
provides a good fit between observed and expected
proportion of hermaphrodites in all five crosses, and the

saturated model does not fit the data significantly better
(table 3).

Table 1. Observed (obs. H ) and expected (exp. H ) values of
proportion of hermaphrodites in offspring of Plantago
coronopus under the threshold model.
(Data was obtained from tables 1–4 in Koelewijn & van
Damme (1995b); n, number of offspring in each cross; cross
no. refers to the numbering used in the original presentation
of the data. Gthreshold is the statistic comparing the fit of the
threshold model relative to a saturated model fitting the data
perfectly. Within each site, Gthreshold is distributed as a chi-
square with 4 degrees of freedom (12 crosses minus eight
parameters fitted in the threshold model).)

cross exp. H obs. H n Gthreshold

site: KH-dune
c107 0.999 0.977 43 4.401
c109 1 1 75 0
c108 0.978 1 75 3.337
c111 1 1 62 0
c110 1 1 79 0
c112 0.932 0.932 59 0
c35 1 1 70 0
c36 0.96 0.986 70 1.589
c37 0.472 0.437 71 0.358
c38 1 1 72 0
c39 0.802 0.806 72 0.006
c40 0.809 0.809 68 0
total 9.710 ( pZ0.046)
site: KH-salt march
c101 0.998 1 66 0.264
c103 1 1 55 0
c102 1 1 59 0
c105 0.887 0.9 10 0.0175
c104 1 1 61 0
c106 0.769 0.768 181 0.001
c29 0.567 0.565 62 0.002
c30 0.38 0.382 68 0.002
c31 0.781 0.781 73 0
c32 0.833 0.833 72 0
c33 1 1 72 0
c34 1 1 70 0
total 0.287 ( pO0.5)
site: OM-dune
c83 1 1 76 0
c85 0.897 0.865 133 1.385
c84 1 1 66 0
c87 1 1 78 0
c86 0.665 0.7335 75 1.634
c88 1 1 64 0
c23 0.908 0.971 68 4.237
c24 0.45 0.45 60 0
c25 0.688 0.612 67 1.737
c26 0.944 0.944 72 0.0003
c27 0.185 0.185 54 0
c28 0.531 0.531 64 0
total 8.99 ( pZ0.06)
site: OM-meadow
c77 0.469 0.469 81 0
c79 0.976 1 69 3.352
c78 1 1 78 0
c81 0.967 1 62 4.161
c80 0.999 0.986 72 3.418
c82 0.999 0.987 76 3.317
c17 0.221 0.027 75 24.06
c18 0.973 1 71 3.89
c19 0.852 1 76 24.35
c20 0.682 0.826 69 7.367
c21 0.999 1 75 0.150
c22 0.989 0.901 71 18.83
total 92.9*** ( p!0.001)
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4. DISCUSSION
(a) Patterns of sex inheritance in Plantago,
Thymus and Silene

In all three species, the models suggested by the authors as
best fitting the observed sex ratio, all depart from a single
Mendelian factor. Amodel with two loci was used to fit the
T. vulgaris data (Charlesworth & Laporte 1998), three loci
in the case of S. vulgaris (Charlesworth & Laporte 1998)
and up to five loci were needed in the case of P. coronopus
(Koelewijn & van Damme 1995b). All authors presented
goodness of fit test (G-tests) to assess how well their
Mendelian model of sex inheritance fitted the actual data.
Accordingly, we also assessed the fit of our threshold
model relative to a saturated model.

However, there is no simple way of comparing the fit
of the threshold model with the Mendelian models
used previously, because the two classes of models are
not nested. Akaike’s information criteria (Burnham &
Anderson 1998) could potentially be used to compare
these. But, such comparisons do not make sense here as
the previous analysis performed by the authors actually
proceeded by sequentially rejecting a number of simple
Mendelian models, adding loci and/or dominance and
epistasis until a satisfactory fit was achieved. It is then very
hard to decide whether the last model retained fits the data
robustly or if the achieved fit was partly due to chance.

The procedure is best described by Koelewijn & Van
Damme (1995b, p. 1771): ‘Because the minimum overall
model gave a bad fit, we have to assume the involvement of
further (population specific) genes. All possible crosses
can then be explained, but for every deviant cross a new
locus has to be assumed. The number of genes involved
thus increases rapidly, approaching polygenic determi-
nation of sex’. Instead of comparing the relative fits of the
two classes of models we concentrate on the ‘absolute’ fit
achieved by both types of approach.

Overall, assuming that restoration of cytoplasmic male
sterility is a quantitative trait, does at least as good a job in
explaining the data, in terms of absolute goodness of fit, as
assuming that restoration is a classical Mendelian trait
(compare observed and predicted proportions of her-
maphrodites under the threshold model and G-tests in
tables 1–3). In the Plantago data, the threshold model
predicts accurately the observed sex ratios in three out of
the four sites. In the last site (OM-dune), sex ratios
predicted by the threshold model are off by 15–20%
compared to the observed sex ratios in three of the 12
crosses where the Mendelian fits the data much better.
This may be due to the fact that highly skewed sex ratios,
very close to either 0 or 1, are not adequately captured by
the Gaussian assumption of the threshold model when
assuming homogeneous within-family variance. In the
Thymus data, ignoring crosses with very few offspring,
observed sex ratios are accurately predicted. Finally, the
threshold model fits the sex ratios in the Silene dataset well
whereas Mendelian models performed rather poorly in
two of the five crosses reanalysed here (see table 6 in
Charlesworth & Laporte 1998).

(b) Biological insights on the restoration of CMS

The data from P. coronopus consists of offspring from
crosses involving two different cytoplasms. This gives us
the opportunity to examine whether the restoration of
cytoplasms 1 and 2 can be viewed as two different traits.
We built two nested models that make different assump-
tions regarding restoration of male fertility. Model 1
assumes that the genetic value of a father changes with the
cytoplasm into which his pollen is applied—this may be a
reasonable assumption if the nuclear genes have different
restoration effects depending on the cytoplasm it is crossed

Table 2. Observed (obs.) and expected (exp.) values of
proportion of hermaphrodites in offspring of Thymus vulgaris
under the threshold model.
(Data was obtained from Belhassen et al. (1991). Cross no.
refers to the number of family numbers used Charlesworth &
Laporte (1998); n, number of offspring in each cross.
Gthreshold is the statistic comparing the fit of the threshold
model relative to a saturated model fitting the data perfectly.
Gthreshold is distributed as a chi-square with 9 degrees of
freedom (24 crosses minus 15 parameters fitted in the
threshold model).)

cross exp. H obs. H n Gthreshold

c1 0.0235 0 44 2.093
c2 0.029 0.091 22 1.935
c3 0.021 0 9 0.382
c4 0.0346 0.031 32 0.011
c5 0.269 0.379 29 1.671
c6 0.333 0.268 41 0.802
c7 0.461 0.379 29 0.789
c8 0.362 0.412 34 0.358
c9 0.148 0.143 21 0.004
c10 0.195 0.286 7 0.332
c11 0.299 0.292 24 0.006
c12 0.218 0.2 20 0.039
c13 0.174 0.222 9 0.136
c14 0.031 0 41 2.582
c15 0.161 0.182 11 0.034
c16 0.257 0.290 31 0.176
c17 0.077 0.5 2 2.516
c18 1 0.922 51 7.678
c19 0.0698 0.072 57 0.0001
c20 0.127 0.097 31 0.275
c21 0.232 0 13 6.863
c22 0.059 0.091 44 0.699
c23 0.414 0.468 47 0.561
c24 0.319 0.289 38 0.155
total 30.10 ( p!0.001)

Table 3. Observed (obs.) and expected (exp.) values of
proportion of hermaphrodites in offspring of Silene vulgaris
under the threshold model.
(Data obtained from Charlesworth & Laporte (1998;
table 6). Cross no. refers to the family number used in
Charlesworth & Laporte (1998); n, sample size in number of
offspring. Gthreshold is the statistic comparing the fit of our
threshold model relative to a saturated model fitting the data
perfectly.Gthreshold is distributed as a chi-square with 1 degree
of freedom (five crosses minus four parameters fitted in the
threshold model).)

cross exp. H obs. H n Gthreshold

c18 0.08 0.08 25 0
c19 0.799 0.75 24 0.340
c20 0.67 0.72 25 0.291
c21 0.08 0.12 25 0.477
c22 0.036 0 25 1.818
total 2.93 ( pZ0.09)
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with. Model 2 is nested within model 1 and assumes that
the genetic value of a father is the same no matter which
cytoplasm the pollen is crossed with. Table 4 summarizes
the likelihood of the P. coronopus data under the two
competing models. The G-statistic reveals that in three
sites out of four, the model 1 fits the data far better than
the alternative. In the fourth sampling site, the reduced
model that assumes a single genetic value for each father
fits the data extremely well, leaving little room for
improvement using model 1.

The estimated genetic values of hermaphrodites on
cytoplasm 1 show no correlation with those of the same
hermaphrodites on cytoplasm 2 (rZ0.041, pO0.1). If a
positive correlation was found, hermaphrodites good at
restoring cytoplasm 1 should also be good at restoring
cytoplasm 2 and thus the restoration of the two cytoplasms
could be regarded as a single trait. The absence of a
correlation between the genetic values, suggest that
restoration of the two cytoplasms may be viewed as two
independent traits. Note that sampling errors around the
estimates of genetic values may reduce the power to detect
correlations between the two traits. However, comparison
of the relative fit of model 1 versus model 2 (table 4; LRT)
indicates that the full model is often much better at
explaining the data. This supports the idea the that ability
to restore cytoplasm 1 is indeed independent of the ability
to restore a different type of cytoplasm 2.

Our threshold model can also be used to estimate
genetic values and thus characterize individuals with
respect to their restoration ability. Such information is
important in designing future crosses both in crop
improvement where some breeding programmes routinely
use cytoplasmic male sterilities and to generate testable
predictions to investigate further patterns of sex inheri-
tance in gynodioecious species.

(c) Extending the threshold model to incorporate

intermediate morphs

In many gynodioecious species intermediate forms are
reported. In T. vulgaris the b-type female could represent
such an intermediate form. In Beta vulgaris two types of
females coexist, the female type with more developed
stamens has, like in Thymus, more hermaphrodites in its
progeny (Boutin-Stadler et al. 1989). In Plantago species
partial male steriles (PMS) are often reported in
significant numbers (e.g. van Damme & van Delden
1982, Koelewijn & van Damme 1995b), and in S. vulgaris
both PMS and female plants with different levels of anther
development have been found (Charlesworth & Laporte
1998). The significance of these intermediate morphs for
the evolution of cytoplasmic male sterility has not yet been

investigated in detail, and they are usually just pooled with
the female or the hermaphrodite morph in the analysis of
crosses. Our threshold model provides a natural frame-
work to take into account such morphs. The extension of
the threshold model from two morphs to three morphs is
straightforward (see appendix). Briefly, we still use a single
underlying trait (termedmaleness) but use two thresholds.
For a maleness measure lower than the first threshold, the
male sterile phenotype will be produced. For maleness
between this and the next threshold, PMS will be observed
and hermaphrodites correspond to individuals with
maleness above the second threshold (see figure 2b). We
used Koelewijn & van Damme’s data on P. coronopus for
the number on intermediates and analysed the data under
the three morph threshold model. The model predicts well
the proportion of females, hermaphrodites and intermedi-
ates (see appendix).

In conclusion, we have developed a threshold model to
study sex inheritance in gynodioecious species. Use of that
model to analyse patterns of inheritance in three different
species show that viewing restoration of cytoplasmic male
sterility as a quantitative trait is an alternative approach to
understanding the often complicated restoration patterns
of cytoplasmic male sterility. Moreover, the threshold
model also allows us to deal with the PMSwhich are largely
neglected when fitting Mendelian inheritance models.

Viewing restoration of male sterility as a polygenic trait
calls for further research examining how different genetic
determinism of sex inheritance shapes selection on CMS
and restorer alleles. Models of the maintenance of
gynodioecy have assumed so far that there are large fitness
differences between sexual morphs and strong frequency
dependent selection on nuclear restorer alleles. Alternative
models assuming that restoration is a gradual process
where fitness gains and costs are spread over a relatively
large number of loci throughout the genome could
potentially lead to different dynamics dominated by
weak selection.

We thank M. H. Schierup, F. B. Christiansen and D.
Charlesworth for their constructive criticism and comments
on the previous version of this manuscript.

APPENDIX. EXTENSION OF THE THRESHOLD
MODEL TO THREE MORPHS
Three ordered categories of sexual phenotypes are
assumed: male sterile, partially male sterile and hermaph-
rodites. These categories correspond to the data of
Koelewijn & van Damme (1995b).

Let pH, pPMS, pMS be the probability of producing,
respectively, a hermaphrodite, a partially male sterile

Table 4. Likelihood of Plantago datasets under two competing threshold models for sex inheritance.
(l1, likelihood of data under threshold model 1 which was fitted using eight free parameters (two genetic values for each of the
three hermaphrodite and two genetic values for the females). l2, likelihood of data under threshold model 2 which was fitted with
five free parameters (one genetic value for each parent). G: log likelihood ratio test for comparisons of model 1 and 2. G is
asymptotically distributed as a chi-square with three degrees of freedom.)

dataset l2 l1 G

KH-dune 1.974!10K8 8.993!10K14 24.6 ( p!0.0001)
KH-meadow 3.810!10K6 1.657!10K11 24.7 ( p!0.0001)
OM-dune 9.108!10K10 1.839!10K11 7.8 ( pZ0.05)
OM-meadow 1.19!10K28 4.389!10K42 61 ( p!0.0001)
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phenotype and a male sterile phenotype. That probability
is a function of the mean value of the family for maleness
as well as two thresholds TPMS and TH. Assuming that
maleness is normally distributed with mean m and variance
s2, the expected proportion of each morph are

pH Z
ðCN

TH

fGðxÞdx;

pPMS Z
ðTH

TPMS

fGðxÞdx;

pMS Z
ðTPMS

KN
fGðxÞdx:

9
>>>>>>>>=

>>>>>>>>;

(A 1)

Here fG is the density of a normal distribution with mean
m and variance s2.

If within the j th cross n1 male sterile, n2 partially male
sterile and n3 hermaphrodites are observed, the likelihood
associated with that dataset is

[ðcjÞZ
ðn1 Cn2 Cn3Þ!

n1!n2!n3!
pn1MS p

n2
PMS p

n3
H ; (A 2)

where the ps are the probabilities defined by equation
(A 1). The likelihood of the whole dataset is then
(assuming N independent crosses)

[D Z
YN

jZ1

[ðcjÞ: (A 3)

As for the two morphs model, MLE of the parameters of
the model can be obtained by maximizing [D over the
space of relevant parameters (the parental genetic values
and the thresholds).

cross MS PMS H n

c107 E 0.002 0.03 0.97 43

O 0.02 0.21 0.77

c109 E 0.001 0.02 0.98 75

O 0 0.08 0.92

c108 E 0.04 0.17 0.79 75

O 0 0.15 0.85

c111 E 0.04 0.17 0.79 62

O 0 0.08 0.92
c110 E 0.04 0.16 0.80 79

O 0.0 0.14 0.86
c112 E 0.06 0.21 0.73 59

O 0.07 0.24 0.69

c35 E 0.05 0.19 0.76 70

O 0 0.31 0.69

c36 E 0.08 0.23 0.69 70

O 0.01 0.09 0.90

c37 E 0.36 0.36 0.28 71

O 0.56 0.21 0.23

c38 E 0.02 0.12 0.86 72
O 0 0.07 0.93

c39 E 0.12 0.29 0.59 72
O 0.19 0.16 0.65

c40 E 0.21 0.34 0.45 68

O 0.19 0.50 0.31

Observed (O) and expected (E) proportions of male sterile

(MS), partially male sterile (PMS) and hermaphrodite

(H) individuals in P. coronopus at the KH-dune site under a

three morphs model.
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~ The effect of pollen limitation on plant reproductive systems and ~ the maintenance of sexual polyrnorphisms 

Sandrine Maurice and dheodore H. Fleming 

Maurice, S. and Fleming, T. H. 1995. The effect of pollen limitation on plant reproduc- 
tive systems and the maintenance of sexual polymorphisms. - Oikos 74: 55-60. 

Insufficient pollination can affect the reproductive output and the rate of outcrossing of 
individual plants. We use a phenotypic model to explore the effect of pollen limitation 
on the evolution of plant reproductive systems. Compared to situations without pollen 
limitation, we show that conditions for the stability of different reproductive systems 
can change under pollen limitation: hermaphrodites are maintained under a larger set of 
conditions at the expense of unisexual types, especially males. We also show that 
trioecy, Le., coexistence of hermaphrodites, males and females, can be evolutionarily 
stable, which is not the case in the absence of pollen limitation. 

S. Maurice, IREMIA, Université de la Réunion, 97489 St Denis Cedex 09, France 
(present address: Institut des Sciences de I'Evolution, Université de Montpellier II, 
34 095 Montpellier Cedex, France). - T H. Fleming, Dept of Biology, Univ. of Miami, 
Coral Gables, FL 33124, USA. 

~ In their theoretical studies of sex-ratio evolution in gyno- species of Hebe tend to change from hermaphrodism to ~ dioecious populations, Lewis (1941) and Lloyd (1974) dioecy with increasing altitude and changes in the polli- 
proposed that seed production in females compared to nator fauna. The reverse can also be argued: it could be 
hermaphrodites can be affected by pollen limitation. Pol- better to be a self-compatible hermaphrodite if there is a 

1 len limitation can reduce the relative seed production in real lack of pollinators, even if inbreeding depression is 
females compared to hermaphrodites if the strong. Parahebe species from high altitudes have indeed 
hermaphrodites are self-compatible and if selfing re- evolved autogamy (Garnock-Jones 1976 in Delph 1990). 
quires the action of the pollination agent (wind or pollina- Armeria maritima loses its heterostylic incompatibility 

1 tor) to a lesser extent than outcrossing. In animal-polli- system and regains self-compatibiiity at high latitudes 
nated species, a lack of pollinators could also alter the (Baker 1966). Bierzychudek (1987), after studying apom- 
relative fertilities of females and hermaphrodites if ictic and sexual forms of Antennaria parvifolia, proposed 
hermaphrodites are more attractive to pollinators than that apomixis could be an adaptation to the absence of 
females. pollinators in self-incompatible taxa. 

Differences in pollinator activity have also been in- In order to examine the effect of pollen limitation on 
voked to explain changes in reproductive systems within the evolution of plant reproductive systems, we include 

1 and between species. A decrease in pollinator activity, this phenomenon in a phenotypic mode1 of gender selec- 
causing an increase in the selfing rate of hermaphrodites, tion. The severity of pollen limitation can depend not 
could favour the evolution of sexual dimorphism (gyno- only on the efficiency of the pollination agent but also on 
dioecy or dioecy) to enforce outcrossing (Heine 1937 in the frequency of pollen producers in a population. Lewis 
Delph 1990). Delph (1990) found that sexual systems in (1941) thus proposed that the probability that ovules of 
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females will be fertilised decreases when the frequency of affects the relative fertilities of the different sexual phe- 
non-pollen producers (females) increases in a population. notypes. This ratio will be denoted pf (= p, /p,) in general 
Lloyd (1974) used the following function for that prob- and p, when the frequency of females is O. 
ability: p = 1-f, where f is the frequency of females in the As the fitnesses are relative, we can divide their ex- 
population and x is the average number of pollinator pressions by P, to obtain: 
visits a flower receives. We hypothesise here that pollen 
limitation is likely to reduce the number of outcrossed Wj = l ,  ovules not only in females but also in hermaphrodites. 
We consider a general model where selfing may also [ l;-,] 

aV+hB(l-s)l 
require some pollinator visitation and where the probabil- = p -s+2 + m + a h  ' 
ity that a non-selfed ovule will be fertilised can take 
various forms as a function of the frequency of females. f + h m  -s) 
The mode1 below is simplified in that the "a priori" Wnt = m+ah  ' 
selfing rate is considered fixed, Le., this selfing rate is 
determined by the morphology and phenology of the 
species. The realised selfing rate, i.e., the number of where the poilination factor 'lear1y appears. 
seeds produced by selfing versus the total number of 
seeds produced, does depend on pollination intensity. 

Conditions for the stability of the different 
Mode1 and calculations reproductive systems 

Fitnesses of the sexual phenotypes The three sexual phenotypes can be combined to give 
hermaphrodism, gynodioecy (coexistence of females and 

We follow Charnov et al. (1976) and Charnov (1982) in hermaphrodites), androdioecy (males and 
writing the fitnesses of the different sexual phenotypes hermaphrodites), dioecy (females and males) and trioecy 
and use the following notations: (females, males and hermaphrodites). We searched for 

conditions of stability for each of these reproductive 
a :  relative pollen production of hermaphrodites corn- systems by calculating the conditions under which a new 

pared to males. sexual phenotype will increase in a population with these 
B: relative seed production of hermaphrodites com~ared reproductive systems. The method is the following: 1) at 

to fernales (in the absence of pollen limitation and equilibrium, the fitnesses of the sexual phenotypes pre- 
inbreeding depression). sent in the population are equal; 2) a new sexual type will 

S: "a prion" selfing rate of hermaphrodites, Le., in the increase if its fitness (when this new sexual type is rare) is 
absence of pollen limitation (the realised selfing rate greater than the fitness of the present types. The different 
depends on the intensity of pollen limitation and is situations are: 
equal to: sp, l [sp, + (1-s)p,]). 

d: inbreeding depression (fitness of an offspring pro- 
l duced by selfing compared to an offspring produced by Population dioecious, condition for an hermaphrodite 

outcrossing = 1-6). to increase 
p,, p,: probability that a flower will be visited enough to In a dioecious population at equilibrium, Wj = W,, which 

produce selfed (s) or outcrossed (c) seeds. gives m = f = % and Wj = W,, = 1. An hermaphrodite will 
f, m, h: frequencies of females, males and hermaphrodites thus increase if Wh > 1, which gives: 

in the population. 
f,, f,: frequencies of females in gynodioecious and dioe- 

1 cious populations at equilibrium. ,û [ l - s + 2 s y ]  + a > l ;  (1) 
Wf, W,, Wh: relative fitnesses of females, males and 

hermaphrodites. 
The fitnesses of the different sexual phenotypes are: i.e., diOecy is if B - + + a < l. 

w, = Pc, 
[ liDd1 

a[fpc + hp( 1 - s)pCl Population hermaphroditic, condition for a female to 
W ~ = B L ~ - S ) P ~ + ~ ~ ( ~ - ~ ) P ~ I +  m + a h  increase 

A female increases in a hermaphroditic population if Wj> 
fpc + hB(1 - slpc 

W, = Wh, which gives: 
m + a h  

We can see that only the ratio of the probabilities of 
receiving enough pollinator visits to outcross or to self 

p [l-,+,?] < K .  (a) 
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f ,  = 

P .5 

! 

O 
O 5 1 

Population androdioecious, condition for a female to 
increase 

W,, = W,,, gives: m = 

Wf> W ,  gives: a + p  (VI 

In order to have a stable trioecious reproductive system, 
each of the three sexual phenotypes must increase when 
rare. This is obtained when: a) hermaphrodites increase in 
a dioecious population, females increase in a hermaphro- 

i P ditic population and males increase in a gynodioecious 
population; i.e., when (I), ( I I )  and (IV) are true, or b) 
hermaphrodites increase in a dioecious population, males 

D increase in a hermaphroditic population and females in- 
crease in an androdioecious population, i.e., when (1), 
(III) and ( V )  are true. 

In a trioecious reproductive system at equilibrium, Wf 
Fig. 1. Stable reproductive systems depending on the relative = w n  = Wh. Frequencies of the different phen0- 
male (a )  and female (B) fertilities of hermaphrodites, in the types are thus given by the foilowing systems of equa- 
absence of pollen limitation (A), with a weak pollen limitation tiens: 
(B, pl= 1-7) and with a strong pollen limitation (C, pf= 1-B. The 
"a pnori" selfing rate of hermaphrodites, s, is 0.6 and there is a 
weak inbreeding depression (d = 0.3). A: androdioecy, H: her- 
maphrodism, G: gynodioecy, T: trioecy, D: dioecy. 

+ a = l  

Population hermaphroditic, condition for a male to [ f+h+m=l  or, 
increase 

1 -d ( P[l-s+2s( l -d) lp f]+a=l  
1 -s+s - { 2 f + h [ P ( l - s ) + l - a ] = l  

Po ( f + h + m = l  
W,,, > W,, gives: a < %. 

(VI) 
( I I I )  

1 -s  In the absence of pollen limitation (i.e., pf = l ) ,  the 
system is: 

Population gynodioecious, condition for a male to 
increase ( p [ l + s ( l - 2 d ) ] + a = l  
Wf = Wh gives the frequency of females in a gynodioe- { f+hp(l  -sd) = ~ / 2  
cious population as: ( f + h + m = l  
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1 2 

A IN :---yj Results and discussion 
Changes in reproductive systems 
Our calculations indicate that pollen limitation increases 

P .s the range of conditions under which hermaphrodites are 
I D present in a population, even when inbreeding depression 

is strong (Fig. 1, 2, Table 1). This result will hold for any 
function of pollen limitation, as soon as outcrossing in 

O O 
O 5 1 O 5 1 more limited than selfing by the availability of pollen ~ =lN;m (i.e., pf < 1, see the expressions for the relative fitnesses 

of the sexual types). The effect of pollen limitation in- 
creases when the "a priori" selfing rate of hermaphrodites 

1 increases and when the inbreeding depression decreases 
P .5 (see the expressions for the fitnesses and Fig. 2). The 

D 
D 

presence of hermaphrodites can lead to the coexistence of 
the three sexual phenotypes (see details below) or to the 
displacement of males (Fig. 1 and 2, panels B and C show 

O 
O 5 1 O 5 an increase of the gynodioecy area at the expense of 

dioecy; Fig. 2, panels C show an increase of the herma- 
l :y, phrodism area at the expense of androdioecy and dioecy) 
i , andtor females (Fig. 2, panels C show an increase of the 

hermaphrodism area at the expense of gynodioecy and 
P .5 dioecy). When outcrossing and selfing are similarly pol- 

I len limited in the absence of females (pf = l - - ,  panels B 
D 

and C of Fig. 1 and panel B of Fig. 2), conditions for the 
increase of a rare female strategy are obviously similar to 

O O 
O 5 1 O 5 

those in the absence of pollen limitation. The areas of 
a a stability of hermaphrodism and androdioecy thus remain 

l unchanged. When pollinators visitation is more limiting 
Fig. 2. Stable reproductive systems depending on the relative for outcrossing than for selfing even in the absence of ~ male (a)  and female @) fertilities of hermaphrodites, in the 
absence of pollen limitation (A), with pollen limitation in the females ( ~ f  = a (l-y)? panel Fig. 2), then areas of ~ presence of females only (B, pf = 1-8, with pollen limitation stability of the different reproductive systems are mod- 
even in the absence of females (C, pf= 0.7(1,B). In case 1, the "a ified. In both cases, for a given set of parmeters (a priori 
priori" selfing rate of hermaphrodites, s, is 0.5 and the in- relative fertilities, a priori selfing rate, inbreeding dePres- breeding depression, d, is 0.5. In case 2, s = 0.3 and d = 0.8. A: 
androdioecy, H: hermaphrodism, G: gynodioecy, T: trioecy, D: sion), the stable reproductive system can change from 
dioecy. dioecy to trioecy, and from tnoecy to gynodioecy as 

pollination becomes more limiting (Fig. 1 and 2, Table 1). 
The main effect of pollen limitation is to reduce the 

realised reproduction of unisexuals compared to 

Examples hermaphrodites. The realised selfing rate of herma- 
phrodites is of course increased as some ovules fail to be 

We have considered two kinds of functions to express outcrossed, but the difference between the realised self- 
pollen limitation: ing rate with (sa) and without (s) pollen limitation is 

1. The function proposed by Lloyd (1974), pf = 1-y. In usually not very large (Table 1). The selfing rate of 
our model, this function implies that in the absence of hermaphrodites would be higher if ovules that failed to be 
females, selfing is as limited by pollinator activity as outcrossed were then selfed. This hypothesis is not in- 
outcrossing. Examples of stable reproductive systems ob- cluded in the calculations presented here. One can never- 
tained under strong pollen limitation (x = l), under weak theless affirm that, under this hypothesis, hermaphrodites 
pollen limitation (x = 3) and in absence of pollen limita- would be even more favoured by pollen limitation. Re- 
tion are illustrated on Fig. 1. sults would thus not be qualitatively changed. 

2. Because it is likely that outcrossing needs more 
pollinator visits than selfing, even in the absence of 
females, we also use the function pf = a (1-y), with a < 1 
(Fig. 2). Maintenance of sexual polymorphism 

Simplifications of the conditions above for these func- Our calculations show that, for a subset of parameters, the 
tions of pollen limitation are given in the Appendix. three sexual phenotypes coexist in a population, i.e. 
Exmples of sex-ratios are given in Table 1. trioecy is stable. In the absence of pollination limitation, 
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Table 1. Examples of stable reproductive systems and sex-ratios (frequencies of females (B, hermaphrodites (h) and males (m)) for 
different values of the selfing rate of hermaphrodites (s), the inbreeding depression (4, the function for pollen limitation and the 
relative male ( a )  and female @) fertilities of hermaphrodites. The selfing rate achieved, sa = s 1 (s + (1-s)pf)), has been calculated. 

selfing rates inbreeding relative fertilities of pollen frequencies of sexual reproductive 
depression hermaphrodites limitation phenotypes system 

s sa d a P PI f h m 

0.6 0.6 0.3 0.40 0.35 none 0.50 O 0.50 dioecy 
0.70 1 - f  0.36 0.38 0.26 trioecy 
0.6 0.45 0.40 none 0.50 O 0.50 dioecy 
0.65 1 i f  0.20 0.80 O gynodioecy 
0.6 0.55 0.55 none 0.09 0.91 O gynodioecy ~ 0.68 0.7(1-f) O 1 O hermaphrodism 

0.5 0.5 0.5 0.50 0.40 none 0.50 O 0.50 dioecy 
0.60 ~ 1 -f 0.33 0.48 0.19 trioecy 
0.64 0.7(1-f ) 0.20 0.80 O gynodioecy 

0.3 0.3 0.8 0.50 0.55 none 0.50 O 0.50 dioecy 
! 0.43 1 i f  0.42 0.17 0.41 trioecy 

1 with or without selfing, the three sexual phenotypes will even more strongly than it affects hermaphrodites. This 
have equal fitnesses only if the relative fertilities of situation supports Darwin (1877), who wrote: "As we 

1 hermaphrodites compared to unisexuals are exactly on must assume that cross-fertilisation was assured before 
the line a+P (1-s (1-24) = 1 (eq. VII), as already stated an hermaphrodite could be changed into a dioecious 
by Charnov et al. (1976) in the absence of selfing. For a plant, we may conclude that the conversion has not been 
given pair (a$) on that line, the frequencies of the sexual effected for the sake of gaining the great benefits which 
phenotypes cannot be completely solved and a line of follow from cross-fertilisation.". Rather than favouring 
solution for the frequencies does exist (eq. VII). This the evolution of dioecy from hermaphrodism, reduced 
explains why trioecy is not stable, even if the pair (a$) pollination could be responsible for evolution in the re- 
meets the requirement, which is already improbable. verse direction: from dioecy to gynodioecy, androdioecy 
Should the frequencies of sexual phenotypes be altered or hermaphrodism if the bisexual types reappear by muta- 
by drift or migration, selection will tend to bring them tion or migration. This has been proposed as an explana- 
back to the line of equilibrium but not exactly at the same tion for the androdioecious system of Datisca glomerata ~ point. One sexual type (f, m or h) or the two unisexuals (Liston et al. 1990). 
will eventually be lost. It can also be noted that a new Dioecy has been said to occur more frequently in 
sexual phenotype arriving in a population at equilibrium species pollinated by small, unspecialised insects (Bawa 
for the two other sexual phenotypes is at most (i.e., if the 1980, Givnish 1982). The evolutionary factor proposed is ~ population is infinite) neutral and thus can increase only that these pollinators stay a long time on the same indi- 
by chance. vidual, causing high rates of selfing in hermaphrodites. 1 

In the case of pollen limitation and if the level of pollen We would like to emphasise that this argument can only 
limitation depends on the frequency of females, the three be valid if the behaviour of pollinators is such that it 
sexual phenotypes can have equal fitnesses for more than reduces the outcrossing rate of hermaphrodites more than 
a line of (a$) parameters. The conditions in (a$) are it reduces the reproduction of unisexuals. One can even 
linked to the frequencies of sexual phenotypes (eq. VI). say "much more" because in this "reverse hypothesis", 
For a given (a$) in that set of solutions, trioecy is stable ovules of hermaphrodites are selfed if they are not out- 
and the sexual frequencies are exactly determined. crossed whereas in Our model, ovules of hermaphrodites 

are lost if they are not outcrossed. 
Our model indicates that pollen limitation can be re- 

Conclusions sponsible for the coexistence of more than two sexual 
phenotypes in a population, either as an intermediate 

Classical models of the evolution of reproductive systems stage or as an equilibrium if the lack of pollen increases 
show that, in the presence of inbreeding depression, an with the frequency of females in the population. Few 
increase in the selfing rate of hermaphrodites favours the cases of true trioecy, with separate female, male and 
evolution of dioecy (Charlesworth and Charlesworth hermaphrodite individuals, have been described. One ex- 
1978). We show here that although a decrease in the ample is the bat-pollinated columnar cactus Pachycereus 
abundance or efficiency of pollination agent increases the pringlei which possesses gynodioecious and trioecious 
relative selfing rate of hermaphrodites, it does not favour populations in the Sonoran Desert of Mexico. In this 
the evolution of unisexuality. This is because reduced species, pollination has been shown to limit seed set in 
pollination affects the fitness of unisexual individuals females but not in hermaphrodites and the presence of 
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males in populations is correlated with proximity to ma- 
jor bat roosts (Fleming et al. 1994). Pollen limitation thus Appendix 
appears to be a major factor in the evolution of the Conditions for the stability of the different reproductive 
geographically variable breeding system of this species. systems, for two kinds of pollen limitation, pf .  
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Pollen limitation does not change the frequency of fe- 
males ( I l 2 )  in dioecious populations. 
Conditions become: 

1 -sd 
(III) a - <Yi 1 - s  

(IV) a + @  [ 1-s+2s- l l ~ A ] < l  

(V) a + P [ l  - s 4  < 1 

The frequency of females in a gynodioecious population 
is given by: 

1 - 2@(1- sd) 
If x = 1, then fG = 

2[1- p(1- s)] ' 

For x = 3, calculations of fG and condition (IV) have been 
made using Mathematica (Wolfram Co). 

2. pf = a (l-f"), with a < 1 
We have made calculations only for x = 1. 
The frequency of females in gynodioecious populations 
is: 

and p, = a, pfo = '/z a, ph = a(l  -fG). 
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Summary

The Sonoran Desert columnar cactus Pachycereus pringlei has a geographically variable, non-hermaphroditic
breeding system. It is trioecious (separate males, females and hermaphrodites) in the northern two-thirds of its
range in Sonora, Mexico, and in the southern three-quarters of its range in Baja California, Mexico, and is
gynodioecious (separate females and hermaphrodites) elsewhere. Trioecy occurs near known maternity roosts
of its major pollinator, the nectar-feeding bat Leptonycteris curasoae; gynodioecy occurs >50 km from
known bat roosts. The observed geographic patterns cannot be explained by limited gene Øow or by the
geographic distributions of diurnal avian pollinators. Our Æeld observations plus a theoretical analysis suggest
that the abundance of chiropteran pollinators plays an important role in the maintenance of trioecy in this
plant. Under pollinator limitation, trioecy can be a stable breeding system in this species.

Keywords: bats; breeding systems; Cactaceae; gene Øow; genetic diversity; gynodioecy; pollinator abundance;
trioecy

Introduction

Non-hermaphroditic breeding systems are relatively uncommon in plants. Lloyd and Bawa (1984)
estimated that only about 10% of all seed plants have breeding systems involving dioecism, gy-
nodioecism or subdioecism. Geographic variation in sex ratios and in the occurrence of mono-
morphic versus dimorphic breeding systems has been noted in a number of dimorphic species.
A particularly well-studied species is Wurmbea dioica (Liliaceae) in which populations in South
Australia, Victoria and the Australian Capital Territory are dimorphic, while populations in
Western Australia are either monomorphic or dimorphic (Barrett, 1992). Other examples of
geographic variation in the breeding system of dimorphic plants include various species of apioid
umbellifers in New Zealand (Webb, 1979), Hebe strictissima (Scrophulariaceae) in New Zea-
land (Delph, 1990), Phacelia linearis (Hydrophyllaceae) in Utah, USA (Eckhart, 1992) and
Echinocereus coccineus (Cactaceae) in the Southwestern USA (HoÄman, 1992).
Factors associated with geographic variation in the breeding systems of non-hermaphroditic

plants include variation in physical environmental conditions as well as pollinator availability. In
Western Australia, for example, monomorphic populations of W. dioica occur at moist sites on
rich soils; dimorphic populations occur at arid sites on shallow soils (Barrett, 1992). The frequency
of females varies along environmental gradients in a number of gynodioecious species (e.g. Kessel
and Jain, 1984; Van Damme and Van Delden, 1984; Delph, 1990). Within certain New Zealand
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umbellifers, females are less common and hermaphrodites set more fruit at higher altitudes and
latitudes, apparently in response to reduced pollinator abundance and/or shorter Øowering seasons
(Webb, 1979). In a population where its normal pollinators (i.e. oligolectic pollen-collecting bees)
are absent, Nemophila menziesii (Hydrophyllaceae) is gynodioecious, whereas other populations
are hermaphroditic (Ganders, 1978).
Trioecy ± the co-occurrence of males, females and hermaphrodites at relatively high frequencies

in populations ± is even less common than dimorphism in Øowering plants. The giant Mexican
columnar cactus, Pachycereus pringlei (cardon), is one of two cactus species with a trioecious
breeding system (Fleming et al., 1994). Trioecy in the other species, the bee-pollinated Opuntia
robusta, is thought to be a transitional stage in the evolution of dioecy from hermaphroditism (del
Castillo, 1986). In this paper, we present observations on (1) geographic variation in the breeding
system of P. pringlei throughout its range in Sonora and Baja California, Mexico, (2) the distri-
bution of its major pollinator, the nectar-feeding bat, Leptonycteris curasoae (Chiroptera: Phyl-
lostomidae), and (3) the results of a theoretical model which suggest that, under conditions of
pollinator limitation, trioecy can be a stable reproductive system in this species.
To explain observed geographic variation in the breeding system of this cactus we examine two

hypotheses. The `limited gene Øow' hypothesis states that the absence of female sterility allele(s) in
some populations results from limited gene Øow among populations. If this hypothesis is correct,
substantial genetic subdivision among populations should occur at gene loci that are not associated
with sex determination. The `nocturnal pollinator abundance' hypothesis states that, since the
Ætnesses of males and females of P. pringlei are much more pollinator-dependent than that of
hermaphrodites, males and females should be uncommon in populations experiencing low Øower
visitation rates by Leptonycteris bats. Geographic variation in the form of P. pringlei's breeding
system should therefore be associated with geographic variation in the abundance of these bats.

The study organism

Pachycereus pringlei is a night-blooming, autotetraploid cactus distributed in lowland deserts in
coastal Sonora and in desert and thorn scrub habitats throughout much of Baja California (Shreve
and Wiggins, 1964; Murawski et al., 1994) (Fig. 1). Its large white Øowers are open for less than
18 h and produce copious amounts of nectar and pollen. They are visited primarily by Lepton-
ycteris bats at night and by native and exotic bees and birds in the morning before closing.
Pollinator exclusion and hand-pollination experiments at Bahia Kino, Sonora (site 4 in Fig. 1)
indicate that bats account for about 89% of the fruit set in females and hermaphrodites and that
fruit set in females, but not in hermaphrodites, is pollen-limited; the missing pollinators are likely
to be bats (Fleming et al., 1996). The proportions of males, females and hermaphrodites in this
population are 0.29, 0.43 and 0.25, respectively (Table 1); a few individuals (proportion à 0:03) are
double-steriles. Although we do not yet know the genetic basis for sex determination in P. pringlei,
the existence of double-steriles suggests that it probably involves at least two unlinked nuclear loci.
Detailed analysis of reproduction in P. pringlei indicates that: (1) the anthers of female Øowers

lack pollen; (2) the large ovary of male Øowers lacks ovules; (3) hermaphrodites are self-compat-
ible, the outcrossing rate as determined by multilocus estimates based on several allozyme loci of
seedlings is 0.34, and fruit set is about 8% in the absence of pollinator visits; (4) inbreeding
depression is very low in the progeny of hermaphrodites; and (5) males produce more Øowers and
pollen per night and per season, and females produce more fruits and seeds per season, than
hermaphrodites (Fleming et al., 1994; Murawski et al., 1994). Based on annual pollen and seed
production, the fertilities of males and females relative to that of hermaphrodites are 1.52 and 1.62,
respectively. In the absence of pollen limitation, females produce about 3.1 times more seeds
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annually than hermaphrodites. In this population, all Øowers on all plants that we have examined
are of one sexual type; examination of many individuals over a 6 year period revealed no changes
in sexual type between years; and sexual type is independent of size (Fleming et al., 1994 and
unpublished).
A plot of functional femaleness in this population, calculated using equation (2) in Ross (1990),

reveals a trimodal distribution with mean functional femaleness in hermaphrodites equalling 0.42
(S.Eà 0:044, n à 12) (Fig. 2). We have no evidence of gender `inconstancy' in males; no males at

Figure 1. Map showing the location of Pachycereus pringlei study sites and Leptonycteris curasoae maternity
roosts. Frequencies of diÄerent sex classes at each site can be found in Table 1.
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Bahia Kino produce viable seeds. Hence, this species cannot be considered subdioecious, a more
common breeding system than trioecy.

The geographic survey

To determine whether the breeding system of cardon varies geographically, we estimated sexual
class frequencies in nine populations in Sonora and 11 populations in Baja California in April and
May 1992 and in April 1993, respectively (Fig. 1). In each population, we examined one or more
Øowers per individual to determine its sexual class. In most populations, we examined Øowers in
the evening, just as they opened, when sexual class determination is unambiguous (Fleming et al.,
1994).
The results of our survey revealed that in Sonora, populations south of Bahia Kino, including

Isla San Pedro Martir, the most isolated island in the Gulf of California, lacked males and were
gynodioecious (i.e. they contained only females and hermaphrodites) with an average hermaph-
rodite:female ratio of 1.7:1 (Table 1). Trioecious populations containing an average of 25.9%
males occurred in the northern two-thirds of the range of P. pringlei in Sonora. Males occurred at
low frequency at the far northern edge of its range.

Table 1. Frequencies of four sex classes in populations of Pachycereus pringlei in Sonora and Baja California,
Mexico.

Sitea n %Males %Females %
Hermaphrodites

% Neuters

1. San Carlos, Son. 43 0 30.2 69.8 0
2. Tastiota Junction, Son. 48 0 33.3 66.7 0
3. Isla San Pedro Martir, Son. 93 0 46.2 53.8 0
4. Bahia Kino, Son. 211 28.4 41.7 28.0 1.9
5. Madrugada, Son. 47 42.6 38.3 19.1 0
6. Isla Tiburon, Son. 5 40.0 20.0 40.0 0
7. Punta Chueca, Son. 71 22.5 31.0 46.5 0
8. Puerto Libertad, Son. 59 35.6 39.0 25.4 0
9. Caborca, Son. 29 3.4 40.7 55.6 0
10. Cabo San Lucas, BCS 44 53.7 36.6 9.8 0
11. Santiago, BCS 16 68.7 31.3 0 0
12. Buena Vista, BCS 43 53.5 27.9 16.3 2.3
13. S of La Paz, BCS 20 75.0 20.0 5.0 0
14. W of La Paz, BCS 32 50.0 46.8 3.1 0
15. Loreto, BCS 37 0 29.7 70.2 0
16. Playa Cocos, BCS 33 30.3 36.4 33.3 0
17. W of Santa Rosalia, BCS 35 31.4 42.9 20.0 5.7
18. SE of Guerrero Negro, BCS 25 52.0 24.0 16.0 8.0
19. W of Bahia de Los Angeles, BCN 42 0 16.7 83.3 0
20. Catavina, BCN 34 0 44.1 55.9 0

a Numbers refer to the sites in Fig. 1. Except at Bahia Kino (site 4), data represent the frequencies observed on one day and
may not represent true frequencies because hermaphrodites begin to Øower somewhat later in the blooming season (by 1±2
weeks) than males and females (Fleming et al., 1994). Populations in Sonora were surveyed in mid-Øowering season. Those
in Baja California were surveyed early in the Øowering season when the frequency of hermaphrodites may have been
underestimated. Son: à Sonora, BCS à Baja California Sur, BCN à Baja California Norte.

282 Fleming et al.



The geographic pattern in Baja California was the opposite of that in Sonora. With one ex-
ception (site 15), populations were trioecious in the southern three-quarters of the range of
P. pringlei and contained up to 54% males in samples of more than 25 individuals (Table 1). North
of 28oN, populations were gynodioecious and contained up to 83% hermaphrodites. In the entire
dataset, male frequency was negatively correlated with frequency of hermaphrodites (arcsine-
transformed data, r2 à 0:84, P < 0.001). Female frequency was also negatively correlated with
hermaphrodite frequency, but not signiÆcantly so (arcsine-transformed data, r2 à 0:038, P à 0:41).

The `limited gene Øow' hypothesis

To assess whether geographic variation in the breeding system of P. pachycereus was associated
with patterns of genetic variation among populations, we determined allele frequencies at 24
electrophoretically detectable allozyme loci, using one seedling from the fruit of 15±48 individuals
in nine populations as a source of tissue. Seeds came from sites 2, 4 and 8 in Sonora and sites 10,
14, 15, 16, 19 and 20 in Baja California (Fig. 1).
The seeds were germinated in Petri dishes on moist Ælter paper, and seedlings were transplanted

into normal greenhouse potting soil and placed in a greenhouse. When the seedlings were ap-
proximately 1 cm in length (i.e. 1 month old), each seedling was sliced into several pieces and, with
the aid of liquid nitrogen and sand, was crushed to a Æne powder with a mortar and pestle. An
extraction buÄer (Mitton et al., 1979) was added to solubilize and stabilize the enzymes. Plant
extracts were soaked onto chromatography paper wicks and stored at )70∞C until analysis by
starch gel electrophoresis.
Four buÄer systems were used to resolve 11 enzyme systems on 10% starch gels. BuÄer numbers

refer to Table 1 in Soltis et al. (1983). System 6 was used for diaphorase (DIA), Øuorescent esterase

Figure 2. Variation in functional femaleness in a sample of 86 adults of Pachycereus pringlei examined in 1990
at site 4 in Fig. 1. Individuals with values of 0 and 1.0 are males and females, respectively. Functional
femaleness of hermaphrodites was calculated using equation (2) in Ross (1990).
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(FE), alcohol dehydrogenase (ADH), phosphoglucoisomerase (PGI) and phosphoglucomutase
(PGM). System 4 was used for 6-phosphogluconate dehydrogenase (6-PGDH), isocitrate dehy-
drogenase (IDH) and shikimate dehydrogenase (SKDH). System 7 was used for amino acid
transferase (AAT) and triose phosphate isomerase (TPI). System 11 was used for malate dehy-
drogenase (MDH). Stain recipes are given in Soltis et al. (1983) except for AAT and DIA, which
are given in Cheliak and Pitel (1984).
Since P. pringlei is an autotetraploid, each allozyme locus is duplicated. Due to the clarity of the

allozyme banding patterns, we could distinguish heterozygous individuals with one, two or three
copies of each allele. For our data analyses, we treated each pair of duplicated loci as a single locus.
Our rationale for this was that the duplicated loci segregate tetrasomically (Murawski et al., 1994)
and thus function genetically as a single locus. Based on this decision, the 11 enzyme systems
produced 24 loci. Genetic diversity parameters were calculated following Hedrick (1985) and
Hamrick and Godt (1989). These measures were calculated for the species as a whole (subscript s),
for each of the two regions (subscript r) and for each population individually (subscript p). The
genetic parameters calculated include the proportion of polymorphic loci (P), the number of alleles
per polymorphic locus (AP) and genetic diversity (He; where He à 1� Rp2

i
and pi is the frequency

of the ith allele at a locus). We also partitioned the overall genetic diversity at each polymorphic
locus (HT) into components due to allele frequency diÄerences between regions (Dr, Baja vs So-
nora), among populations within regions (Dp) and within individual populations (HS) using Nei's
(1973) genetic diversity statistics. Nei's GST, the proportion of HT due to diÄerences among pop-
ulations (or regions), was then calculated. This measure is the multiallelic equivalent of Wright's
(1951) FST statistic. Separate analyses of the Baja and Sonoran populations allowed us to determine
if the two regions diÄered in how they partitioned genetic diversity among populations. Indirect
estimates of gene Øow were obtained by Nm à âÖ1� GSTÜ=4GSTäa (Wright, 1931; Crow and Aoki,
1984), where Nm is the number of migrants per generation and a equals âÖn� 1Ü=nä2 and is an
adjustment for small population numbers (Crow and Aoki, 1984).
In the species as a whole, 22 of the 24 loci (92%) were polymorphic. Each polymorphic locus

averaged 3.00 alleles and the overall genetic diversity (Hes) was 0.215 (Table 2). These genetic
parameters generally varied little among regions or populations within regions. Across the six Baja
populations, 83% of the loci were polymorphic, there were 2.85 alleles per polymorphic locus, and
genetic diversity equalled 0.217. The pooled values for Sonora were somewhat lower, with
Pr à 0:75, APr à 2:50 and Her à 0:199. Seventeen alleles were unique to the Baja populations and
seven alleles were unique to Sonora. The mean within-population genetic diversity parameters were
Pp à 0:67, APp à 2:44 and Hep à 0:194 for Sonora and Pp à 0:65, APp à 2:52 and Hep à 0:207 for
Baja. Thus, it appears that P. pringlei from Baja maintains marginally more genetic diversity than
is found in Sonora. Baja populations of P. pringlei also have somewhat more among-population
genetic diversity (4.0%) than do the Sonoran populations (2.4%). Overall, 5% of the total genetic
diversity was found among populations. Of this 5%, 1.7% was due to allele frequency diÄerences
between the two regions and 3.3% was found among populations within regions.
The results of our genetic analyses do not support the `limited gene Øow' hypothesis. Values of

Nm below 1.0 indicate that genetic drift is the predominant evolutionary force shaping genetic
structure, while values of Nm greater than 4.0 indicate that gene Øow is more important (Wright,
1951). Estimates of Nm calculated from the GST values reported above produced values of
Nm à 3:78 over all the populations and Nm à 4:52 and 4.17 within Sonora and Baja, respectively.
We therefore conclude that gene Øow among these populations is high enough to prevent the loss
of genetic diversity due to genetic drift. These relatively high estimates of gene Øow are almost
certainly due to the long foraging Øights (see below) and migratory behaviour of Leptonycteris bats
(Wilkinson and Fleming, 1996). Our overall conclusion from the allozyme analyses is that the
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`limited gene Øow' hypothesis cannot explain the geographic distribution of the diÄerent breeding
systems in P. pringlei.

The `nocturnal pollinator abundance' hypothesis

Female sterility alleles cannot invade populations of self-fertilizing hermaphrodites as easily as
male sterility alleles (Charlesworth and Charlesworth, 1978), and sexual selection theory (e.g.
Willson, 1979) indicates that males should be more strongly aÄected by pollinator limitation than
females. We thus expect the frequency of males to be especially sensitive to the abundance and
Øower visitation rates of the major pollinator, Leptonycteris bats. This hypothesis predicts that
P. pringlei should have a trioecious (or dioecious) breeding system in areas of high bat density (e.g.
near bat roosts) and that gynodioecious (or hermaphroditic) breeding systems should prevail in
areas of low bat density.
We tested this hypothesis in three ways. First, we located the major roosts of L. curasoae in

Sonora and Baja California during our sex ratio surveys and from museum records and published
accounts (Woloszyn and Woloszyn, 1982; Cockrum, 1991). Secondly, to determine whether trio-
ecious populations were associated with high densities of diurnal, rather than nocturnal, pollina-
tors, we documented the visitation rates of birds to Øowering cardon plants along a 1 km transect
for 2 h beginning at dawn on one morning at four gynodioecious sites (sites 1, 2, 19 and 20 in
Fig. 1) and four trioecious sites (sites 4, 8, 12 and 16 in Fig. 1). Bird visitation rates to cardon
Øowers are highest during this time period (Fleming et al., 1996). Thirdly, to determine the
probability that a cardon Øower would be visited at least once by a bat, we placed a 1.75 cm2 piece
of paper inside the corolla and perpendicular to its long axis in a total of 9±20 freshly opened
Øowers on 6±11 plants on one night at the same eight sites. We scored each Øower as `visited'
(paper obviously disturbed) or `not visited' (paper intact) before dawn the next morning. We also
noted the time of arrival of the Ærst Leptonycteris bat at these sites.

Table 2. Levels of genetic diversity in populations of Pachycereus pringlei

Population n P(%) AP He

Sonora
4 48 70.8 2.53 0.217
8 48 66.7 2.44 0.186
2 48 62.5 2.33 0.181
Mean/pop. 48 66.7 2.44 0.194
Overall Sonora 144 75.0 2.50 0.199

Baja
15 48 79.2 2.37 0.191
20 44 66.7 2.63 0.222
16 32 66.7 2.88 0.222
19 27 58.3 2.43 0.209
14 26 58.3 2.36 0.182
10 15 62.5 2.47 0.216
Mean/pop. 32 65.3 2.52 0.207
Overall Baja 192 83.3 2.85 0.217

Overall species 336 91.7 3.00 0.215

a
n = sample size; P = proportion of polymorphic loci; AP = number of alleles per polymorphic locus; He = genetic

diversity. Population designations are given in Table 1 and Fig. 1.

Cactus breeding systems 285



Our results indicate that, as predicted by the `nocturnal pollinator' hypothesis, trioecious sites
were located close to known maternity roosts of the gregariously roosting L. curasoae (Fig. 1). In
Sonora, a major roost containing thousands of bats occurs on Isla Tiburon. Radiotracking studies
have shown that many bats Øy 25±30 km or more from this roost to the mainland to feed at cactus
Øowers (Sahley et al., 1993 and unpublished). Cardon populations within Øight distance of this
roost contained substantial frequencies of males (Table 1), whereas populations south of this roost
lacked males. Similarly, in Baja California, all known Leptonycteris maternity roosts are located
south of 28∞N, as are trioecious populations of cardon. One such roost (near site 11) contained
30,000 females and their young in April 1993. In all, 9 of the 13 trioecious sites we sampled (69.2%)
were located within 50 km of a known Leptonycteris roost, whereas none of seven gynodioecious
sites were within 50 km of a known roost (P à 0:0043, one-tailed Fisher's exact test).
Our censuses of bird and bat activity indicated that bird visitation rates to Øowering plants were

very low and that the probability of a Øower being visited at least once per night by a bat was high
at all sites. The number of nectar-feeding bird visits per plant per hour averaged 0.29 (range 0.06±
0.92) and 0.22 (range 0.05±0.62) at gynodioecious and trioecious sites, respectively. Most of these
visits were to single Øowers, and the proportion of Øowers visited by birds at Æve sites averaged 0.13
(range 0.03±0.30); we failed to note the number of Øowers we watched at the other three sites. Gila
woodpeckers (Centurus uropygialis) were the most common visitors to cardon Øowers at most sites
and accounted for 48.1% (n à 54) of total Øower visits.
The proportion of Øowers visited at least once by bats averaged 0.95 (range 0.80±1.0) and 0.88

(range 0.75±1.0) at gynodioecious and trioecious sites, respectively. Trioecious sites diÄered from
gynodioecious sites, however, in that bats arrived before 21.00 h at three of the four trioecious sites
but arrived after 21.00 h at three of the four gynodioecious sites. These diÄerences are consistent
with the observation that trioecious sites are located closer to bat roosts than are gynodioecious
sites. We might expect Øowers at trioecious sites to receive more visits per night than those at
gynodioecious sites. Our work at Bahia Kino supports this prediction. The number of visits per
Øower decreased rapidly with increasing distance from a Leptonycteris bat roost; the proportion of
hermaphrodites was twice as high (0.49 vs 0.25) 22 km from the roost compared with 7 km from
the roost (Fleming et al., 1994). Conclusive proof that bat abundance is higher at trioecious sites
than at gynodioecious sites requires further study. Particularly informative would be the number of
pollen grains deposited on cardon stigmas at night. We predict that this number will be higher at
trioecious sites than at gynodioecious sites.

A model for the eÄect of pollinator abundance on the evolution of trioecy

Our Æeld observations support the hypothesis that bat distributions and abundances have inØu-
enced the evolution of the breeding system of P. pringlei. To further explore the potential im-
portance of pollinator abundance on the evolution of trioecy in cardon, we have developed a
phenotypic model of the evolution of trioecy under pollen limitation (Maurice and Fleming, 1995).
A key feature of our model is the probability that a Øower receives enough pollinator visits to
produce outcrossed seeds compared to what is needed to produce selfed seeds. This probability will
be a function of the frequency of females in a population. Calculations based on this model show
that the main eÄect of pollen limitation in a species in which hermaphrodites are strongly self-
fertilizing is to reduce the Ætness of unisexuals relative to hermaphrodites. Our calculations also
show that under pollen limitation, trioecy can be a stable reproductive system for a set of values of
a , b (Fig. 3). For a given set of relative fertilities (a; b), the stable reproductive system can shift
from dioecy to trioecy and from trioecy to gynodioecy when pollen limitation increases as the
abundance of pollinators decreases.
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Discussion

We have shown that the breeding system of the Sonoran Desert cactus Pachycereus pringlei varies
geographically. Trioecy is geographically widespread but is not the only breeding system in this
species. Males are absent in the southern part of its range in Sonora and in the northern part of its
range in Baja California; the breeding system is gynodioecy in these areas.
Gynodioecy could prevail in some areas and trioecy in others for historical reasons owing to

limited gene Øow between populations. The results of our genetic survey, however, do not support
this hypothesis. In fact, the degree of heterogeneity in allele frequencies observed for P. pringlei is
more similar to values observed for wind-pollinated trees than it is for animal-pollinated, mixed-
mating species (Hamrick and Godt, 1989). Leptonycteris bats are strong, wide-ranging Øiers and
clearly have the potential to readily move genes among populations. Genetic analysis of popula-
tions of this bat, for example, indicate that bats must occasionally Øy between Baja California and
the coastal parts of Sonora and Jalisco (Wilkinson and Fleming, 1996). If they make these Øights in
April and May when cardon is Øowering, we might expect little genetic diÄerentiation between Baja
and Sonora populations, which is what we have observed. These bats also feed on the fruit of
cardon and thus also have the potential to disperse seeds widely.
Geographic variation in climate or soil conditions could also cause geographic variation in the

breeding system of cardon. We have not examined the eÄect of these factors rigorously in this study.
Because of the opposite geographic patterns in Baja California and Sonora, however, we suggest that
climatic eÄects on the survivorship of male plants, whose presence in populations varies geograph-
ically, are not involved in these patterns, although detailed studies are needed to test this suggestion.
Instead of being related to limited gene Øow or geographic variation in climate or physical

conditions, our analyses suggest that geographic variation in the breeding system of P. pringlei

Figure 3. Stable reproductive systems in Pachycereus pringlei in the absence (A) and presence (B) of pollinator
limitation based on the fertilities of hermaphrodites in terms of their male (a) and female (b) function relative to
the fertilities of male and female plants (see Maurice and Fleming, 1995). In both panels, the selÆng rate (s) of
hermaphrodites is 0.6, and there is no inbreeding depression (d à 0). A à androdioecy; H à hermaphroditism;
G à gynodioecy; T à trioecy; D à dioecy. For case (B), we have used the model of pollinator limitation of
Lloyd (1974), in which pf à 1� f

x and x is the average number of pollinator visits a Øower receives. Here, x à 1,
which is compatible with our observations. In (B), the star represents the relative fertilities of hermaphrodites, a
and b, measured at Bahia Kino (site 4 in Fig. 1). b, the relative female fertility of hermaphrodites in the absence
of pollen limitation, was obtained by measuring fruit set after hand-pollination (Fleming et al., 1994).
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most probably results from geographic variation in the abundance of Leptonycteris bats. Trioec-
ious populations generally occur within 50 km of maternity roosts, which often contain tens of
thousands of bats. Gynodioecious populations occur beyond 50 km from these roosts where Øower
visitation rates by bats presumably are low. Birds are eÄective but minor pollinators of cardon
(Fleming et al., 1996); they appear to visit cardon Øowers at low rates and frequencies throughout
its range. Furthermore, some birds, particularly Gila woodpeckers, are likely to forage over shorter
distances than are bats because of their strongly territorial behaviour in the spring (T.H. Fleming,
personal observations). Thus, they are unlikely to be a major factor in the evolution of cardon's
breeding system.
The hypothesis that trioecy is associated with the abundance of nocturnal pollinators is further

strengthened by our theoretical calculations. These show that maintenance of the three sexual
phenotypes is possible under pollen limitation and that an increase in this limitation can lead to the
disappearance of males. In cardon, males are at a competitive disadvantage to hermaphrodites
when pollinators are scarce for two reasons. First, like all plants in the population, they will receive
fewer pollinator visits per Øower and per plant and hence will export less pollen to Øowers of
females and hermaphrodites. Secondly, hermaphrodites are likely to have relatively higher selÆng
rates under pollinator scarcity and hence fewer of their ovules will be available for fertilization by
male pollen. Pollinator scarcity will also reduce the Ætness of females relative to hermaphrodites
but not as strongly as it aÄects males, especially if high selÆng rates in hermaphrodites cause their
seeds to have lower Ætness than those of the out-crossed seeds of females.
In conclusion, geographic variation in the breeding system of P. pringlei appears to be associated

with the distribution of Leptonycteris bats, and our pollen limitation model provides considerable
insight into the geographic patterns. We do not claim, however, that trioecy is stable in the Bahia
Kino population of P. pringlei because our current estimates of the relative Ætnesses of males and
females, which are based on only 2 years of observations, are too low to result in stable trioecy
(Fig. 3). In particular, male fertility needs to be higher for trioecy to be a stable reproductive
system. Because the relative Ætnesses of diÄerent sex classes are likely to vary from year to year,
however, long-term observations are needed to determine the actual Ætness of males and females
relative to that of hermaphrodites. Whether or not trioecy is stable in some populations of
P. pringlei, our results suggest that variation in pollinator abundance can lead to substantial
diÄerences in breeding systems among plant populations.
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Gynodioecious populations (i.e. populations with female and hermaphrodite individuals) often contain a third phe-
notype with an intermediate sex expression. In 

 

Silene italica

 

, this phenotype is characterized by a mixture of pis-
tillate and perfect flowers and is thus gynomonoecious. To characterize sexual functions of these gynomonoecious
individuals and their potential influence in the maintenance of gynodioecy, reproductive characters of the three sex-
ual phenotypes were compared over 2 years in several families of 

 

S. italica

 

 produced by crossing. We found that gyno-
monoecious individuals were intermediate for flower production and female fertility characters, although they did
not always significantly differ from female individuals. Perfect flowers of gynomonoecious and hermaphrodite plants
were similar in size and pollen production. Gynomonoecious individuals were thus intermediate in female and in
male functions. Family effects were found for most of the characters. The female advantage (i.e. the fertility of
females compared to the female fertility of pollen producing plants) was not dramatically different when gynomo-
noecious plants were taken into account. © 2006 The Linnean Society of London, 

 

Biological Journal of the Linnean
Society

 

, 2006, 

 

87

 

, 583–591.
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 female advantage – flower production – flower size – fruit set – pollen production –

 

seed weight.

 

INTRODUCTION

 

Among plant-breeding systems, gynodioecy, in which
both female and hermaphrodite individuals occur
within the same species, is represented in approxi-
mately 10% of angiosperm species (Delannay, 1978).
Because gynodioecy may be a possible intermediate
state between hermaphroditism and dioecy (Thomson
& Brunet, 1990), this system has been extensively
studied, particularly regarding the maintenance of
female, or male-sterile, individuals (Lewis, 1941;
Lloyd, 1975). Few studies, however, have paid atten-
tion to individuals with an intermediate, or partially
male-sterile, phenotype (i.e. individuals with a mix-
ture of pistillate and perfect flowers or with mixed
flower types), even though it is known that they occur
in many species described as gynodioecious (for a

review, see Koelewijn & van Damme, 1996; for species
of 

 

Silene

 

, see Desfeux 

 

et al

 

., 1996; Jürgens, Witt &
Gottsberger, 2002). Furthermore, the frequency of par-
tially male-sterile individuals in natural populations
is often comparable to that of females (Koelewijn &
van Damme, 1996). In studies of this reproductive sys-
tem, treatment of partially male-sterile individuals is
variable. They have sometimes been excluded from the
analysis (Shykoff, 1988), included in the sterile cate-
gory (van Damme & van Delden, 1982), or included in
the hermaphrodite category because they produce
some pollen (Widen, 1992; Koelewijn & van Damme,
1995a).

The species 

 

Plantago lanceolata, Plantago corono-
pus

 

, and 

 

Silene vulgaris

 

, which all contain partially
male-sterile individuals, have a nucleo-cytoplasmic
determination of sex (van Damme & van Delden,
1982; van Damme, 1983; Koelewijn & van Damme,
1995a, b; Charlesworth & Laporte, 1998) and the
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crossing data available for 

 

S. italica

 

 also support such
a determination of sex (L. Lafuma & S. Maurice,
unpubl. data). The dynamics of gynodioecy with such
an inheritance depends on (1) fertility differences
between the cytoplasmic types; (2) the cost of a male-
fertility restorer gene in a cytoplasmic type it does not
restore; and (3) the magnitude of its advantage in the
cytoplasmic type it restores, which depends on the
relative female fertility of male-steriles, or females,
compared to restored individuals, or hermaphrodites,
within this cytoplasmic type (Charlesworth, 1981;
Delannay, Gouyon & Valdeyron, 1981). This last
parameter, called the female advantage, is usually
measured at the population level and not within cyto-
plasmic type. To the extent that females and hermaph-
rodites tend to differ in cytoplasmic type in natural
populations, the differences between cytoplasmic
types and differences between sexes, which are two
separate theoretical parameters, will influence the
observed female advantage.

In the present study, we focused on the reproductive
characters of the three sexual phenotypes of 

 

S. italica

 

to (1) quantify male and female functions of the par-
tially male-sterile individuals compared to female and
hermaphrodite individuals and (2) quantify the influ-
ence of their presence on the female advantage. Repro-
ductive characters were compared both at the flower
and at the individual level to gain insight into pattern
of resource allocation. Because environmental factors
may affect reproductive output, we cultivated the
plants in an experimental garden. The cytoplasmic
type and the genetic background more generally can
also influence reproductive characters (de Laguérie

 

et al

 

., 1991; Koelewijn, 1996; Gigord 

 

et al

 

., 1999). We
thus chose to compare the fertilities of the different
sexual phenotypes within full-sib families because
full-sibs have the same cytoplasmic type and share on
average half their nuclear genome.

 

MATERIAL AND METHODS

P

 

LANT

 

 

 

MATERIAL

 

Silene italica

 

 (L.) Pers. (Caryophyllaceae) is a short-
lived perennial herb commonly found in the garrigue
area of southern France. Hermaphrodite individuals
bear perfect flowers with two whorls of five stamens.
Female individuals bear pistillate flowers with all
anthers aborted. Partially male-sterile individuals
bear perfect and pistillate flowers; mixed flowers with
some, but not all, anthers aborted are rarely seen (one
to three mixed flowers seen on less than 5% individu-
als) so that partially male-sterile individuals can be
considered as truly gynomonoecious. Gynomonoecious
individuals are common in natural populations of this
gynodioecious species (up to 40%; Maurice, 1999).

During the spring of 1998, 40 individuals originat-
ing from two populations situated north of Montpel-
lier, Southern  France  (16 km  distant  apart  from
one another; populations E and T in Maurice, 1999)
were transplanted in an insect-proof greenhouse at
the CEFE (Montpellier) and were hand crossed to
obtained full-sib families. Seventeen families were
sown at the end of the autumn of 1998, producing from
39 to 96 offspring per family. They were grown in
individual pots in an experimental garden (CEFE-
Montpellier). Spring 2000 was their first flowering
season. Of the 17 families, nine produced enough of
the three sexual phenotypes in 2000 to be used in the
present study. Sexual phenotypes of the parents and
sex ratio in the family progenies are given in Table 1.
Families I, K, and P are issued from interpopulation
crossing, E, V, and Y from intrapopulation outcrossing
and X, Z, and S from selfing (X was included in flower
production analyses only because some of its fruits
were lost). Most of the plant survived and flowered in
2001. Because of time constraints, only the families
with the more numerous gynomonoecious individuals
were studied in 2001.

Sex segregations were complex and strongly sug-
gested a nuclear cytoplasmic inheritance of sex
because (1) the results could not be interpreted with a
simple nuclear determination and (2) differences were
obtained between reciprocal crosses.

 

S

 

EXUAL

 

 

 

PHENOTYPES

 

 

 

AND

 

 

 

DATA

 

 

 

COLLECTION

 

During the spring of 2000 and 2001, respectively, each
flower  on  each  individual  was  tagged  and  sexed.
A proportion of pistillate flowers different from 0 or 1
defines the gynomonoecious phenotype.

 

Table 1.

 

Origin and sex ratio of the families used in the
present study

Family name Dam Sire % F % G % H

E T F T G 39 11 50
I E F T G 38 5 56
K T G E G 28 9 63
P T F E G 45 7 48
S E G E G 55 23 23
V T G T H 54 21 26
X E H E H 5 48 48
Y E G E H 6 23 71
Z T G T G 17 15 68

For the parents, the first letter designates the population
of origin (E or T) and the second letter designates the sexual
phenotype (F for female, G for gynomonoecious, H for
hermaphrodite).



 

REPRODUCTION IN THE GYNODIOECIOUS 

 

SILENE ITALICA

 

585

 

© 2006 The Linnean Society of London, 

 

Biological Journal of the Linnean Society, 

 

2006, 

 

87

 

, 583–591

 

Petal sizes of pistillate and perfect flowers produced
by the offsprings (in 2000) were measured using a
slide calliper. Petal sizes obtained from the parent
generation (in 1999) were added for the paired com-
parison of flower size within gynomonoecious individ-
uals to increase sample size.

In 2000, male fertility was estimated as the number
of pollen grains produced per flower (quantity) and as
the proportion of full vs. empty pollen grains (quality).
For pollen quality, two anthers (one of each whorl) of
one perfect flower were put in Alexander stain (Alex-
ander, 1969). Empty pollen grains stain transparent
green and are easily distinguishable from full grains
(deep pink) using light microscopy. A preliminary
study on 14 individuals with two flowers analysed per
individual showed less variation in pollen quality
within individual than between individuals (

 

F 

 

=

 

 4.07,

 

P

 

 

 

=

 

 0.0069); therefore, in the present study, we used
only one flower per individual. Pollen quantity was
studied with the remaining eight anthers that were
digested in 150 

 

µ

 

L of sulphuric acid for 24 h to leave
nothing but the pollen exine. This was then diluted in
500 

 

µ

 

L of 2% Triton solution and precipitated by cen-
trifugation (10 min at 2000 r.p.m). The pellet was
washed in 2 mL of ethanol, centrifuged again and
dried for 30 min under vacuum to eliminate the etha-
nol. The pollen was then resuspended in a counting
solution (water with 20% glycerine and 20% sucrose)
and homogenized for 1 min in an ultrasonic bath
(40 MHz). Finally, the pollen was counted on a
Malassez haematocytometer cell (the mean of two
counts for each flower was used in the statistical anal-
ysis). As mentioned previously, mixed flowers with
some, but not all, anthers aborted were sometimes
observed; these flowers were too few to make a proper
analysis and to have a significant effect on individual
pollen production, and they were not taken into
account in the pollen production analysis.

In 2000 and 2001, we noted the number of fruits
produced by 5–10 individuals of each sexual pheno-
type per family. Fruit set per plant was measured as
the ratio of fruits to flowers. However, in 2000, we
lacked information on the sex of flowers that yield
fruits on gynomonoecious individuals. In 2001, we cal-
culated the fruit set per flower by sex. In 2000, the
total seed production of plants was weighed to the
nearest 0.001 g (total seed weight). Because harvest-
ing correctly ripen fruits required very frequent obser-
vations of plants, we studied only two families, E and
V, which were the outcrossed families with the most
balanced number of the three sexual phenotypes. The
seed weight per fruit was then obtained by dividing
the total seed weight by the number of fruits of the
plant. In 2001, the seed weights per pistillate or per-
fect flower fruits for gynomonoecious individuals were
obtained. The experimental garden is just across the

road of a natural population of 

 

S. italica

 

 and fruit sets
obtained by open pollination in the garden were sim-
ilar to those of natural populations (Maurice, 1999).

 

S

 

TATISTICAL

 

 

 

ANALYSES

 

Some plants, but not all of them, were studied on both
years; we thus made separate analyses for 2000 and
2001. For analyses at the plant level, flower number
and female fertility components per individual were
compared between the sexual phenotypes for families
with descendants of all three phenotypes. For analyses
at the flower level, we considered the sex of the flower
as well as of the sex of the plant and compared pistil-
late flowers of females and gynomonoecious plants,
perfect flowers of hermaphrodites and gynomonoe-
cious plants and both flower sexes within gynomono-
ecious plants. Because data per flower of each sexual
type were not always sufficient for gynomonoecious
individuals (2001), data for pistillate and for perfect
flowers were analysed on distinct subset of families.
Univariate analyses of variance were conducted on
individual reproductive traits taking into account sex-
ual phenotype and plant family (this last factor may
be seen as a block effect). They were considered as
fixed factors. All analyses of variance were performed
using the procedure GLM of SAS (SAS, 1989), with
type III sums of squares. A Tukey test was performed
for comparisons among sexual phenotype means when
the sex effect was significant. Wilcoxon’s signed rank
tests were also performed to compare reproductive
characters among different types of flowers (or fruits)
within gynomonoecious individuals.
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For comparison with others studies of gynodioecious
species, we calculated the classical female advantage
(i.e. the fertility of females compared to the female
fertility of hermaphrodites). The female advantage
was calculated within family to ensure that the cal-
culation is also within cytoplasmic type. The female
advantage was first calculated taking into account
only hermaphrodites:

F/H 

 

=

 

 mean value of the character for females/mean 
value of the character for hermaphrodites

and then also taking into account gynomonoecious
individuals:

F/(H 

 

+

 

 G) 

 

=

 

 mean value for females/(mean value for 
hermaphrodites 

 

×

 

 % hermaphrodites 

 

+

 

 mean value for gynomonoecious

 

×

 

 % gynomonoecious)

Percentage hermaphrodites and gynomonoecious are
within polliniferous types in each family, i.e. %
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hermaphrodites 

 

=

 

 

 

N

 

 hermaphrodites/(

 

N

 

 hermaphro-
dites 

 

+

 

 

 

N

 

 gynomonoecious). Data are those obtained in
2000.

 

RESULTS

C

 

OMPARISON

 

 

 

OF

 

 

 

SEXUAL

 

 

 

PHENOTYPES

 

A family effect was found on all characters but seed
weight per fruit (Table 2). The interaction between
sexual phenotype and family was never significant.

In 2000, hermaphrodites produced more flowers
than females and gynomonoecious plants were inter-
mediate (Tables 2, 3). Plants produced fewer flow-
ers the second flowering season and differences
between sexual phenotypes were not significant
(Tables 2, 3).

Females had a higher fruit set than gynomonoecious
plants in 2000, but there was no significant difference
between these morphs in 2001. Gynomonoecious
plants had a higher fruit set than hermaphrodites in
both years (Tables 2, 3; Fig. 1). In 2000, seed weight
per fruit was affected by the sexual phenotype of the
plant: fruits of female plants had a higher seed weight
on average than those of hermaphrodites, fruits of
gynomonoecious being intermediate (Tables 2, 3).

In terms of global production, female plants pro-
duced more fruits than hermaphrodites in both years

and gynomonoecious individuals were intermediate
(Tables 2, 3). The same trend was found for total seed
weight but differences between sexual phenotypes
were only marginally significant (

 

P 

 

=

 

 0.08, Tables 2,
3).
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FLOWERS

 

Because petals were collected and measured before
the sexual phenotype of the plant was known, the data
are not well distributed and few data are available for

 

Table 2.

 

Analyses of variance of reproductive characters in 2000 and 2001

Reproductive character Source

2000 2001

d.f. MS

 

F P

 

d.f. MS

 

F P

 

Number of flowers Sex 2 3421 7.47

 

0.0006

 

2 380 1.60 0.2042
Family 8 1642 3.59

 

0.0005

 

7 782 3.69

 

0.0023

 

Sex 

 

× 

 

Family 16 345 0.75 0.7378 14 148 0.63 0.8436
Error 549 458 272 237

Fruit set per plant Sex 2 0.713 30.13

 

0.0001

 

2 0.137 3.74

 

0.0270

 

Family 7 0.103 4.37

 

0.0001

 

3 0.447 12.15

 

0.0001

 

Sex 

 

× 

 

Family 14 0.039 1.64 0.0722 6 0.019 0.53 0.7849
Error 176 0.024 107 0.037

Seed weight per fruit Sex 2 160.3 5.19

 

0.0097

 

Family 1 8.9 0.29 0.5944
Sex 

 

× 

 

Family 2 79.4 2.57 0.0884
Error 42 30.9

Number of fruits Sex 2 458.4 4.09

 

0.0184

 

2 675.7 9.55

 

0.0002

 

Family 7 857.2 7.65

 

0.0001

 

3 702.1 9.92

 

0.0001

 

Sex 

 

× 

 

Family 14 115.8 1.03 0.4225 6 85.8 1.21 0.3056
Error 176 112.1 107 70.8

Total seed weight Sex 2 190249 2.66 0.0816
Family 1 405843 5.68

 

0.0218

 

Sex 

 

× 

 

Family 2 48419 0.68 0.5133
Error 42 71464

Bold characters indicate significant values (

 

P 

 

<

 

 0.05). Fruit set per plant variable is Arcsin  transformed.

 

Figure 1.

 

Fruit set per plant by sexual phenotype and
family in 2000 (mean 

 

±

 

 SE).
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the size of two types of flowers on the same individual.
Perfect flowers, however, were clearly larger than
pistillate flowers even within gynomonoecious indi-
viduals (Wilcoxon’s signed rank test: 

 

N

 

 

 

=

 

 9, 

 

S

 

 

 

=

 

 43,

 

P

 

 

 

=

 

 0.004). Neither pistillate flower size nor perfect
flower size was significantly changed by the sex of the
plant that bore the flowers (Tables 4, 5).

Although plant sex did not influence pollen quality
(percentage full pollen) of perfect flowers on average,
in some families, the perfect flowers on hermaphro-
dite plants bore the highest pollen quality whereas, in
other families, the best pollen was from gynomonoe-
cious plants  (Table 4,  interaction  effect).  We  found
no differences in pollen quantity (number of pollen
grains  per  perfect  flower)  between  hermaphrodite
or gynomonoecious individuals or among families
(Tables 4, 5).

Fruit set of pistillate and perfect flowers of gyno-
monoecious individuals did not differ significantly
(Wilcoxon’s signed rank test: 

 

N

 

 

 

= 63, S = 790.5,
P = 0.1365). The fruit set of pistillate flowers was not
influenced by the sex of the plant, nor was that of per-
fect flowers (Tables 4, 5).

Seed weight of fruits from pistillate and perfect flow-
ers of gynomonoecious plants was similar (Wilcoxon’s
signed rank test: N = 24, S = 99, P = 0.145). Seed
weight of fruits from female plants was only margin-
ally higher than the seed weight of fruits from pistil-
late flowers of gynomonoecious plants (P = 0.07,
Tables 4, 5). There was no difference between gynomo-

noecious plants and hermaphrodites for the seed
weight per fruit of perfect flowers (Tables 4, 5).

FEMALE ADVANTAGE IN FERTILITY

We found that females usually showed a fertility
advantage, which ranged from 20% to 70% depending
on the family and the character considered. Two fam-
ilies showed no female advantage in terms of fruit
number (Table 6).

Averaged over families, female advantage in fruit
set was 1.39 if gynomonoecious individuals were not
taken into account and 1.34 if gynomonoecious indi-
viduals were pooled with hermaphrodites. The corre-
sponding values for fruit number were 1.22 and 1.18.
The differences between the two types of calculations
were thus slight and significant only for fruit set (Wil-
coxon’s signed rank test: N = 8, S = 34, P = 0.025 for
fruit set and S = 28.5, P = 0.148 for number of fruits).

DISCUSSION

REPRODUCTIVE CHARACTERISTICS OF THE 
GYNOMONOECIOUS PHENOTYPE: AT THE PLANT AND AT 

THE FLOWER LEVEL

A clear family effect was demonstrated for many
reproductive traits: number of flower, flower size, fruit
set, number of fruit, total seed weight, and pollen
quality. This implies that, in natural population

Table 3. Mean values of reproductive characters

Reproductive character Phenotype

2000 2001 

N Mean SE N Mean SE

Number of flowers F 199 45.64a 1.46 122 36.98 1.55
G 95 51.69a,b 2.02 67 33.39 1.68
H 282 54.90b 1.40 107 30.89 1.51

Fruit set per plant F 69 68.52a 2.09 37 55.08a 3.51
G 51 58.61b 2.15 38 54.18a 2.76
H 80 49.74c 1.36 44 42.36b 2.98

Seed weight per fruit (mg) F 19 22.86a 1.50
G 12 18.81a,b 1.34
H 17 16.76b 1.30

Number of fruits F 69 31.19a 1.60 37 21.97a 2.09
G 51 29.90a,b 1.73 38 17.82a 1.29
H 80 26.41b 1.09 44 10.93b 1.11

Total seed weight (mg) F 19 617.85 91.93
G 12 528.62 43.43
H 17 408.53 39.01

Means followed by different superscripts are significantly different at P < 0.05 (Tukey–Kramer test when ANOVA detected
a sex effect, fruit set per plant variable is Arcsin  transformed for Tukey-Kramer test). F (and G and H, respectively),
female (gynomonoecious and hermaphrodite, respectively) plants; N, number of individuals studied for each phenotype.
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Table 4. Analyses of variance of reproductive characters per flower sex

Reproductive character Source

Female flowers Perfect flowers

d.f. MS F P d.f. MS F P

Size of flowers (2000) Sex 1 3.48 1.98 0.1776 1 11.23 3.52 0.0652
Family 1 18.83 10.72 0.0045 7 27.69 8.69 0.0001
Sex × Family 1 1.93 1.10 0.3094 7 4.81 1.51 0.1803
Error 17 1.76 63 3.19

Pollen quality (2000) Sex 1 0.078 2.21 0.1419
Family 7 0.454 12.84 0.0001
Sex × Family 7 0.091 2.56 0.0219
Error 63 0.035

Pollen quantity (2000) Sex 1 95.85 0.20 0.6566
Family 5 384.88 0.81 0.5524
Sex × Family 5 169.53 0.36 0.8753
Error 36 476.97

Fruit set per flower (2001) Sex 1 0.315 2.88 0.0936 1 0.143 2.33 0.1313
Family 4 0.440 4.03 0.0049 3 0.035 0.57 0.6363
Sex × Family 4 0.187 1.71 0.1558 3 0.036 0.58 0.6268
Error 81 0.109 76 0.061

Seed weight per fruit (2001) Sex 1 890.5 3.42 0.0694 1 63.2 0.20 0.6576
Family 4 2308.5 8.88 0.0001 3 1333.0 4.18 0.0090
Sex × Family 4 118.3 0.45 0.7685 3 77.2 0.24 0.8667
Error 57 260.1 67 318.8

Bold characters indicate significant values (P < 0.05). Comparisons have been conducted between female flowers of
gynomonoecious and female plants and between perfect flowers of gynomonoecious and hermaphrodite plants. Pollen
quality and fruit set per flower variables are Arcsin  transformed.

Table 5. Mean values of several reproductive characters per flower sex

Reproductive character Phenotype

Female flowers Perfect flowers 

N Mean SE N Mean SE

Size of flowers (2000) (mm) F 16 19.37 0.52
G 5 20.37 0.45 32 20.89 0.50
H 47 21.17 0.309

Pollen quality (2000) G 31 77.52 4.21
H 48 81.35 2.93

Pollen quantity (2000) (no. of pollen grains on a Malassez cell) G 19 77.73 5.35
H 29 78.06 3.70

Fruit set per flower (2001) F 42 53.31 3.29
G 49 47.86 5.02 41 56.23 3.79
H 43 45.69 3.04

Seed weight per fruit (2001) (mg) F 40 51.91 3.18
G 27 39.82 3.52 35 52.48 3.18
H 40 53.04 2.95

F (and G and H, respectively), female (gynomonoecious and hermaphrodite, respectively) plants; N, number of individuals
studied for each phenotype.
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studies where sex ratios may differ between families,
observed reproductive differences between sexual phe-
notypes may partially be due to family effects. Within
families, the main result of the present study is that
gynomonoecious plants were intermediate in female
and male function between females and hermaphro-
dites, whether this was linked to plant sex or flower
sex depended on the character.

Flower production of sexual phenotypes has often
been compared in gynodioecious species (for a review,
see Delph, 1996) and hermaphrodites usually produce
more flowers than females. This has been interpreted
as evidence of selection for increased allocation to
pollinator attraction. In the present study, females
produced fewer flowers than hermaphrodites and
gynomonoecious were intermediate. This is in accor-
dance with sexual selection theory and other empirical
studies (Widen, 1992; Koelewijn, 1996), although
some authors have found a higher flower production
of partially male-sterile individuals (Philipp, 1980;
Ågren & Willson, 1991; Guitián & Medrano, 2000).

In many gynodioecious species, pistillate flowers are
smaller than perfect ones and three non-exclusive
hypotheses have been identified to explain this flower
size dimorphism: petals of perfect flowers may be
larger than those of pistillate flowers because (1) of an
unselected effect of hormones produced by the pollen;
(2) they must enclose both ovaries and anthers; or (3)
perfect flowers have been selected to be more attrac-
tive than pistillate ones (Delph, 1996). In S. italica,

pistillate flowers were smaller than perfect flowers
even within gynomonoecious individuals. The same
was also true in Dianthus sylvestris (Collin et al.,
2002) and Thymus vulgaris L., a gynodioecious species
with rare gynomonoecious individuals (B. Ehlers,
pers. observ.). All three hypotheses proposed for gyn-
odioecious species could also explain the dimorphism
found within gynomonoecious individuals but this
intraindividual polymorphism means that whatever
the ultimate cause is, the proximate cause is at least
in part pollen production.

Pollen production, in number and quality of grains,
was similar between perfect flowers of gynomonoe-
cious and hermaphrodite individuals in S. italica. At
the plant level, because gynomonoecious individuals
produced an intermediate number of flowers and thus
evidently an intermediate number of perfect flowers,
this result shows that gynomonoecious individuals are
also intermediate for male function.

Pistillate flowers may have an increased female
function compared to perfect flowers because they do
not allocate resources to male function or because
their style is more efficient in capturing pollen (Shy-
koff, 1992). In the present study, female plants had a
higher fruit set per plant, higher seed weight per fruit,
and, in 2000, produced more fruits than hermaphro-
dite plants, as is often found in gynodioecious species
(for a review, see Couvet et al., 1990). Depending on
the species and the reproductive character measured,
previous studies gave values of partially male-sterile
plants between those of females and hermaphrodites
or no difference was found between the phenotypes
(van Damme, 1984; Ågren & Willson, 1991; Desfeux,
1996; Poot, 1997; Maurice, 1999; Guitián & Medrano,
2000). In one case, the partially male-sterile pheno-
type had the highest seed production (van Damme,
1984). In the present study, gynomonoecious individ-
uals were intermediate in female function for all sig-
nificant differences among sexual phenotypes (fruit
set per plant, seed weight per fruit, number of fruits)
and the same tendency was observed for total seed
weight. At the plant level, these results, combined
with the intermediate number of flowers, show that
female reproductive success of gynomonoecious indi-
viduals of S. italica was intermediate for all traits
studied.

In terms of female function at the flower level,
although the female individuals showed a higher fruit
set per flower and a higher seed weight per fruit than
hermaphrodite individuals, we did not find any signif-
icant differences for these characters, either between
sexual phenotype within a sex of flower or between
sexes of flowers within gynomonoecious individuals.
Only fruits of females showed a tendency to be heavier
than fruits of pistillate flowers from gynomonoecious
plants. Such differences were also not significant in

Table 6. Female advantage for fruit set, total number of
fruit produced and total weight of seeds produced

Family

Fruit set
Number of
fruits

Weight of
seeds 

F/H
F/
(H + G) F/H

F/
(H + G) F/H

F/
(H + G)

E 1.33 1.29 1.00 0.96 1.67 1.56
I 1.50 1.49 1.46 1.51
K 1.62 1.53 1.42 1.31
P 1.75 1.64 1.32 1.30
S 1.24 1.18 0.97 0.99
Y 1.22 1.14 1.17 1.05
V 1.22 1.24 1.21 1.19 1.28 1.14
Z 1.23 1.20 1.22 1.17

The female advantage is first calculated taking into account
only hermaphrodites then taking also into account gynomo-
noecious individuals (see methods). F/H, Mean value of
the character for females/mean value of the character for
hermaphrodites; F/(H + G), mean value for females/(mean
value for hermaphrodites × % hermaphrodites + mean
value for gynomonoecious  × % gynomonoecious).
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Silene nutans (Desfeux, 1996) and Dianthus sylvestris
(Collin et al., 2002) but pistillate and perfect flowers
within gynomonoecious plants were different for fruit
set in natural populations of S. italica (Maurice,
1999).

The size and pollen production thus seems to be a
property of the type of flower. Female fertility charac-
teristics, whether they are due to stigma properties
(Shykoff, 1992) or allocation of resources, are influ-
enced both by flower and individual sexes.

CONSEQUENCES OF THE EXISTENCE OF 
GYNOMONOECIOUS INDIVIDUALS FOR THE 

MAINTENANCE OF GYNODIOECY

An important parameter for the maintenance and
dynamics of gynodioecy is the female advantage (i.e.
the relative female fertility of male sterile individuals
compared to hermaphrodite, or restored, individuals
bearing the same cytoplasmic type). If gynomonoe-
cious individuals share major restorer genes with her-
maphrodites, their partially male-sterile phenotype
being due to environmental effects or genetic back-
ground, they must be grouped with hermaphrodites
for the calculation of female advantage in fertility. The
calculations in Table 6 show that (1) including gyno-
monoecious individuals in the calculations diminishes
the female advantage but rather slightly and (2) the
differences between the female advantage with or
without gynomonoecious individuals are smaller than
the differences between the families. The risk of mis-
measuring this parameter is thus higher if females
and hermaphrodites from different genetic back-
grounds are compared than if the partially male-
sterile individuals are neglected.

It has also been proposed that gynomonoecious indi-
viduals could be heterozygous at restorer loci (van
Damme, 1983; Koelewijn & van Damme, 1995a) and,
with that in mind, Poot (1997) checked whether par-
tially male-sterile individuals somehow outperformed
the pure sexes, thus implying overdominance that
will help in maintaining polymorphism for restorer/
sterility alleles and hence gynodioecy. He concluded
that the hypothesis of overdominance could not be
invoked in his species because partially male-sterile
individuals had a lower female reproductive output
than females. However, what must be taken into
account in the case of overdominance is the sum of the
relative male and female functions of individuals (Gre-
gorius, Ross & Gillet, 1982). Taking the number of per-
fect flowers as the male fertility of an individual, and
the fruit-set or the number of fruits as its female fer-
tility, our data show that a rare gynomonoecious phe-
notype will not be selected in a hermaphrodite
population. This implies that, should the gynomonoe-
cious individuals be heterozygote at restorer genes,

their fertility cannot account for the presence of
females in population.

In conclusion, our results show that, despite their
being common in natural populations, the gynomono-
ecious individuals do not greatly alter the conditions
for the maintenance of females and that, with or with-
out them, the values found for female advantages are
between one and two, which is typical of gynodioecious
species with a nucleo-cytoplasmic determination of
sex (Couvet et al., 1990). Nevertheless, it would be
interesting to know in detail the genetic determina-
tion of sexual phenotype in order to explain the exist-
ence of such partially male-sterile individuals.
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Abstract. Native to South-Africa, species of the
Senecio inaequidens complex are presently invasive
in Europe, Australia and South-America. Previ-
ously, different ploidy levels have been found in
these different areas, with only tetraploid individ-
uals reported in Europe, and only diploids in
South-Africa and Australia. In the present study
chromosome counts and flow cytometry were used
to survey DNA ploidy levels in a large sample of 66
native and 21 European invasive populations. One
Mexican individual was also added to the study.
We found only tetraploid individuals occurring in
Europe, whereas both ploidy levels, diploid and
tetraploid, were found in South-Africa. Moreover,
based on genome size, we suggest that two largely
allopatric varieties of diploids exist in South-
Africa. The Mexican individual was diploid. We
suggest that European tetraploid individuals come
from South-Africa and hypothesize that a hybrid-
ization event between the two DNA types of
diploids occurred in the Lesotho area. The taxo-
nomic difficulties surrounding species of the
S. inaequidens complex are briefly discussed.

Key words: Senecio inaequidens, Senecio madaga-
scariensis, invasive species, ploidy levels, flow
cytometry.

Polyploidy, defined as the possession of three
or more sets of chromosomes, is an important
feature of evolution for many plant species.
Polyploid plants often possess novel physio-
logical and life-history characteristics not pres-
ent in their diploid ancestors (Levin 1983,
Lumaret 1988). Although Bennett et al. (1998)
have shown that polyploidy is more frequent in
weeds than in other species, no general rela-
tionship between polyploidy and colonizing
success has been demonstrated (Barrett and
Richardson 1986). However, polyploidy may
confer new adaptive attributes (Petit and
Thompson 1999), allowing plants to enter
new ecological niches, due to (1) a higher
genetic diversity (polyploid plants possess
more alleles per locus than their diploid
ancestors), (2) a higher frequency of hetero-
zygotes (hiding deleterious mutations), and (3)
an enhanced gene expression due to gene
duplication (Bretagnolle et al. 1998, Barrett
and Richardson 1986).

Senecio inaequidens DC. (Asteraceae), a
native South African species, has accidentally
been introduced with sheep’s wool into several
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sites in Europe. The first occurrence in Europe
was recorded in 1889 in Germany, and other
primary invasion sites in Belgium (1922),
Scotland (1928), France (1935), Netherlands
(1939) and Italy (1947) were documented at the
beginning of the twentieth century (see Ernst
1998, Guillerm et al. 1990 for review). The
species was firstly restricted to sites of intro-
duction, but then started to spread to several
new localities around the seventies (Jovet et al.
l975, Dancza and Kiraly 2000, Werner 1994,
Ernst 1998) and it is now widespread all over
Europe (in Austria and Spain, Polatschek
1984; Switzerland, Mayor 1996; central Eur-
ope, Ernst 1998, Dancza and Kirlay 2000;
Denmark, H. Pederson, pers. com.; Northern
Ireland, P. Hackney, pers.com.). S. inaequidens
belongs to a complex including Senecio mad-
agascariensis and Senecio harveianus, a com-
plex which poses extremely difficult taxonomic
problems (Hilliard 1977, Leszek 1997, Scott
et al. 1998, Radford et al. 2000, K. Balkwill,
pers. obs.). Molecular studies have shown that
South African S. madagascariensis is more
closely related to South African S. inaequidens
than to Madagascan S. madagascariensis
(Scott et al. 1998, Radford et al. 2000).
Different specimens from the National Botan-
ical Institute of Pretoria are classified as
S. inaequidens, S. madagascariensis and S. har-
veianus. Individuals of the supposed taxa
sampled in the localities given by the vouchers
do not reveal significant phenotypic differences
under controlled growth conditions and cross-
fertilizations in the greenhouse between these
three so-called species resulted in full seed set
giving viable offsprings (Lafuma, unpublished
results). Individuals of this complex in Aus-
tralia, designated as S. madagascariensis (Mi-
chael 1981), have been accidentally introduced
there from South Africa at the beginning of the
twentieth century (Scott et al. 1998, Radford
et al. 2000) and are now spreading rapidly
(Sindel et al. 1998). South American individ-
uals, also classified as S. madagascariensis,
occur as weeds in agricultural grasslands in the
southern part of the Buenos Aires province in
Argentina (Verona et al.1982 in Sindel

et al.1998) and also appeared recently in
Mexico (J. Rzedowski, pers. com.).

Some British and Italian individuals of
S. inaequidens were examined for chromosome
number and were shown to be tetraploid with
2n¼ 40 (Harland 1955, Chichiricco 1979).
Michael and Radford (Radford et al. 1995)
considered that South African individuals,
determined by Turner and Lewis (1965) as
S. pellucidus with 2n¼ 20, were in fact two
specimens of S. madagascariensis complex. In
addition, chromosome counts of 2n¼ 20 were
observed in the invasive Australian weed,
S. madagascariensis (Radford et al. 1995).

In this study we focussed on the ploidy
level of the S. inaequidens complex in South
Africa and compared it to the ploidy level of
S. inaequidens in Europe. We test four hypoth-
eses concerning the pattern of distribution of
different cytotypes: (1) there are tetraploid and
diploid individuals in South Africa and only
tetraploids in Europe; (2) diploid and tetra-
ploid cytotypes occur in both continents; (3)
only diploid individuals are present in South
Africa and both cytotypes occur in Europe;
and (4) only diploid individuals are found in
South Africa and only tetraploid ones in
Europe. Because it is very unlikely that several
independent polyploidization events appeared
only in Europe, the last hypothesis would be in
conflict with the fact that European introduc-
tions were supposed to be independent (Ernst
1998). The third hypothesis is for the same
reason improbable because tetraploid individ-
uals have already been found in two indepen-
dent sites of introduction (United Kingdom
and Italy). We surveyed species of the complex
all over its distribution area in South Africa
and in several areas of introduction in Europe.
We first established ploidy level by chromo-
some counts on root tips of three South
African individuals used as reference, and then
employed flow cytometry, a more rapid and
convenient procedure to compare ploidy levels
across a wide range of different localities. A
Mexican individual was also added to our
study to assess its ploidy level in an other area
of introduction.
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Materials and methods

Plant material. We studied individuals of the
S. inaequidens complex grown in a greenhouse at
Montpellier (France) and originating from various
geographic localities of the complex’ native range
(South Africa) and from Europe and Mexico, areas
of introduction (see Table 1 and Table 2 for details).

In South-Africa, seeds were collected from 153
individuals in 66 populations that cover the distri-
bution area of the S. inaequidens complex (Table 1).
Although Goldblatt and Manning (2000) excluded
S. inaequidens from the Cape flora, plants collected
in the two localities of the Cape area (ACA and
ALC populations) did not differ morphologically
from those collected in other parts of South Africa
(Lafuma, unpublished data). European seeds were
collected from 42 individuals in 21 populations,
representing at least four sites of introduction in
Europe (France, Italy, Belgium and Germany,
Table 2). Among these individuals particular atten-
tion was paid to two sites of introduction, Mazamet
and Liège, were several populations were surveyed
(14 individuals in seven populations and 18 indi-
viduals in seven populations respectively). In Mex-
ico only one individual from a single population
was tested (Table 2). Taxonomic identities for the
South African specimens that come from localities
documented by the National Botanical Institute of
Pretoria or for which Hilliard (1977) gave discrim-
inatory characters (in Natal, under 1500m sea level
individuals are supposed to belong to S. madaga-
scariensis) are reported in Table 1. All individuals
were obtained from germinated seeds.

Chromosome counts. Chromosome numbers
were established from counts in root tips of three
healthy South African individuals. Growing roots
were fixed in 3:1 ethanol:glacial acetic acid at room
temperature during 15 days and then refrigerated.
For coloration, root tips were treated with acetic
carmine and iron (III) acetate and were boiled for 5
minutes. After cooling, root tips were placed in
acetic acid between a slide and a cover slip and
observed with a light microscope. Chromosome
counts were established based on observations of
cells in metaphase.

Flow cytometry analysis. Samples consisted
of 1 to 2 cm2 of healthy fresh young foliar tissue.
Tissues were finely chopped up with a razor blade
in a Petri dish, with 0,5 to 1 cm2 leaf tissue of
Medicago truncatula cv Jemalong (internal refer-

ence standard, see below). After chopping, 500 lL
of ice-cold buffer (pH¼ 8, 10 mM MgSO47H2O,
50 mM KC1, 5 mM Hepes and 10 mM Triton X-
100) was added and homogenized. The suspension
was filtered through a 50 lm nylon mesh, and
about 300 lL of nuclei suspension was stained by
adding 50 lL of propidium iodide (1mg/mL). The
solution was gently mixed, and left at room
temperature for about 2 minutes before being
analyzed with the flow cytometer (a staining time
from 10 seconds to 30 minutes has been tested). We
used a consistent methodology for all samples and
the repeatability of measurements of the same
individuals allows for comparison: we have
checked that, within an individual, measures were
consistent-both between different dates and
between different parts of the plant.

The flow cytometer was a FASScan, working
with the software Cellquest (Becton Dickinson,
Mountain View, CA). From laser excitation of
propidium iodide at 488 nm, we measured reflec-
tion at 585 nm to read 2C nuclei DNA contents of
3000 nuclei per sample. We selected Medicago
truncatula cv Jemalong as an internal reference
standard (2C = 0,95; Bennett and Leitch 1995),
because preliminary trials have shown that 2C
peaks for this species were close to those of diploid
and tetraploid S. inaequidens, without any overlap,
as recommended by Johnston et al. (1999).

Most of the cells are in the G0/G1 phase of the
cell cycle (G0 cells are not actively growing or
dividing/G1 cells are actively growing but not
dividing) and have a 2n DNA content. The Flow
cytometry analysis of isolated nuclei resulted in
histograms of their DNA content compared to that
of the standard reference, and represented one peak
corresponding to the G0/G1 nuclei of S. inaequidens
and one peak corresponding to the G0/G1 nuclei of
the internal reference M. truncatula (Fig. 1).
Nuclear DNA content (in pg) of S. inaequidens
samples was estimated according to the equation :
2C nuclear content of S. inaequidens – (0.95xG0/G1

peak mean of S. inaequidens)/(G0/G1 peak mean of
Medicago truncatula). Only peaks with low coeffi-
cients of variations (<10%) were retained for
further analysis.

Assuming that ploidy level of individuals is
proportional to their 2C nuclear DNA content, we
deduced ploidy level of each sample from the mean
DNA content and the ploidy level of individuals
from which chromosome counts were made.
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As for South African diploid populations, we
observed an important variation for DNA content,
we tested whether the distribution was bimodal
using the coefficient of bimodality (b). This coeffi-
cient was calculated using the formula (m3

2 + 1)/
(m4 + 3(n)l)2/(n)2)(n)3)) where m3 is the skew-
ness and m4 is the kurtosis of the distribution of a
‘n’ sample size. Bimodality is significant if b is
greater than 0.55 (SAS 1996).

Results

Table 1 and Table 2 present DNA values
determined respectively for native and intro-
duced S. inaequidens. Based on the ploidy level
and DNA content of the three reference
individuals (Table 1), we considered plants as
diploids or tetraploids when their DNA con-
tent ranged from 1.13 to 1.6 pg or from 2.11 to
2.65 pg, respectively. No firm conclusion was
possible concerning the ploidy level of three
individuals from two South African popula-
tions, i.e. AAR and ALY. Although their
DNA content was closer to that of diploid
populations, it did not fall within the distribu-
tion patterns of either diploid or tetraploid
populations.

In South-Africa, we found diploid popu-
lations, tetraploid populations and popula-
tions with both cytotypes (Table 1 and
Fig. 2). Repeated measures of DNA content
in the same material of diploids at different
times show much less difference (2 repeats per
individuals, 14 individuals measured repeat-
edly: mean difference among individual re-
peats=0.052 pg and maximum variation
between two repeats=0.1319 pg ) than differ-
ence between all diploid individuals (maxi-
mum difference between two individuals=
0.4396 pg). The South African diploid popu-
lations show a bimodal distribution of DNA
content (the coefficient of bimodality,
b=0.58, is significant), probably consisting
of two overlapping normal distributions sep-
arated at around 1.26 pg of DNA content
(Fig. 3). Chromosome counts on one sample
of each of these two kinds of populations
confirm that they both contain 20 chromo-
somes (Table 1). Figure 2 shows that diploidT
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Table 2. Ploidy level of Senecio inaequidens in some areas of introduction (Europe and South America).
Mean Peak Senecio/Peak Medicago truncatula +/) standard error and mean DNA content (pg) +/)
standard error are given for each population

Population Putative taxon
name

District Country Sample
size

Peak_Senecio/
Peak_Standard

DNA
amount [pg]

Ploidy
level

DCO S. inaequidens Copenhagen Denmark 1 2.57 2.44 4
FBC S. inaequidens Mazamet France 2 2.45 ± 0.10 2.33 ± 0.09 4
FLE S. inaequidens Mazamet France 2 2.47 ± 0.01 2.34 ± 0.01 4
FMA S. inaequidens Mazamet France 4 2.55 ± 0.01 2.43 ± 0.01 4
FRA S. inaequidens Mazamet France 1 2.69 2.55 4
FSU S. inaequidens Mazamet France 1 2.44 2.32 4
FUC S. inaequidens Mazamet France 1 2.58 2.45 4
FZA S. inaequidens Mazamet France 3 2.52 ± 0.03 2.39 ± 0.03 4
FLC S. inaequidens Narbonne France 3 2.57 ± 0.05 2.44 ± 0.04 4
GKO S. inaequidens Köln Germany 1 2.47 2.34 4
HGY S. inaequidens Györ Hungary 1 2.56 2.43 4
IRO S. inaequidens Roma Italy 1 2.64 2.51 4
PBE S. inaequidens Amsterdam Netherlands 2 2.41 ± 0.01 2.29 ± 0.01 4
PDR S. inaequidens Liège Belgium 3 2.43 ± 0.06 2.31 ± 0.05 4
PFL S. inaequidens Liège Belgium 1 2.46 2.34 4
PHL S. inaequidens Liège Belgium 1 2.55 2.42 4
PJU S. inaequidens Liège Belgium 1 2.42 2.3 4
PLI S. inaequidens Liège Belgium 4 2.65 ± 0.05 2.52 ± 0.05 4
PPA S. inaequidens Liège Belgium 2 2.47 ± 0.00 2.35 ± 0.00 4
PWL S. inaequidens Liège Belgium 4 2.62 ± 0.06 2.49 ± 0.06 4
RUI S. inaequidens Northern-

Ireland
United-
Kingdom

1 2.51 2.39 4

MAM S. madagascariensis Queretaro Mexico 1 1.26 1.2 2

Fig. 1. Histograms of relative DNA contents obtained during the analysis. Left peak refers to internal reference
(Medicago truncatula), right peak refers to a S. inaequidens (s.l.) individual. Histogram of a tetraploid individual
(a). Histogram of a diploid individual (b)
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populations with less than 1.26 pg of DNA
content are geographically largely isolated
from those with more than 1.26 pg of DNA
(hereafter referred to as Eastern and Western
diploid variety, respectively) and that many
tetraploid populations or populations with
both cytotypes are found at the border of the
two kinds of diploid populations in the
Lesotho area. Finally, in South Africa we
found no diploid population above 2000 m
altitude (Fig. 4).

In Europe all individuals studied were
tetraploid (Table 2). There was no relationship
between DNA content and the geographic
origin of individuals (Fig. 5). In South-Amer-

ica, the only individual studied was diploid and
contained less than 1.26 pg of DNA (Table 2).

Discussion

Geographical and ecological origin of the poly-
ploids. Our results show that there are diploid
and tetraploid individuals of S. inaequidens
(s.l.) in South Africa (hypotheses 3 and 4
rejected), but we have found only tetraploid
individuals in at least four sites of introduction
(France, Italy, Belgium and Germany) in
Europe (hypothesis 2 rejected). In particular,
we have found no diploid individuals near two
documented sites of introduction, Liège in

Fig. 2. Cytotype distribution of sampled populations of the S. inaequidens species complex in South Africa.
d Indicates tetraploid populations,m andn refer to diploid populations wherem indicates diploid populations
with more than 1.26 pg of DNA and n designates diploid populations with less than 1.26 pg of DNA. w and
q refer to populations with both cytotypes wherew indicates that the diploid cytotype containmore than 1.26 pg
ofDNA andq that the diploids contain less than 1.26 pg ofDNA.+denotes populations for which ploidy level
was uncertain. Grey area refers to the distribution range of the S. inaequidens complex in South Africa
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Fig. 3. Number of individuals per genome size class for diploid individuals in South Africa

Fig. 4. Occurrence of diploid (2x), tetraploid (4x) and mixed populations at various altitudes in South Africa
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Belgium and Mazamet in France (Ernst 1998,
Guillerm et al. 1990), even though these areas
were extensively sampled. This suggests that
only tetraploids were introduced to Europe
and does not support the supposition that both
diploids and tetraploids were introduced to
Europe and that diploids were unable to
spread beyond the areas of first introduction.
Nevertheless, it is always difficult to demon-
strate the non-existence of a phenomenon and
here it is not possible to assert that there are
(or have been) no diploids in Europe, even
though our results do suggest that this is the
case. Therefore, we suggest that the first
hypothesis may hold true, whereby tetraploi-
dization first occurred in South Africa and
only tetraploids were introduced to Europe.

Most tetraploid populations from South
Africa occurred in the Lesotho area (see
Fig. 2). However, we have also found five
other tetraploid populations outside this area
(APE, AOW, APF, AUC and AGH) at or in

the vicinity of Port Elizabeth. Because Port
Elizabeth was an important wool export port
at the beginning of the twentieth century, in
particular with respect to Europe, we suggest
that these populations are secondary, reflecting
dispersal of polyploids in South Africa medi-
ated by wool trade from Port Elizabeth. We
propose that the polyploidization event hap-
pened in the Lesotho area where ecological
conditions are probably different, as suggested
by altitude. Indeed, tetraploid populations
(except the five tetraploid populations from
the Port Elizabeth area) were generally found
on average at higher altitudes than diploid
ones (Fig. 4). All populations containing both
cytotypes were found at intermediate altitudes
where the distribution of diploid and tetra-
ploid populations overlaps. This may suggest
that the geographical patterns of distributions
of the two cytotypes reflect differences in their
ecological requirements, with polyploids being
more capable to tolerate environmental stress.

Fig. 5. Number of individuals per genome size class for tetraploid individuals from South Africa, France,
Belgium, Netherlands, United Kingdom, Italy, Hungary, Germany and Denmark
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However, even though higher proportions of
polyploids are generally found at higher alti-
tude or latitude than related diploids (Petit and
Thompson 1999), there is still debate about the
relationship between ecological tolerance and
chromosomical valence and no general con-
clusion could be drawn regarding the ecolog-
ical distribution of different cytotypes in
various polyploid complexes (Thompson and
Lumaret 1992).

Little information is available concerning
the history of invasion in South America. One
chromosome count performed on an Argen-
tinean specimen of S. madagascariensis indi-
cates a number of 2n=20 (Verona et al. 1982
in Scott et al. 1998). In this study we have
shown that the single Mexican individual
analyzed was also diploid and that its DNA
amount fell into the range of the Eastern
diploid variety (Table 2). This suggests that
South American populations are not directly
related to European ones, but no further
conclusion can be drawn regarding a South
African or Australian origin.

DNA amount variability. Intraspecific var-
iation in DNA amount remains a hotly
debated issue (Bennett and Leitch 2000).
Although intraspecific variation in genome
size has been detected in various species (for
Rubus alceifolius, Ansellem et al. 2001; for
review see Ohri 1998), many such reports have
been refuted because of technical artefacts
(Bennett et al. 2000, Ohri 1998). In our study,
repeated measures on the same individuals
suggest that even though the observed varia-
tion may have been overestimated due to
methodological errors, intraspecific DNA var-
iation does exist in diploids. The geographical
distribution pattern of diploid populations
varying in genome size further supports the
idea of a bimodal distribution of DNA con-
tent. It is recognized that variation in genome
size may be correlated with various environ-
mental conditions and adaptive traits (see Ohri
1998). Here, for instance, differences observed
in C-values for eastern and western popula-
tions seem to be roughly correlated with the
distribution of mean annual rainfall in South

Africa (http://www.ngo.grida.no/soesa/nsoer/
Graphics/national/rain.gif), and this may ex-
plain the evolution of two DNA-amount types
observed in diploids.

Tetraploid populations and populations
with both diploid and tetraploid cytotypes
are found at the border of the two kinds of
diploid populations in the Lesotho area. Tet-
raploid populations could have evolved by an
autopolyploidization event (simple doubling of
a single genome) within one kind of diploid
population, or by an allopolyploidization
event (hybridization event involving two types
of genomes) involving the two closely related
DNA-amount types. Because the DNA
amount of polyploids is not expected to
increase proportionately with ploidy level
(genome size in polyploids being biased
towards smaller values, Bennett et al. 2000)
we could not test which type of polyploidiza-
tion may have occurred based on the amount
of DNA observed among tetraploids. The
combination of two facts suggests that the
allopolyploidization hypothesis is more parsi-
monious than the autopolyploidization
hypothesis. Firstly, the two different diploid
DNA types are geographically separated with
tetraploid populations forming a wedge in-
between (Fig. 2). Secondly, of the three pop-
ulations containing both diploid and tetraploid
individuals, one contains a diploid individual
with low level of DNA, and two contain
individuals with high level of DNA content
(Table 1 and Fig. 2).

Taxonomic identities of the S. inaequidens
complex. The distribution of the different
taxonomically recognized species of the
S. inaequidens complex does not coincide with
the distribution of genome size. In South
Africa, S. harveianus and S. madagascariensis
have distributions included in the distribution
of S. inaequidens, which cover the distribution
of the complex (National Botanical Institute of
Pretoria). S. harveianus is supposed to occur
roughly in the Lesotho area and in the
North East of South Africa. Distribution of
S. madagascariensis is included in the Eastern
diploid variety. However, morphological dis-
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tinction between species is questionable
(K. Balkwill, pers. obs.). Morphological com-
parisons under controlled conditions and
crossing experiments between populations
classified as three different species (S. inaequi-
dens, S. madagascariensis and S. harveianus)
were performed with Eastern and Western
diploids (with ACP, ANG, APK, ARS and
ABL used for morphological comparisons and
ACP, ANG and APK used for crossings;
Lafuma, unpublished results) and have shown
that these populations cannot be distinguished
on the basis of taxonomic traits used to classify
them. This further suggests that the two kinds
of diploids are closely related.

In South America and in Australia, where
the weed is diploid, it has been classified
as S. madagascariensis and the name of
S. inaequidens was never proposed (Sindel
et al. 1998). In Europe, only S. inaequidens
and S. harveianus (Jovet et al. 1975, Tutin et al.
1976) have been proposed to name the species.
This suggests that the controversy which has
emerged concerning their taxonomy might be
related to ploidy differences, often associated
with phenotypic differences in the complex
(L. Lafuma and S. Maurice, pers. obs.). The
existence of different species in South Africa
may be a reality, but the degree of differenti-
ation among them has to be further clarified.
Genome size in South Africa could be used as
a taxonomic character to throw light on this
taxonomically confusing complex.

Conclusion

This study has provided new information
concerning the ecological and evolutionary
origin of the European tetraploid weed
S. inaequidens. We believe that an allopolypl-
oidization event may have occurred in the
Lesotho area between two DNA-amount types
of one species of the S. inaequidens complex.
However, additional work such as molecular
studies are needed to confirm our hypotheses.
Abbott and Milne (1995) consider this type of
information crucial to understand evolution-
ary changes that might promote the rapid

spread of invading species. Difference in ploidy
level between Non-European and European
invasive plant taxa may be one characteristic
that could explain the success of invaders in
Europe. Indeed polyploids may be able to
adapt more easily to new and variable envi-
ronments (Levin 1983, Lumaret 1988, Thomp-
son 1991). However, although only tetraploid
populations of S. inaequidens seem to have
been successful in Europe (provided that both
diploid and tetraploid populations had been
introduced), diploid individuals have colonised
Australia and South America. Thus, the rela-
tionship between ploidy level and colonizing
success in the species needs further study.
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in the invasive species Senecio inaequidens (Asteraceae)
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The evolution of the strength of self-incompatibility in Senecio inaequidens , a native of South Africa was
investigated in relation to its invasion in Europe. Levels of self-incompatibility were estimated with hand-
pollinations in five populations in greenhouse conditions. One population came from the native range of the
species and four populations were sampled in Europe from two independent transects of colonization with old
and recent populations. Contrary to Baker’s law predictions, our results suggest that the species has a
sporophytic self-incompatible system maintained in all populations. We suggest that the ability of S. inaequidens
to colonize new sites with a self-incompatibility system is promoted by its ecological characteristics (perenniality,
extended reproductive period, massive seed production, generalist pollinators). In addition, we found that mate
availability was increased (1) in the introduced range compared to the native range, (2) in marginal versus central
European populations. Possible explanations for this surprising result are discussed.

The breeding system of plants imposes particular
constraints on the mating structure and thus eventually
on the reproductive success of individuals. One type of
breeding system which limits mate availability in plants
is self-incompatibility, defined as the inability of a
fertile hermaphrodite seed plant to produce zygotes
after self-pollination (de Nettancourt 1977). Self-
incompatibility prevents fertilization if pollen and pistil
share the same incompatibility type, making selfing but
also mating between relatives that have inherited the
same incompatibility type impossible. This widespread
mechanism thus promotes outbreeding and gene flow
in angiosperms and could have played a significant role
in their evolutionary success (Hiscock and Tabah
2003). Current phylogenetic and molecular data sug-
gest that self-incompatibility has probably evolved on
numerous independent occasions (Steinbachs and Hol-
singer 2002, Hiscock and Tabah 2003). In parallel, the
loss of self-incompatibility has occurred repeatedly in
the flowering plants (Richards 1997).

In colonizing species, bottlenecks profoundly affect
population size and cause losses of allelic variation at
the self-incompatibility locus (or S-locus), reducing

both the number of individuals and the percentage of
cross-compatible mates. Because self-incompatibility
systems require a large number of S-alleles to maintain
high levels of cross-compatibility (Byers and Meagher
1992, Vekemans et al. 1998, but see Brennan et al.
2002), self-incompatibility is expected to be a dis-
advantageous feature in colonizing species. Baker’s law
(1955, 1967) invokes more generally the importance of
reproductive assurance in selecting for self-fertilization
in colonizing plants and animals. Evidence for Baker’s
law has been drawn largely from comparative studies
documenting a higher frequency of self-compatible
species in islands compared to mainland area or within
colonizing species compared to related non-colonizing
plant species (Baker 1955, Price and Jain 1981,
McMullen 1987). Although these correlations are
consistent with a role of reproductive assurance in the
colonizing ability, they require further tests by analysing
sub-hypotheses since they are usually complicated by
correlations between factors that affect the level of cross-
pollination (pollinator abundance, mate availability)
and those that facilitate selfing for genetic reasons (i.e.
by diminishing the inbreeding depression). Small
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populations or populations having experienced founder
effects are expected to show a reduced rate of inbreeding
depression because mildly deleterious alleles can be
fixed (Bataillon and Kirkpatrick 2000) and recessive
lethal alleles are in lower frequency (Hedrick 2002).
These genetic properties thus facilitate the evolution of
selfing though Glémin et al. (2001) have shown that
quite a strong level of inbreeding depression can be
maintained in small populations if deleterious alleles are
linked to the S- locus. Besides, even if some self-
compatible species have succeeded in colonization
compared to self-incompatible species, few studies
have clearly demonstrated reproductive assurance as a
strong selective pressure for the active dissolution of
self-incompatibility system and the evolution of self-
fertilization (but see Barrett et al. 1989, Reinartz and
Les 1994).

Senecio inaequidens , a member of the family Aster-
aceae native to South Africa, is currently invading
Europe. The progression of S. inaequidens , or coloniza-
tion transect, originating from two different introduc-
tion sites, have been documented by botanists in
southern France and in Belgium/Netherlands (Guillerm
et al. 1990, Ernst 1998). Senecio inaequidens is self-
incompatible but individuals that showed partial self-
fertility have been observed in France (Lopez Garcia
and Maillet 2005). We tested if colonization 1) reduced
the average compatibility between plants and/or 2)
promoted selfing ability by comparing level of self and
cross-compatibility in a South African native popula-
tion compared to a European population and an old
population compared to a recent population in each of
the two invasion transects.

Material and methods

Study species

The focal species Senecio inaequidens is a perennial
Asteraceae that frequently invades disturbed habitats
such as pastures, vineyards or roadsides. In South
Africa, diploid and tetraploid individuals can be found
whereas only tetraploid individuals are found in Europe
(Lafuma et al. 2003). Several introductions occurred in
Europe during the 20th century and well documented
historical data are provided for two of them. In Liege
(Belgium) the species occurred for the first time in
1922. After 40 years restricted to this site it started to
spread and reached Amsterdam (Netherlands) in 1985
(Ernst 1998). In the south of France S. inaequidens was
introduced in Mazamet in 1936, began to spread in the
70s and was firstly described by botanists near
Narbonne in 1983 (Guillerm et al. 1990). Both Liege
and Mazamet possessed wool factories and imported
sheep wool from South Africa. It is thus supposed that

seeds were introduced with the sheep wool and that the
two colonization events are independent.

Senecio inaequidens has a highly effective production
of fruits (these one-seeded indehiscent fruits will here-
after be named ‘‘seeds’’ for convenience). Some in-
dividuals may produce more than 1000 capitula during
a flowering period, each capitulum having potentially
the capacity to give roughly one hundred seeds (Lopez-
Garcia and Maillet 2005). Sexual reproduction starts in
spring (April-May), about two months after germina-
tion, and may end in late autumn (November-Decem-
ber). Pollination is mostly entomophilous with
generalist pollinators. Genetics of self-incompatibility
in S. inaequidens has not yet been investigated, but self-
incompatible Asteraceae usually possess a homomorphic
sporophytic self-incompatibility system and so does the
congeneric species S. squalidus (Hiscock and Tabah
2003).

Sampling

Four populations were sampled in Europe in 2000. We
will call ‘‘old’’ the populations at the introduction sites
and ‘‘young’’ or ‘‘recent’’ the populations at the end of
the invasion transect. Two populations were sampled in
France, near Mazamet (43830?N, 2824?E ! old
population) and near Narbonne (43811?N, 3800?E !
young population). Two populations were sampled
along the transect of colonization of Belgium/Nether-
lands near Liege (50840?N, 5839?E ! old population)
and near Amsterdam (52812?N, 4846?E ! young
population). In 2002, the most likely source area of
European populations was found (Lafuma et al. 2003)
and a tetraploid South African population, Elliot
(31809?S, 27845?E), was added to the sample. All
sampled populations occurred along roads and had
similar densities.

Self-incompatibility in an insect-proof greenhouse

In each population, capitula from regularly spaced
plants (ca 3 m apart) were harvested in 2000 or 2002.
Plants were numbered and distances between these
plants were measured. Progeny of these plants were
grown in controlled conditions ! in Montpellier,
France ! until the flowering season. We used one
individual from each of ten maternal families for each
of the populations harvested. Hand-pollinations were
performed in August 2001 for European populations.
In April 2003, new hand-pollinations were performed
for the European population of Mazamet (the same
individuals were used in 2001 and 2003) and for the
South African population of Elliot. Hand-pollinations
were performed when all the florets of the same
capitulum were receptive (the flowering is centripetal
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within a capitula but a stigma remains receptive several
days if not pollinated). The pollen was collected from
the donor plant using a paintbrush, which was then
brushed against recipient heads to achieve pollination
(Kearns and Inouye 1993). Two treatments were
performed on each plant: (1) 3 independent geitono-
gamous self-fertilization by hand-pollinations, (2) 3 to
5 cross-pollinations each with a different pollen donor
of the same population (incomplete diallelic design).
Inter-population crosses between the French population
of Mazamet and the Belgium population of Liege were
also realized: three capitula of each individual of the
Mazamet population received pollen from three ran-
domly chosen individuals of the Liege population. After
fertilization, we measured for each cross performed the
number of viable seeds: these are dark and thick and can
be easily distinguished from white, thin, unfertilised
ovules. These data were used to calculate the seed/ovule
ratio as the number of viable seeds/(viable seeds" /

unfertilized ovules).

Data analysis

Data from experimental crosses were analysed using
general linear model using Proc GLM (SAS 1999). The
response variable was the seed/ovule ratio. First, we
performed a general mixed-model analysis of variance
(ANOVA) considering population (six levels: data from
the population of Mazamet realized in 2001 and 2003
were considered as two different levels as environmental
factors may affect the self-compatibility system (de
Nettancourt 1977)) and cross treatment (two levels:
self- versus cross-pollination) as fixed effects. Popula-
tion was considered as a fixed effect as populations were
not chosen at random but because of their position on
the invasion transect. The plant effect (nested in
population) was specified as random effect. Multiple
comparisons of mean values were performed using
Tukey test. For each population we also compared the
seed/ovule ratio level of cross-pollinations with self-
pollinations with a t-test (for paired comparisons).
Seed/ovules ratios for cross-pollinations revealed bi-
modality due to the fact that cross-pollinations are a
mixture of compatible and incompatible crosses. Com-
parison of ratio for self- and cross-pollinations justified
that crosses were considered as compatible when their
ratio was above 0.1 (Results). A second model was thus
used to compare the seed/ovule ratio of cross compa-
tible fertilizations (seed/ovule ratio!/0.1). We com-
pared populations of the same transect of colonization
and the population of Mazamet with the South African
population independently. The population effect was
specified as fixed effect and the plant effect (nested in
population) was declared as random effect. For both
models:(1) the denominator degrees of freedom were

calculated using the Satterthwaite’s approximation, (2)
type III sums of squares were used to calculate F-ratios
and (3) the seed/ovule ratio was transformed using
angular transformation in order to satisfy model
assumptions (Sokal and Rohlf 1995).

To compare the number of compatible and incom-
patible crosses between populations, we performed a x2
test. Data within and between cells of the 2# /2
contingency table are not totally independent as each
individual was used in more than one cross. However
the variable being tested here is the result of an
interaction between two plants and each cross appears
only once. Besides we verified that the results were not
due to particular individuals by jackknifing the data set
over individuals and checking that the data showed the
same pattern.

According to self-incompatibility mechanisms, re-
lated individuals have a low probability of being cross-
compatible. Within a population, there might be a
relation between genetic and geographical distance. If
such a relation exists in the study populations and if
there was a difference in the average geographical
distance between plants representing each population,
this might affect our comparisons of compatibility
levels. We thus performed a t-test on mean distance
between parents involved in compatible crosses versus
incompatible crosses in each population to exclude the
possibility of this bias in our analysis.

Results

Levels of self-compatibility

The seed/ovule ratios obtained by hand-selfing varied
from zero to 0.38 (Fig. 1a). The distribution was
strongly skewed towards zero: more than 90% of self-
pollinations gave less than 0.1 of fertilized seeds and full
self-sterility was found for 50% of selfed capitula. The
10 ratios out of the 147 self-pollinations performed that
were higher than 0.1 were linked to four specific
individuals, each belonging to a different European
population (there were at least two capitula with
ratio!/0.1 for each of these four individuals). However
the seed/ovule ratio for these four selfed individuals was
lower than the seed/ovule ratio for cross-pollinations
using these same individuals.

The seed/ovule ratios obtained by cross-pollination
varied from zero to 1 (Fig. 1b). The ANOVA detected a
significant effect of crossing treatment (self-pollination
versus cross-pollination, Table 1, Fig. 2). In each
population, the self-pollinations differed from the
outcrossings (in each population t-test, pB/0.05 with
Bonferroni correction). The interaction of crossing
treatment with population was significant (Table 1)
largely because of differences in the seed/ovule ratios in
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cross-pollinations between sites. In particular, the seed/
ovule ratios of cross-pollinations of Narbonne and
Amsterdam were higher than those of Mazamet (2001
and 2003) and Elliot (Tukey test, pB/0.05; Fig. 2). No
significant differences were found in self-pollinations
between sites (Tukey test, p!/0.05; Fig. 2). We also
found a significant plant effect (Table 1).

Frequencies of compatible crosses

As the majority of selfings gave a seed/ovule ratio
below 0.1 and the distribution of seed/ovule ratio of
cross-pollinations also showed a mode in the class 0-
0.1 (Fig. 1), we considered crosses between plants as
incompatible when their seed/ovule ratio was below
0.1. The seed/ovule ratios from compatible crosses
were significantly different neither between popula-
tions of the same transect of colonization (French
transect: F$ /2.46, p$ /0.133; Belgium/Dutch transect:
F$ /0.13, p$ /0.718), nor between the old French
population and the South-African population (F$ /3,
p$ /0.108). This further justified the decision of taking

the same threshold of 0.1 in all populations to
distinguish incompatible crosses. Among the 64
reciprocal crosses realized, 36 showed reciprocal com-
patibility, 9 exhibited reciprocal incompatibility and
19 crosses were compatible in one direction but not on
the other, i.e. they displayed a reciprocal difference in
compatibility. We found more compatible crosses
within the old French population than within the
South-African population (Table 2a). Intra-population
crosses in the recent French population (Narbonne)
tended to be more compatible than in the old French
population (Mazamet) (Table 2b, marginally insignif-
icant). More intra-population crosses were compatible
in the recent Dutch/Belgium population (Amsterdam)
than in the old Dutch/Belgium population (Liege)
(Table 2b). Crossing within and between the old
European populations showed that inter-populations
crosses tended to be more compatible than intra-
populations crosses (Table 2c). These patterns held
under the jackknife procedure over individuals. In each
population, there was no difference in mean distance
of parents of plant used in cross-pollinations between
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Fig. 1. Distribution of (a) self-pollinations and (b) cross-pollinations in seed/ovule ratio classes over all intra-population crosses.

Table 1. Mixed model analysis of variance for the seed/ovule ratio from experimental intra-population crosses in S. inaequidens.
Crosses made two different years (2001 and 2003) on the population of Mazamet were considered as two different populations. The
ratio was arcsin(!) transformed.

DF Mean square F-ratio p-value

Type of cross 1 25.6638 213.08 B/0.0001
Population 5 0.7545 3.22 0.0131
Type of cross# /population 5 0.3641 3.02 0.0110
Plant (population) 47 0.2458 2.04 0.0002
Residual 329 0.1204
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compatible and incompatible crosses and no significant
correlation between the self and cross-compatibility
level of individuals (p!/0.05 for all tests).

Discussion

Reproductive system of Senecio inaequidens

This work first confirmed that Senecio inaequidens is a
self-incompatible species (Lopez-Garcia and Maillet
2005): few selfing trials lead to a seed/ovule ratio
higher than 0.1. Besides data obtained with two
enzyme loci showed no significant departure from
Hardy-Weinberg proportions indicative of no inbreed-
ing in all European and South African populations
studied (Lafuma 2003). The occurrence of reciprocal

differences in cross-compatibility between some pairs
of parent plants is a typical feature of sporophytic
self-incompatibility (Hiscock and Tabah 2003).
Results of reciprocal crosses thus gave some evidence
that S. inaequidens possesses a homomorphic spor-
ophytic self-incompatibility system, as do species of
the Compositae studied so far and Senecio squalidus, a
species of the same genus (Hiscock and Tabah 2003).
We can not rule out the possibility that under
some conditions the effectiveness of this system will
be weakened. Nevertheless, preliminary experiments
suggested that an increase in temperature (as for
homomorphic self-incompatible system in Brassica ,
Hodgkin et al. 1988) or floral age (as for Campanula
rapunculoides , Vogler et al. 1998) do not influence the
seed set of self-pollinations in our system (Lafuma
2003).

Table 2. Number of outcrosses for the two seed/ovule ratio classes: a cross giving a seed/ovule ratioB/0.1 is being considered as
incompatible (see text). Comparisons (a) between a native and an introduced population (between plants intra-population crosses),
(b) between old and recent populations of the same transect of colonization (between plants intra-population crosses) and (c)
between intra-population crosses and inter-populations crosses.

Populations involved in the crosses Year of the experiment Seed set x2 p-value

B/0.1 ]/0.1

(a)
Mazamet("/)# /Mazamet(#/) 2003 7 16
Elliot("/)# /Elliot(#/) 2003 19 12 5.025 0.025

(b)
Mazamet("/)# /Mazamet(#/) 2001 15 27
Narbonne("/)# /Narbonne(#/) 2001 9 38 3.090 0.079
Liege("/)# /Liege(#/) 2001 13 24
Amsterdam("/)# /Amsterdam(#/) 2001 10 50 4.315 0.038

(c)
Mazamet("/)# /Mazamet(#/) 2001 15 27
Mazamet("/)# /Liege(#/) 2001 4 24 3.901 0.048
Liege("/)# /Liege(#/) 2001 13 24
Mazamet("/)# /Liege(#/) 2001 4 24 3.841 0.058
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The level of self-compatibility did not differ between
the African population and the older European popula-
tion of France, nor between the older and the more
recent populations in each invasion transect. This
means that the self-incompatibility system was not
broken when the plant established in Europe, nor
during the colonization of France and Belgium/Nether-
lands. Several studies of self-incompatible species in
Asteraceae found a majority of individuals strongly
incompatible and some with a higher level of compat-
ibility (reviewed by Nielsen et al. 2003) and that is what
we also observed: four individuals showed partial self-
fertility, one in each European population. This shows
that variability for self-compatibility exists but that it
has nevertheless not been selected. Why has compat-
ibility not evolved and how has S. inaequidens become
such a successful colonizing species all over Europe
when its reproductive system is expected to prevent
uniparental reproduction and to limit available mates?

Factors maintaining self-incompatibility systems
in colonizing species

Despite ‘‘the need [. . .] for further field and experi-
mental studies’’ claimed by Baker (1967), there is little
experimental evidence that reproductive assurance plays
a role in the evolution of reproductive system in
colonizing species. Amsellem et al. (2001) have
demonstrated a switch in the reproductive biology of
Rubus alceifolius between its native range and islands
where it has been introduced, from sexual seeds
production to apomixis. Barrett et al. (1989) showed
the dissolution of a heteromorphic self-incompatibility
system in geographically marginal populations of
Eichhornia paniculata . However, to the best of our
knowledge, no documentation on the breakdown of a
homomorphic self-incompatibility system has been yet
demonstrated during a colonizing process. Several
factors may explain why self-fertility is not so crucial
in many colonizing species. First, as Carlquist (cited in
Baker 1967) has noticed ‘‘the establishment of at least
two propagules is not a severe disadvantage’’. There are
many circumstances in which the disadvantage is
reduced. Since many weed introductions are not simply
due to chance but are related to human activities, they
probably consist in several propagules. Recent reviews
actually show that genetic traces of bottleneck in
outcrossing alien species are usually not found (Boss-
dorf et al. 2005, Novak and Mack 2005). Second,
perenniality, massive seed production and/or seed
dormancy may also contribute to the maintenance of
a self-incompatibility system (Pannell and Barrett 1998)
because there is less need for contemporaneity in the
arrival of propagules. Third, a nonspecialized pollina-
tion mechanism also lowers the mating disadvantage of

self-incompatible species. These classical characteristics
may explain why self-incompatibility is maintained in
invasive populations of S. inaequidens. First since
several trade wool sites were contaminated in the early
20th century, we expect a massive import of seeds in
Europe. Considering ecological factors, S. inaequidens
is perennial, may produce many seeds with variable
dormancy (Lopez-Garcia and Maillet 2005), has a wide
flowering period and possesses a generalist pollinating
system. Occasional pseudo-self-compatible individuals
of S. inaequidens can help to ensure reproduction
(Levin 1996), but the fact that the frequency of
partially-self-compatible individuals stays low implies
that selection continues to favour the maintenance of
self-incompatibility.

Increase in mate availability during invasion

One interesting finding of our study is the higher seed/
ovule ratio in cross-pollinations in recent populations
compared to old populations of the same transect of
colonization, and in the old French population com-
pared to the South African population studied. These
differences were not due to differences in seed/ovule
ratio of compatible crosses, but to the proportion of
compatible crosses (Table 2). The hypothesis that the
difference between populations could be due to
difference in sampling distance (if individuals were
closer in some populations, they may be more geneti-
cally related and share the same incompatibility alleles)
can be ruled out as we found no significant differences
in mean distance between incompatible and compatible
crosses. Environmental conditions and especially tem-
perature can influence fertility and compatibility (de
Nettancourt 1977, Levin 1996). However, our crosses
within a year have been done simultaneously for all
populations and under the same conditions. Therefore,
environmental conditions can not account for the
differences found.

A plausible explanation for the higher number of
compatible crosses in the old French population of
Mazamet compared to the South African population
could be that the population of Mazamet was founded
by a mixture of several South African populations.
Wool-trade history is not precisely known, but there
was a major wool export port in South Africa in the
early 20s, Port-Elizabeth, where wools from different
provenances were probably put together. A mixture of
several populations could lead to more S-alleles and
thus a higher percentage of compatible mates.

However, this explanation can not account for the
increase of compatible crosses found within both
transects (with only a marginally significant difference
in the French one). Evolution of new S-alleles in such a
short period of time is highly unlikely (Charlesworth
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2000). An alternative hypothesis is provided by a
property of sporophytic incompatibility system. In such
systems, S-alleles can show dominant or codominant
interactions. A hierarchical dominance between alleles
increases the number of available mates relative to that
produced by co-dominance, permitting compatible
crosses between individual sharing recessively expressed
S-alleles (Byers and Meagher 1992, Vekemans et al.
1998). Dominance thus reduces the disadvantage of
limited mate availability that could follow colonization
without losing the benefit of selfing avoidance. We have
found between 15% (Amsterdam) and 65% (Elliot)
incompatible crosses in the different populations of S.
inaequidens studied, but we have no precise picture of the
number of S-alleles and interactions among them.
However our incomplete diallel design realized in each
population gives some hints of dominance interactions
between alleles (i.e. reciprocal differences in cross-
compatibility). A change in average level of dominance
relationship between alleles can occur if 1) the frequencies
of the different types of alleles are differently affected by
the repeated colonization process or 2) the dominance
properties of the alleles themselves are modified by
selection. The first possibility is supported by an infinite
alleles model by Schierup et al. (2000) that showed that
the distribution of S-alleles dominance can be changed in
a structured population compared to a panmictic
population. Such an effect could also be found in a
colonisation process. The second possibility has been
invoked by Brennan et al. (2006) to explain the results of
their crosses within and between British populations of
the colonizing Senecio squalidus .

Conclusion

Despite the existence of variability for self-compatibility
among individuals in S. inaequidens the self-incompat-
ibility system has remained strong in all European
populations studied. The colonization process of S.
inaequidens probably started with a sufficient number
of propagules and S-alleles to allow this maintenance and
this outbreeding system may in turn help in maintaining
high levels of genetic variation. The possibility of an
evolution of dominance relationships between S-alleles
during the invasion process calls for further theoretical
and empirical work. Furthermore, current geographical
expansion of S. inaequidens will probably soon permit
gene flow between populations originating from inde-
pendent introductions previously separated (e.g. south-
ern France and Belgium, Netherlands and Germany).
The higher compatibility of inter-population crosses
(involving populations of different introductions)
compared to intra-population crosses will probably
further promote invasiveness of S. inaequidens .
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