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Female plants of Thymus vulgaris produce more seeds than hermaphrodites but their frequency in a population is not
determined by the magnitude of this advantage. Instead, the proximity of the population to equilibrium determines the
frequency of females: the further from equilibrium, the higher the frequency of females. This trend is due to founder
effects occurring among cytoplasmic and nuclear genes determining male sterility. A review of literature supports the
conclusions that male sterility in higher plants has a nuclear-cytoplasmic inheritance, that the frequency of female
plants is often not at equilibrium, and that populations far from equilibrium (young and/or disturbed) have higher
frequencies of females.

INTRODUCTION

Gynodioecy is the occurrence in an interbreeding
population of both female (male-sterile) and
hermaphrodite plants. The maintenance of this
polymorphism has not been explained clearly.
Assuming no difference in survival between sexes
and a higher production of seeds by females, Lewis
(1941) considered the two extreme situations of
complete nuclear control of male sterility and
purely cytoplasmic determination. For nuclear
monogenic male sterility, he argued that the
frequency of females at equilibrium (p) depends
only on the value of the relative fertility of the
females (f) where:

p = (f—2)/(2f—2).
Thus, the fertility of the females must be more than
twice that of the hermaphrodites, and their
frequency cannot exceed 50 per cent.

For purely cytoplasmic inheritance of male
sterility, Lewis (1941) showed (as revised by Lloyd,
1976) that the cytoplasmic polymorphism is
maintained only by frequency-dependent selec-
tion. This can be explained by a decrease in the
efficiency of pollination of the females when the
producers of pollen (i.e., hermaphrodites) are rare.
The hermaphrodites will avoid this decrease if
* and Institut National Agronomique, 16 rue Claude Bernard,
75231 Paris Cedex 05, France.

self-pollination is common, or if they are in
clusters.

Experimental data generally do not support the
conditions of the model for nuclear inheritance
suggested by Lewis (1941): frequency of females
is often higher than expected in formula (1) (Lloyd,
1976 fig. 1; Webb, 1981 fig. 1), the relative fertility
of females can be lower than 2 (Vaarama and
Jaaskelainen, 1967; Krohne et a!., 1980; Horovitz
and Beiles, 1980; Uno 1982), or the frequency of
females greater than 50 per cent as in Plantago
lanceolata (Baker, 1963), Armeria maritima
(Baker, 1966) and in Thymus vulgaris (Dommee
et a!., 1978).

Because of these difficulties with a purely
(1) nuclear explanation of male sterility, authors have

attempted to show cytoplasmic inheritance. But
hermaphrodites have often been found among the
progeny of females (or females among progeny of
hermaphrodites). The cytoplasmic model has
therefore been rejected as it predicts no segrega-
tion. However, in the case of a nuclear-cytoplasmic
inheritance, such results are not unexpected.
Nevertheless, nuclear models were further
examined, to the neglect of cytoplasmic models.
The study of Ross and Shaw (1971) on digenic
inheritance of male sterility, or the model of
Charnov et a!. (1976) based on game theory, both
support the original conclusions of Lewis (1941),
and so cannot account for experimental data. For
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self-compatible species, heterosis may explain the
maintenance of females (e.g., Valdeyron et al.,
1973). However, if the relative fertility of females
takes into account heterosis, the model is the same
as that of Lewis (1941), as pointed out by Lloyd
(1976). Other hypotheses not involving cytoplasm
have been suggested, which could explain the
above discrepancies, namely, differential survival
of the two sexual forms (Lloyd, 1974) and over-
dominance on male sterility loci (e.g. Ross, 1978).
The experimental data, however, do not support
these hypotheses (but see van Damme and van
Delden, 1984 for differences in survival).

The two best known examples of putative
nuclear inheritance of male sterility, in Origanum
vulgare L. (Lewis and Crowe, 1956) and in Plan-
tago lanceolata L. (Ross, 1969) have now been
shown to be nuclear-cytoplasmic (Kheyr Pour,
1980; van Damme, 1983). The original studies and
conclusions were based on a very small number
of plants: five plants for 0. vulgare (Lewis and
Crowe, 1956) and four plants for P. lanceolata
(Ross, 1969). A more recent putative example of
nuclear inheritance of male sterility, in Silene vu!-
garis, was based on a study of only three plants
(Horovitz and Dulberger, 1983). It seems very
likely that a more complete study would show this
system also to be nuclear-cytoplasmic. The only
cases where cytoplasmic effects are probably not
involved are for species which are functionally
dioecious, since hermaphrodites produce almost
no seeds, e.g., Ficus carica (Valdeyron and Lloyd,
1979) or Asparagus acuticufolius (Valdeyron et a!.,
1973). As would be predicted by formula (1) (see
above), the frequency of females is nearly 50 per
cent in these species.

Because purely cytoplasmic or nuclear inheri-
tance of male sterility has been rejected in all
studies involving large numbers of plants, theoreti-
cal models of nuclear-cytoplasmic inheritance of
male sterility have been developed (e.g., Gouyon
and Couvet, 1985). These models assume that each
sterile cytoplasm has corresponding nuclear genes
which restore the male fertility of the cytoplasm.
The nuclear genes are called "restorers", and their
alleles which do not restore "maintainers". When
there is no maintainer the cytoplasm must be nor-
mal in that it is completely restored (i.e., male
sterility is never produced). Nuclear-cytoplasmic
polymorphism implies at least two different cyto-
plasms. Nuclear-cytoplasmic theory accounts for
the experimental data, including frequencies of
females higher than 50 per cent or a relative fertility
of females lower than 2 (Delannay et a!., 1981;
Charlesworth, 1981).

We examine in this paper the ecological and
genetical factors that determine the frequency of
females in the gynodioecious species Thymus vu!-
garis L., where nuclear-cytoplasmic inheritance of
male-sterility has been shown (Dommee, 1973).

MATERIAL AND METHODS

The study was carried out at four sites, located
25 km north of Montpellier (France). Each site is
a rectangle, 1.2 m wide. The length of this rectangle
was determined such that approximately 100 plants
were in it. Environmental conditions and popula-
tion features were recorded (table 1). The sexual
morph and number of seeds produced were
recorded for each plant, at all four sites in 1978,
and only at site 2 in 1982.

All the seeds (up to a maximum of 100), pro-
duced by every plant, were sown in the greenhouse.
The germination rate, survivorship rate (from
germination to 2-years of age) and sexual type of
the progenies were recorded.

Segregation ratios, defined as the frequency of
female progeny, were computed for females and
hermaphrodites in each population. A binomial
distribution of sexual types was assumed to com-
pute confidence intervals for these estimates.

RESULTS

Relative fertility of females, measured as number
of germinating seeds produced by females com-
pared to hermaphrodites, is significantly greater
than 1, except in population 3 (table 1). The
survivorship rate of progeny from females and
hermaphrodites is not different (table 1).

There is no correlation between the relative
fertility of females (measured) and the frequency
of females in the population. The population where
females show the highest relative fertility has a
medium female frequency (table 1).

Frequencies of females in progenies of females
(45 to 79 per cent) and progenies of hermaph-
rodites (3 to 40 per cent) are both significantly
correlated with the frequency of females in the
population of the parents (Kendall's rank correla-
tion test p <OO5, table 1).

Relative fertility of females and segregation
ratios measured for population 2 were consistent
in 1978 and 1982 (table 1), despite clear-cut
differences in life history traits of progenies: the
number of germinating seeds produced is 4 times
greater in 1978 than in 1982 and the inverse is true
for survivorship rate of progeny (table 1).
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Table 1 Reproductive system of thyme in four populations. Standard-errors are in brackets. Population 2 was observed on 1978
and 1982, the other populations only on 1978. Relative fertility of females is computed as the number of germinating seeds
produced by females versus hermaphrodites (H: hermaphrodites, F: females)

Number of Frequency of Survivorship
Ecological Density germinating Relative females in rate of

Population
feature
of the site

of thyme Frequency
(per m2) of females

seeds produced
H F

fertility
of females

progeny from
H F

progeny from
H F

1 sloping rocky 16 0-10 613 1920 31 0-03 045 0-16 019
soil (stable) (1.0) (0-01) (0.05)

2 mixed bush 09 050 41 331 8-0 020 0-51 0-23 0-22
and grass

identical on 1982 8 99
(3-7)
12-9
(72)

(0.04) (0.03)
0-14 0-56

(0.04) (0-02)
0-84 0-82

3 grassy 49 0-73 12 57 4-8 025 0-78 0-19 0-21
fallow land (2.5) (0-07) (0.03)
(disturbed)

4 scrubby 23 0-85 9 46 3-7 0-40 0-79 0-19 0-18

vegetation (1-3) (0-15) (0-036)

DISCUSSION

The relative fertility of females is difficult to define:
it depends upon the stage of the life cycle at which
the fate of progenies differs depending on maternal
origin. After germination, there is no difference
between progenies of females and hermaphrodites
in thyme: their survivorship rate is equal (table 1),
and in studies where vigour and competitive ability
were also measured, no difference was found
(Assouad et a!., 1978; Bonnemaison et cii., 1979).
Therefore the relative fertility of females is accur-
ately defined in thyme by the number of germinat-
ing seeds produced by females versus hermaph-
rodites. Females produce three to nine-fold more
germinating seeds than hermaphrodites. A higher
fertility of females has been observed in other
studies of thyme (Darwin, 1877; Assouad et al.,
1978), but its variations do not determine the
frequency of females in a population of thyme,
given the lack of correlation between these two
parameters (table 1).

On the other hand, segregation ratios of male-
sterility are strongly related to frequency of females
in the population. Segregation ratios measured on
population 2 for two different years are very close,
despite the number of germinating seeds produced
and the survivorship rate of progeny were very
different (table 1). This consistency suggests that
these ratios measure the actual inheritance of male-
sterility of each population, and are not artefacts
due to selection among sexes in the experimental
conditions.

As the hypothesis of differences of viability
between sexes can be rejected in thyme (Assouad
et a!., 1978), we built a descriptive model to see if

relative fertility of females and segregation ratios
can account for the frequency of females in a
population. p', the frequency of females in the
following generation is:

p'=(f.p.HMS+(l—p).HMF)/(f.p+l—p) (2)
where p = the frequency of females in the popula-
tion; f= the relative fertility of females; HMS =
the frequency of females among progenies of the
females of the population; HMF =the frequency
of females among progenies of the hermaphrodites
(HMS and HMF are the segregation ratios defined
above).

The frequency of females expected at equili-
brium can be determined using formula (2) (with
p'=p). This expected frequency is close to the
frequency of females observed in each population
(table 2). It is also true for the only other data we
know concerning measures of segregation ratios
of male sterility in a natural gynodioecious popula-
tion (see table 2). Furthermore, given the differ-
ences of segregation ratios among these four
populations, variations of the relative fertility of
females have a marginal influence on female
frequency (table 3). This means that the differences
in segregation ratios among populations are
sufficient to explain why these populations have
different frequencies of females.

Interactions between cytoplasmic and nuclear
genes determining male-sterility can explain the
variations of segregation ratio. If females are pol-
linated by hermaphrodites that have not the
"restorers" of their cytoplasm, male sterility has a
cytoplasmic inheritance: there are only females in
their progeny. The frequenc of these unrestored
cytoplasms increases as a result of the higher
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Table 2 Frequency of females expected at equilibrium, given
measured relative fertility and segregation ratios of sexual
forms (cf. text, formula 2). Data used for computation for
Stellaria longipes are in Phillip (1980)

Species
Frequency
expected

of females
observed

Thymus vulgaris
Population
1 022 010
2 048 050
3 074 073
4 075 085
Stellaria longipes

044 050

Table 3 Frequency of females expected at equilibrium, given
relative fertility and segregation ratios of sexual forms (cf
text, formula 2). (*: Segregation ratios measured in 1978)

Segregation
ratios from
population

Frequency of females expected at equilibrium
given the relative fertility of females is:
20 50 10.0

1 0•07 021 037
2* 036 045 048
3 067 074 076
4 072 0'75 077

fertility of the female individuals bearing them
(they produce more seeds), and so does the
frequency of females (Lewis, 1941). The frequency
of females stays high as long as restorer genes of
these cytoplasms are not present. When these
restorer genes appear, as a result of mutation,
recombination, or (more probably) migration, they
are strongly favoured in these cytoplasms (because
the frequency of hermaphrodites is low and it is a
case of nuclear inheritance of male-sterility),
thereby the frequency of females decreases. This
genetical process explains why the inheritance of
male-sterility and not the relative fertility of
females determines the frequency of females, as
suggested by our descriptive model (see above).

A question remains: when will hermaphrodites
not have the restorer genes of the cytoplasm of the
females? In thyme, crossing females with her-
maphrodites from a different population leads to
a more frequent occurence of male sterility (and
sometimes only male-sterile progenies), than if
hermaphrodites from the same population are used
(Couvet et a!., 1985). This result is interpreted as
a nuclear-cytoplasmic differentiation among popu-
lations: cytoplasms are different among popula-

tions and hermaphrodites have not the restorer
genes for cytoplasms coming from another popula-
tion. Crosses between individuals coming from
different populations are likely to happen when
populations are founded or disturbed, and will
lead to a high frequency of females (see above).
It explains why ecological studies on thyme have
shown that populations with higher female
frequency are younger (Dommee et a!., 1983) or
have undergone disturbances (Dommee et a!.,
1978; Gouyon et a!., 1983). In this study the two
populations with higher female frequency are on
disturbed sites (table 1). Moreover, this founder
effect explains why there is a correlation between
the frequency of females and the level of poly-
morphism for other loci (Gouyon et a!., 1986):
when founded, a population is composed of a
mixture of genotypes which are homogeneised, as
time passes, by selection and/or drift.

The same process probably occurs in other
gynodioecious species: a nuclear-cytoplasmic
differentiation for male-sterility between popula-
tions has been described in Hordeum vulgare
(Ahokas, 1979) and in Brassicajuncea (Banga and
Labana, 1985), higher female frequency in young
and/or disturbed populations observed in the
gynodioecious species Origanum vulgare (Elena-
Rossello et a!., 1976; Iestwaart et a!., 1984) and
Silene maritima (Baker and Dalby, 1981).

CONCLUSION

Because cytoplasmic information is usually not
transmitted through pollen in higher plants, a cyto-
plasmic information blocking androgenesis is
favoured, as long as male-sterility allows a higher
production of seeds (Lewis, 1941; Cosmides and
Tooby, 1981; Charnov, 1982). The resulting
increase in female frequency favours nuclear genes
restoring male fertility: the higher the frequency
of females, the higher the selective pressure in
favour of any specific nuclear gene restoring male
fertility of the sterile(s) cytoplasm(s). There is a
conflict of interests between nuclear and cytoplas-
mic genes, such that no equilibrium is possible in
a population. Sterile cytoplasms are selected in
founding populations (as a result of absence of
their restorer genes) and nuclear restorer genes are
selected in older populations (where they have
reached their corresponding sterile cytoplasm).
Equilibrium can exist only at the scale of a meta-
population (a metapopulation being a set of popu-
lations that interact, primarily during founding
events, as defined by Gill, 1978). Models to explain
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maintenance of a nuclear-cytoplasmic polymorph-
ism for male-sterility should therefore be devised
according to a metapopulation scale (Gouyon and
Couvet, 1985).

This conflict of interest between nuclear and
cytoplasmic genes should have occured in every
hermaphroditic species. The existence of sterile
cytoplasms and corresponding nuclear restorer
genes has been shown in a wide range of hermaph-
roditic species of higher plants (see Grun, 1976;
Tables 12 and 13 for a review). Male-sterility result-
ing from crosses between related species or genera
can be explained by a nuclear-cytoplasmic
differentiation, among species in this case.
However, male-sterility (with a nuclear-cyto-
plasmic determinism) also occurs spontaneously
in hermaphroditic species (see Edwardson, 1970).
We suggest that colonisation of new environments,
with the founder effect described above, together
with male-sterile plants producing more seeds than
hermaphrodites in these new environments, would
lead to higher frequencies of the initially cryptic
male-sterile individuals. As a result, the hermaph-
roditic species could become gynodioecious. This
process would explain why gynodioecious species
of Fuchsia occur in marginal areas (Raven, 1979),
why Armeria maritima has become gynodioecious
after colonisation of the New World (Baker, 1967)
and in general why gynodioecious species are more
common on islands (Carlquist, 1974).
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