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Abstract 

Thymus vulgaris is a gynodioecious species (in which females and hermaphrodites coex- 
ist) with a highly variable frequency of females among natural populations (5-95%) and 
a high average female frequency (60%). Sex determination involves both cytoplasmic 
genes responsible for male sterility, i.e. the female phenotype, and specific nuclear factors 
responsible for the restoration of male fertility, and thus a hermaphrodite phenotype. In 
this study, molecular markers of the mitochondrial genome have been used to quantify 
the cytoplasmic diversity in 11 clumps of individuals observed in four recently founded 
populations. The very low diversity within patches in conjunction with the strong diver- 
sity among patches strongly suggests that clumps of individuals are the result of single 
matrilinear families. In clumps that contain mainly females, all the analysed females 
showed the same cytoplasmic pattern. This pattern differed from that shown by neigh- 
bouring hermaphrodites, indicating that the determination of sex is locally cytoplasmic. 
A comparison of genetic diversity before and after fire in one popdation showed that dis- 
turbances may cause a reduction in genetic diversity and a concurrent induction of local 
cytoplasmic determination of sex. Such cytoplasmic determination of sex in colonizing 
populations, together with the greater seed set of females, may largely improve the colo- 
nizing ability of the species. 
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Introduction 

Genomic conflict between nuclear and cytoplasmic 
genomes results from the fad  that nuclear genes are trans- 
mitted through both male and female gametes while cyto- 
plasmic genes are mainly transmitted through female 
gametes. As a result, the production of male gametes does 
not affect the cytoplasmic fitness of an individual 
(Cosmides & Tooby 1981; Couvet et al. 1990), and mater- 
nally inherited cytoplasmic genes are selected to increase 
female function, regardless of their consequences on allo- 
cation to male function. In arthropods, cytoplasmic 
endosymbionts are known to bias the sex-ratio toward an 
excess of females, either by transforming genotypic males 
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into phenotypic females, by inducing parthenogenesis or 
by killing male offspring (for a review, see Hurst 1993). In 
hermaphroditic plant species, mitochondrial genes may 
prevent the production of male gametes, such as in male- 
sterile (or female) individuals. The occurrence of cytoplas- 
mic male sterility is frequent in the angiosperms, and 
when the frequency of females is high, the species is called 
gynodioecious (i.e. in which females and hermaphrodites 
coexist). In these species, the action of the cytoplasmic 
genome that codes for male-sterility may be repressed by 
specific nudear factor(s) that restore the hermaphrodite 
phenotype, leading to a nucleo-cytoplasmic determination 
of sex (van Damme 1983; Sun 1987; Kaull988; Belhassen et 
al. 1991). 

Nucleo-cytoplasmic determination of a trait is compli- 
cated by the fact that it may appear to involve only nuclear 
genes in the absence of cytoplasmic diversity or, redpro- 
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Fig. 1 Schematic determination of sex in a gynodioecious spedes 
under a simple model involving two cytoplasmic male-sterilities 
(C1 and C2) each controlled by a single nuclear gene (R1 and R2, 
respectively). Restoration of male fertility is assumed to be deter- 
mined by the dominant nuclear allele (R1 and R2) while male- 
sterility is maintained by the recessive allele ( r l  and r2,  spec- 
tively). However, if only one cytoplasmic malesterility is present 
in a given population (open border), sex determination appears to 
be nuclear. Reciprocally, if some nuclear alleles are locally absent 
(black border), sex may appear to be cytoplasmically controlled. 

cally, only cytoplasmic genes in the absence of nuclear 
diversity for the restorer genes (Fig. 1). As pointed out by 
Lewis (1941), nuclear and cytoplasmic sex determination 
can lead to very different frequencies of females in a gyn- 
odioecious species. Assuming that females have an advan- 
tage in fecundity but equivalent survival compared to her- 
maphrodites, they must produce at least twice as many 
seeds as hermaphrodites to be maintained in a population 
if the determination of sex is nuclear. For a three-fold 
female advantage in fecundity, the expected frequency of 
females at equilibrium is 25%, and for an infinite advan- 
tage the expected frequency of females is 50%. These pre- 
dictions also hold for equilibrium populations under 
nucleo-cytoplasmic determination of sex. In contrast, 
under purely cytoplasmic sex determination, females 
invade the population as soon as they have any slight 
fecundity advantage over hermaphrodites. If the popula- 
tions are highly structured, the reduction of genetic diver- 
sity within a neighbourhood may affect the local determi- 
nation of sex, and thus influence the sex-ratio in natural 
populations. 

In gynodioecious species, the frequency of females has 
been observed to be highly variable among populations, 
e.g. from 0.4 to 29% in Plantago bnceolata (van Damme & 
van Delden 1982), from 0 to 76% in Beta vulgaris (Cuguen 
et al. 1994), from 5 to 95% in Thymus vulgaris (Domm6e et 
nl. 1983), from 41 to 99% in T. mastichina and from 17 to 
87% in T. zy@ (Manicacci 1993). In most of these species, 
local female frequencies often largely exceed 50% 
(reviewed in Gouyon & Couvet 1987 & Frank 1989), which 
may be explained only under purely cytoplasmic determi- 
nation of sex. Gynodioecious species are often found in 

disturbed habitats, e.g. Hirscl$eldia incana (Horovitz & 
bi les  1980), Beta mnritimn (Boutin et al. 1988) and Thymus 
vulgaris (Dommk et nl. 1978). In the latter species, female 
frequency has been shown to vary with the age of the pop- 
ulation with higher frequencies of females being found in 
younger populations (Domm6e & Jacquard 1985; 
Belhassen et al. 1989). This suggests that disturbance may 
be an important factor in maintaining high frequencies of 
females in this species. 

In order to explain the relationship between distur- 
bance and sex ratio in gynodioecious species, Gouyon & 
Couvet (1985) proposed a verbal model where founder 
effects may lead to the absence of the nuclear restorer fac- 
tor(s) corresponding to the cytoplasmic male sterility of a 
given female founder. This leads to local purely cytoplas- 
mic determination of sex which generates high frequencies 
of females in recently founded populations. In a second 
stage of the model, the arrival of the appropriate restorer 
gene (through migration or mutation) induces a switch to 
nuclear or nucleo-cytoplasmic determination of sex, lead- 
ing to a reduction in the frequency of females. Two other 
models simulating the dynamics of male-sterility in a sin- 
gle population are relevant to predict high frequencies of 
females (Frank 1989; Gouyon et al. 1991). In both cases, 
high female frequencies are observed in unequilibrium 
populations with temporal alternation of two kinds of sex 
determination. Frank (1989) concludes that: 'the switching 
of genetic control between the autosomes and the cyto- 
plasm is the major causal factor that underlies the evolu- 
tionary dynamics of the percentage of females in a popu- 
lation'. 

Our understanding of the mechanisms determining the 
frequencies of females in natural populations of gynodioe- 
cious species is thus mainly based on the previously cited 
verbal or computer models, but experimental studies of 
the above predictions are extremely rare. In the present 
paper, we analysed recently founded populations of 
Thymus vulgaris. In these populations, individuals are 
often grouped in patches of a few to a hundred individu- 
als and some of these patches contain only females, result- 
ing in a high frequency of females (Dommk & Jacquard 
1985). Here, we use molecular characterization of cyto- 
plasmic types to elucidate the nature of sex determination 
at a local scale, i.e. the scale of patches, in recently found- 
ed populations of Thymus vulgnris. Local sex determina- 
tion is deduced from the comparison of the cytoplasmic 
patterns of females and hermaphrodites. There are three 
informative situations within a neighbourhood (see Fig. 1): 
(i) if only one cytoplasmic type is found among both 
females and hermaphrodites, nuclear determination of sex 
can be inferred; (ii) if several cytoplasmic types are pre- 
sent, and sex and cytoplasmic types are perfectly correlat- 
ed, cytoplasmic determination of sex can be inferred; (iii) 
if several cytoplasmic types are present which are correlat- 
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Table 1 The number of individuals (females and hermaphrodites) present and studied for their molecular cytoplasmic patterns in 10 
clumps of individuals studied from three recently founded natural populations (populations 2,3 and 4) of Thymus vulguris near Montpellier 

Patches of females Mixed patches Hermaphrodites 

Nameofthepatches 2A 28 3A 3B 4A 4B 4C 2M 3 M  3N 1X 2X 3X 

Number of individuals 
total 31 73 7 12 61 42 125 12 16 10 1 1 1 
females 31 71 7 12 60 42 121 7 12 7 
hermaphrodites 2 1 4 5 4 3 1 1 1  

hermaphrodites 1 1 1 2 2 2 1 1 1  

Individuals studied 
females 7 4 5 3 5 5 5 4 5 3  

ed with sex, although not perfectly, nucleo-cytoplasmic 
determination of sex can be inferred. 

Our objectives are (i) to examine the effect of distur- 
bance on the nature of sex determination in Thymus uul- 
gnris and (ii) to test whether cytoplasmic determination is 
of general importance in young populations of this 
species. To do so, the role of disturbance in one population 
is investigated by characterizing the cytoplasmic diversity 
present before fire, using plants lkom seeds collected 
before the fire, and comparing it with the cytoplasmic 
diversity present after fire that was already analysel by 
Belhassen et al. (1993). The generality of cytoplasmic deter- 
mination of sex was tested by molecular analysis of three 
additional recently founded populations of thyme chosen 
for their patchy structure. 

Materials and  methods 

The study species 

Thymus vulgaris is one of the gynodioecious species with 
the highest frequency of females: from 5% to 95% depend- 
ing on the population, with an average of 60% (Domrn6e et 
nl. 1983). It is common in Southern Europe and generally 
found in disturbed habitats (due to fire and agriculture) 
(Assouad et nl. 1978; Belhassen ef nl. 1989). The average 
seed production of females is two to three times greater 
than that of hermaphrodites (Assouad et nl. 1978; Couvet et 
d. 1986). No variation in survival has been observed 
between plants of the two sexes, either in cultivation or in 
natural populations (Assouad et nl. 1978; Belhassen 1989). 

The study populations 

We studied four populations of Thymus vulgaris, all within 
a 25-km radius of Montpellier. Each population is com- 
posed of one to several patches which are designated by 
the number of the population followed by an uppercase 
letter. The term 'patch' describes a group of individuals 
close to each other and separated from other individuals 
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Fig. 2 Map of population 1 before and after fire. After fire, all indi- 
viduals but one are females (juveniles appeared later to be all 
females). In the text, this patch of females is referred to as patch 
1A and the hermaphrodite to as 1X. 

by an area devoid of -thyme. Patches containing only 
females, or a large majority of females and few hermaph- 
rodites on the edge, will be referred to as 'female patches' 
and are designated by the letters A, B or C. Patches con- 
taining both females and hermaphrodites in unayptic 
proportions will be referred to as 'mixed patches', and are 
designated by the letters M or N. Patches of hermaphro- 
dites only were never found, dthough isolated hermaph- 
rodites were observed (designated by letter X). Letters Y 
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and Z refer to continuous covers of thyme found in one of 
the study populations. Table 1 gives the number of indi- 
viduals present in each study patch. The four populations 
are as follows: 

Population 1, ’La Jasse’, has been studied by our labo- 
ratory since 1977. It suffered a fire in 1978, but individuals 
were mapped and seeds were collected both before and 
after fire. Before fire, there was a dense cover of thyme 
individuals, of which 73% were females (see Fig. 2). In this 
study, we characterized the cytoplasmic type of 18 of these 
individuals by analysing their offspring through seeds 
that were grown in the experimental garden at 
CEFE/CNRS, Montpellier. In 1978, the fire killed all indi- 
viduals. The recolonization of the site was followed by 
Belhassen et af. (1993). who referred to the post-fire popu- 
lation as ’La Jasse 3‘ or ‘LJ3’. These authors characterized 
the molecular cytoplasmic patterns of plants present in 
1987, namely a patch of 18 females (referred here as patch 
1A) and a single hermaphrodite located at the edge of this 
patch (referred here as hermaphrodite IX). In this study, 
population 1 corresponds to the area of ’La Jasse 3’ that 
was sampled before the fire, which contains only females 
after fire, plus an additional quadrat that contains the 
nearest hermaphrodite 1X. This does not correspond to the 
total area studied by Belhassen et al. (1993). 

Population 2, ‘Vialaret 2’, is one of the seven post-cul- 
tural populations studied in a location called Le Vialaret 
(Dommk & Jacquard 1985). In this population, about a 
fifth of the total area i s  colonized by thyme. There are three 
distinct patches of individuals (2A, 2B, and 2M), one iso- 
lated hermaphrodite (W), and two areas entirely covered 
by thyme (Y and Z) (Fig. 3). These continuous covers, each 
containing about a thousand individuals, correspond to 
populations 1 and 4 desaibed by D o m &  & Jacquard 
(1985), respectively. Cultivation was abandoned 20 years 
prior to this study in Y, and 36 years prior to this study in 
Z. A dense cover of other species occurs between these 
areas and the patches, pmventing further spread of thyme. 
Patches 24 and 2B are referred to as female patches. Patch 
2A contains only females. At the edge of patch 28, two 
very small hermaphrodites were observed when the sam- 
pling was made (see below), but they died the following 
summer. Patch 2M contains both females and hermaphro- 
dites. 

Population 3, ‘Les Matelles’, is located in an abandoned 
field where thyme is less abundant than in the other study 
populations. The thyme individuals present are in compe- 
tition with many other plant species and are dishibuted in 
four distant patches, two female patches named 3A and 38 
and two mixed patches named 3M and 3N, and one isolat- 
ed hermaphrodite 3X. No young seedlings were found 
near the adult individuals. The date of abandonment is 
unknown, but the vegetation type indicates that the field 
has not been cultivated for at least 10 years. 

I I 

POPULATION 2 
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g) 3x 
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4c 
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Fik 3 Maps of populations 2,3 and 4. The numbers fqllowed by 
an upper-case letter represent the name of the patches. The area of 
the circles are proportional to the number of individuals present in 
the patches (from 7 in patch 3A to 125 in patch 4C, see Table I), and 
not to the area covered by the patches. Patches of females are rep- 
resented by open circles, mixed patches by shaded arcles and iso- 
lated hermaphrodites by black squares (large squares for adults 
and small squares for juveniles). Areas Y and Z are continuous 
covers of thyme which am not structured in patches. The cytotypes 
are designated by a number followed by a lower-case letter. When 
all individuals sampled in a patch have the same cytotype, this 
cytotype is indicated in the middle of the cirde. Isolated hennaph- 
d i t e s  are linked to the name of their cytotype by a trait. 
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Population 4, 'Cabanes de la Plaine', contains no large 
individuals, and almost half of the individuals present are 
young seedlings producing no flowers. The population 
appears to be less than 5 years old and still expanding. 
Many patches are present, each of them containing from 40 
to 200 adult individuals in the centre and many seedlings 
at the edge. All but one are female patches. Some isolated 
hermaphrodites were also observed. Three female patches 
were sampled: 4A, 4B and 4C. One hermaphrodite was 
present at the edge of patch 4A. One big hermaphrodite 
and three very small hermaphroditic seedlings were pre- 
sent at the edge of patch 4C. 

Sampling 

Sampling was carried out on individuals grown in an 
experimental garden for population 1 before fire, and 
directly in the field for the three other populations. 
Branches were cut in spring 1989, deep frozen and 
analysed the following winter. A random sample among 
individuals of the patches was made in order to evaluate 
the variability within the patches. Hermaphrodites close to 
female patches were also analysed since they are likely to 
be the pollinators of the females (Belhassen et al. 1987). 

In populations 2, 3 and 4, sample sizes varied from 
three to seven pIants per patch. A total of 55 individuals 
were collected in 10 patches including seven female patch- 
es and three mixed patches (Table 1). Adding two isolated 
hermaphrodites (W and 3x1, four hermaphrodites from 
continuous covers 2Y and 22 and 18 pre-fire individuals 
from population 1 (Table 2), the total number of individu- 
als analysed was 79. 

Molecular analysis 

We focused our interest on mitochondria1 DNA variation, 
since most cytoplasmic male sterility genes described in 
other species are located in the mitochondria1 genome 
rather than in the chloroplast (Leaver et al. 1988). Previous 
molecular analysis of mitochondrial DNA in natural p o p  

Table 2 The number of female and hermaphrodite plants bearing 
the different cytotypes (see methods) found before and her  fire 
in population 1 of ?'kymus vulgaris. Individuals present after fire 
were analysed by Belhassen et al. (1993) where cytotypes l a  and 
lx are referred to as L21 and L36, respedively 

Before fire After fire 

CYtOtypes la lb l c  Id le If lx l a  lx  
~~ 

Females 1 2 3 3 1  2 18 
Hermaphrodites 1 1 2 1 1  1 

ulation of thyme revealed a high polymorphism, several 
mitochondrial types being found in every study popula- 
tion (Belhassen e f  nl. 1993). This polymorphism is probably 
not the result of sequence divergence due to point substi- 
tution, but rather of changes in the order of the genes due 
to recombinational rearrangements, which is the main 
mechanism generating diversity in the plant mitochondri- 
a1 genome (Lonsdale et al. 1988). in thyme, there is good 
evidence for the existence of many different cytoplasmic 
male sterility types (Belhassen et nl. 1991 and unpublished 
data), but given the high number of cytotypes found (more 
than 50 mitochondrial types have been found in about 400 
study individuals in the present study, that of Belhassen et 
al. (1993), and by M. Tarayre, unpublished data), it is 
unlikely that every molecular difference corresponds to a 
functional difference in terms of male-sterility. However, 
two cytoplasms that carry different functional male-steril- 
ity probably do not have the same molecular organization. 

The mitochondrial genome was characterized using the 
method described by Belhassen et al. (1993). Total DNA 
was extracted from leaves using a procedure adapted from 
Dellaporta et al. (1983), digested by restriction enzymes 
and migrated on agarose gel. Gels were then blotted under 
vacuum and DNA was hybridized with mitochondrial 
probes. This allows spedfic visualization of mitochondrial 
fragments containing a sequence homologous to the probe 
used, and gives a 'partial mitochondrial pattern' with two 
to five bands. Variation in band intensity, due to the mul- 
tipartite organization of plant mitochondrial genome 
(Lonsdale et al. 1988), was not taken into account in dis- 
criminating among cytotypes. 

In this study, we used two enzymes, BstI and HindIII, 
and two heterologous probes from wheat mitochondrial 
clones. The first probe is 4.6 kb long and contains about 
3 kb of the 26s ribosomal RNA gene (Falconet et al. 1985). 
The second probe is 2.4 kb long and contains the whole 
1815s ribosomal RNA gene (Falconet et al. 1984). 
Belhassen et al. (1993) and other unpublished results have 
shown that the same level of variability was detected by 
the two probe-enzyme combinations. Since the substitu- 
tion rate in the plant mitochondrial genome is very slow 
(Palmer & Herbon 1988), the primary sequence is highly 
conserved among species and hybridizations with heterol- 
ogous probes could be carried under stringent conditions 
(65 "C, 2 x X). This reduces the risk of cross-hybridiza- 
tion with chloroplastic or nuclear sequences. Furthermore, 
previous studies have shown that the variability detected 
with this method is maternally inherited (Belhassen et al. 
1991), showing that cross-hybridization with nuclear 
genes does not occur. 

Given the processes of evolution of plant mitochondri- 
a1 genome, mainly due to recombination processes within 
the genome which result in global rearrangements of the 
whole genome (Lonsdale et al. 1988), only the global pat- 
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tern was taken into account and the different bands were 
not studied independently. Since we cannot exclude the 
possibility of some cross-hybridization with the chloro- 
plast genome (which is likely to be maternally inherited), 
we use the term ’cytotype’ to refer to the different variants. 
The different cytotypes were designated by numbers (cor- 
responding to the population) followed by a small letter. 

Individuals from population 1 after fire and popula- 
tions 2 , 3  and 4 were analysed with the enzyme BstI and 
the mitochondria1 probe rRNA 18S-5s. No readable results 
for population 2 could be obtained with this enzyme, due 
to technical problems, and this population was analysed 
with the enzyme Hindu1 and the two mitochondrial 
probes rRNA 18S-5S and rRNA 26s. Individuals from 
population 1 before and after fire were compared with the 
enzyme Hind111 and the mitochondrial probe rRNA 
18S-5S. 

Results 

Among the 4 populations, 22 different cytotypes were 
found (Tables 2-4). Seven cytotypes were found in popu- 
lation I, six in population 2, five in population 3, and four 
in population 4. 

In population 1 after fire and in populations 2-4, each 
patch was remarkably homogeneous (Tables 2-4; Figs 2,3). 
In all patches but 2B. 2M and 4A, all individuals sampled 
within a patch had the same cytotype. In the female patch- 
es 28 and 4A, the only individual with a different cytotype 
was the hermaphrodite in each case (Table 3). In the mixed 
patches 3M and 3N only one cytotype was found. In the 
mixed patch 2M, two cytotypes were found, cytotype 2m 
in two females and two hermaphrodites and cytotype 2m’ 
in two hermaphrodites (Table 4). 

In contrast to the high within-patch homogeneity, dif- 
ferent patches within a population never shared a com- 
mon cytotype and no common cytotype was found among 
populations analysed with the same probe-enzyme combi- 
nation (that is among populations 1,3 and 4 on one hand 
and between populations 1 and 2 on the other hand). The 
only cytotype shared by plants that do not belong to the 
same patch or continuous cover is cytoty-pe 2x in popula- 
tion 2, found for the study hermaphrodite in patch 2B, the 
isolated hermaphmiite 2X and the two hermaphrodites 
from continuous cover Z. As a result of the high hetero- 
geneity among patches, we generally found that the cyto- 
type of females in a female clump differed from the cyto- 
types of the nearest hermaphrodites pable 3, and Table 2 
for population 1 after fire). The only exception occurred in 
patch 4C where one hermaphrodite situated at the edge of 
the patch bore the same cytotype as the femdes in the 
same patch. 

In population 1, seven cytotypes were found before fire 
(Table 2), including the two cytotypes observed after fire 

by Belhassen rt al. (1993) in an extended area (Fig. 3). In the 
area studied before fire, only one cytotype was present 
after fire, i.e. cytotype l a .  A strong reduction of cytoplas- 
mic diversity was thus observed after fue. Cytotype l a  
was the most frequently observed cytotype after fire since 
it was found in all but one individual. It was carried by 
both females and hermaphrodites before fire but only by 
females after fire. 

Discussion 

Evidence for reduced diversity due to founder effects or 
disturbance 

Twenty-two cytotypes were found among the four popu- 
lations, confirming the high cytoplasmic polymorphism 
present in natural populations of Thymus vulgaris 

Table 3 Location and codes of cytotypes (see methods) found in 7 
clumps of female individuals from 3 natural populations (popufa- 
tions 2,3 and 4, see Fig. 3) of Thymus vulgaris near Montpellier. For 
each dump of females, the location and the cytotype(s) of the near- 
est hermaphrodite@) are a h  given 

Location 
Location of Females nearest Hermaphrodites 
females cytotype hermaphrodites cytotype 

UI 2m, 2m’ 
2A 2a Y 2Y 

2B 2b 28 2x 
w 2x 
Z 2x 

3A 3a 3M 3m 

3B 3b 3N 3n 
3x 3x 

4A 4a 4A 4x 

4B 4b 4A 4x 

4c 4c 4c  4x 

Table 4 Codes of cytotypes (see methods) found in 3 clumps of 
individuals containing both female and hermaphrodite plants 
(mixed patches) from two populations (populations 2 and 3, see 
Fig. 3) of Thymus vulgaris near Montpellier. Clump 2h4 is located 
in population 2 and dumps 3M and 3N in population 3 

~~~~~~~~ 

Patch name Females Hermaphrodites 

2h4 2m 2m, 2m’ 
3M 3m 3m 
3N 3n 3n 
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(Belhassen et al. 1991, 1993; M. Tarayre, personal commu- 
nication). A very strong spatial structure of cytotypes was 
observed within the four study populations. Indeed, all 
study patches were remarkably homogeneous while the 
same cytotype was never shared by different patches or 
populations. As a result, the number of cytotypes found in 
the speaes depends mainly on the number of populations 
studied and the number of patches studied per popula- 
tion. Considering (i) the high level of cytoplasmic diversi- 
ty observed in the speaes, (ii) its maternal inheritance 
(Belhassen et al. 1991) and (iii) the fact that Tkpus  vulgaris 
does not propagate by cloning and that seeds have a very 
short-distance dispersal (Mazzoni Q Gouyon 1985; 
Belhassen et al. 1987), the homogeneity of the cytotypes 
within patches strongly suggests that these patches are 
composed of a unique maternal lineage. Patches are 
indeed likely to result from a unique foundation event by 
a ‘cytoplasmic founder’ followed by progressive coloniza- 
tion of the neighbourhood via seeds, leading to a highly 
reduced cytoplasmic diversity at the scale of the neigh- 
bourhood. 

The variation observed in population 1 before and after 
fire emphasizes the role of disturbance in the reduction of 
cytoplasmic diversity. Before fire, at least seven different 
cytotypes were present in the study quadrat while, after 
fire, only one cytotype was found in the same area. A sec- 
ond cytotype was found on one individual in a contiguous 
area. Since both cytotypes observed after fire were already 
present before fire, it is likely that the plants originated 
from the seed bank or by resprouting from individuals 
present before fire rather than from migrant seeds origi- 
nated from another population (see Table 2 and Fig. 2). 
Therefore, in this population, recolonization by survivors 
after a disturbance led to a strong reduction of cytoplasmic 
diversity. Similarly, several studies suggest that distur- 
bance, inducing local extinctions, may result in drastic 
local reduction of genetic diversity (Slatkin 1977, 1987; 
Maruyama & Kimura 1980), especially if the site is recolo- 
nized by a limited number of individuals (Wright 1940). 

Evidence for a local reduction of nuclear diversity can 
be deduced from the comparison of the distribution of sex- 
ual phenotypes and cytoplasmic diversity. Indeed, in all 
four study populations, some cytotypes were only found 
on one sex. This strongly suggests that nuclear factors nec- 
essary to either restore the male fertility or maintain the 
male sterility of plants having these cytotypes are missing 
in the population or at least in the neighbourhood. 
However, these nuclear factors are likely to be present in 
the species since all the maternal lineages studied in con- 
trol crosses produced offspring of both sexes (Belhassen et 
al. 1991 and unpublished data). It is thus likely that the 
study populations present a local reduction of nuclear 
diversity for the factors involved in sex determination. The 
variation observed in population 1 before and after fire 

suggests an important role for disturbance in the reduction 
of nuclear diversity. After fire, the association between sex 
and cytotype was perfect, suggesting that the nudear fac- 
tor(s) necessary to restore the cytotype of the female 
founder was(were) missing. Before fire, the same cytotype 
was present in both females and hermaphrodites, indicat- 
ing that these nuclear restorer factors were initially 
present in the population and disappeared during the dis- 
turbance. 

Cytoplasmic distribrition and sexual phenotypes 

As stated in the introduction, the local determination of 
sex may be deduced from the association between sexual 
phenotypes and cytotype distribution (see Fig. 1). When 
individuals of both sexes share the same cytotype(s), sex 
determination necessarily involves nuclear factors. Such a 
situation was observed in all the three mixed patches stud- 
ied. In patch 2M, two different cytotypes were found, sug- 
gesting a nucleo-cytoplasmic determination of sex. 

When all females from a female clump share the same 
cytotype, and the nearest hermaphrodites have a different 
one, a cytoplasmic determination of sex can be inferred 
within the neighbourhood. This situation was observed 
for six out of the seven clumps of females analysed in the 
present study, i.e. patches 2A, 2B, 3A, 3B, 4A and 4B (Figs 2 
and 3, Table 2 and 3). At foundation and during subse- 
quent extension of female clumps, the determination of 
sex was therefore purely cytoplasmic in these patches. 
Belhassen et al. (1993) also showed that population 1 after 
fire is in such a situation. In patch 4C, however, the near- 
est hermaphrodite has the same cytotype as the females. 
This hermaphrodite is likely to belong to the progeny of 
one female of the clump. The location of this hermaphro- 
dite at the edge of the patch (Fig. 2) suggests that it 
appeared recently in the population and hence supports 
this hypothesis. Mating between this hermaphrodite and 
females from the patch should induce a switch to nuclear 
or nucleo-cytoplasmic control of sex, and should thus fur- 
ther lead to the spread of more hermaphrodites in the 
neighbourhood. Indeed, three young hermaphrodites 
were observed at the edge of the patch (Fig. 2), but unfor- 
tunately died before we could determine their cytoplasmic 
molecular patterns. 

The reduction of cytoplasmic diversity due to founder 
events or disturbance therefore has strong consequences 
for sex-ratio. It creates the opportunity for a local cyto- 
plasmic determination of sex, leading to patches of 
females. Mixed patches with nuclear or nuclec-cytoplas- 
mic determination are also found, but they are less fre- 
quent and contain less individuals than patches of 
females, as expected given the female advantage in fecun- 
dity (see Fig. 3 and Dommee & Jacquard 1985). As a con- 
sequence, the influence of mixed patches on the average 
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frequency of females in the population is weak. Founder 
events may thus have strong consequences on the rnainte- 
nance of the high frequencies of females in natural popu- 
lations of this species. The influence of historical factors on 
the frequency of sexual rnorphs has also been demonstrat- 
ed by Morgan & Barett (1988) in tristylous Pontederia cor- 
data. In both Thymus vulgaris and Pontederia cordata, the 
populations studied are not at  equilibrium, and the reduc- 
tion of diversity generated by founder effects determines 
the proportion of the different sexual morphs. 

Relative fecundity of females 

Females have been shown to produce about three times 
more seeds than hermaphrodites in natural populations of 
Thymus vulgaris (Assouad et nl. 1978; Couvet et RI. 1986). 
According to our results, isolated female founders may 
produce a very high number of offspring. In contrast, 
clumps of hermaphrodites only were never observed and 
the three isolated hermaphrodites that were found had no 
individuals bearing the same cytotype close by. These 
observations suggest that the relative fecundity of females 
in the ecological condition of foundation is very high. A 
reason for this could be that isolated hermaphrodites may 
be highly self-fertilized (Valdeyron et al. 1977; Brabant et al. 
ZSSO), and may thus produce little or no viable offspring 
since selfing has a strong deleterious effect in T. vulgaris 
(Assouad et al. 1978; Perrot et al. 1982). 

Nucleo-cytoplasmic conflict and colonizing ability 

As stated in the introduction, the complex nucleo-cyto- 
plasmic determination of a trait can theoretically lead to 
either purely nuclear or purely cytoplasmic determination, 
at least locally or temporally. The present study shows that 
the structure and demography of natural populations of 
thyme can be explained by a local alternation of these two 
mechanisms. The outcome of this situation, along with the 
female advantage in fecundity, may enable the species to 
be an especially efficient colonist. Since females produce 
more seeds than hermaphrodites (Assouad et al. 1978; 
Couvet et at. 1986; and see above), the higher the frequen- 
cy of females, the faster the growth of colonist popda- 
tions. The fact that founder events may lead to local cyto- 
plasmic determination of sex and thus to the existence of 
rapidly extending patches of females provides the species 
with the capacity to establish a lot of seedlings at the very 
first step of colonization. When patches have expanded, 
the high proportion of females within a patch may result 
in pollen limitation. At this stage, the available space with- 
in the site is likely to be a major limiting factor since 
species of later stages of succession quickly establish, lim- 
iting further expansion of the patches (Dom& et al. 
1978). Thyme is therefore especially efficient in the very 

early stages of succession, making it a common species in 
open Mediterranean habitats. 

Our data are also of interest in the context of cytoplas- 
mic sex-ratio distorters observed in arthropods. Biased sex 
ratios toward excesses of females are induced in different 
ways by cytoplasmic endosymbionts through either femi- 
nization of the males in terrestrial isopods (Rigaud & 
Juchaul t 1993), parthenogenesis in Trichogramma 
(Stouthamer et nl. 1990), or male killing in Coccinellidae 
(Hurst et al. 1992). An equal proportion of males and 
females is an evolutionary stable strategy in stable popu- 
lations, but is not the strategy that maximizes the repro- 
ductive capacity of a population (Hamilton 1967). An 
excess of females results in a higher production offspring 
within the population and may therefore be advantageous 
when space and resources are not limiting, i.e. especially 
during foundation or after a disturbance. Very little is 
known about the impact of cytoplasmic sex-ratio dis- 
torters on the ecological properties of arthropod species, 
and both experimental and theoretical studies are neces- 
s a r y  to test this hypothesis. However, it is possible that in 
these species, as well as in Thymus vulgaris, cytoplasmic 
factors that result from intragenomic conflicts and induce 
an excess of females may lead to adaptive properties at the 
species level. 
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This work is the most recent part of a long-term ongoing research 
programme on gynodioecy in thyme. The project was initiated in 
the 1970's by G. Valdeyron, W. Assouad and 8. Dommtk at the 
CEFECNRS laboratory in Montpellier, France. Theoretical work 
was subsequently developed by P.H. Gouyon and D. Couvet. The 
present experimental validation was performed while D. 
Manicaca and A. Atlan were PhD students under the supervision 
of D. Couvet and P.H. Gouyon, and was made possible by A. 
Atlan's and E. Belhassen's previous work on molecular character- 
ization of mitochondria1 variability in thyme. The present authors 
and previous workers have all moved from Montpellier and the 
study of spatial variation in mitochondria1 and other genetic 
markers in thyme is currently being conducted by M. Tarayre and 
J.D. Thompson at the CEFECNRS laboratory. This forms part of 
collaborative research between J.D. Thompson and I. Olivieri 
(University of Montpellier) on the evolution of the mating system 
in this and other Thymus species. 
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