
J. evol. Biol. 5: 189-203 (1992) 1010 06lXi92/02189-15 $ l.50+0.20/0 
,cl 1992 Birkhiuser Verlag, Base1 

Sex allocation in an hermaphroditic plant: the case of 
gynodioecy in Thymus uuigaris L. 

A. Atlan,’ P. H. Gouyon,’ T. Fournial, D. Pomente and D. Couvet 

Lahoratoire d’holution des systPmes gtWtiques, CEPEJCNRS, Route de Mende, 
BP 5051, 34033 Montpellier Cedex, France 

Key words: Resource allocation; sex allocation; pollen production; gynodioecy. 

Abstract 

Resource allocation to male and female functions was investigated in Thymus 
vulgaris L. (thyme), a gynodioecious species, in which females produce twice as 
many seeds as hermaphrodites. Negative correlations were found between male and 
female fertility of hermaphrodites, providing evidence of a trade-off. There was a 
high variability in sexual investment, some of the hermaphrodites functioning 
almost as males, and others almost as females. Estimation of the relative cost of 
male and female gametes showed that the female advantage in seed production was 
mainly due to reallocation of the resources not allocated to male function into 
female function. The determination of sex allocation was shown to have a genetic 
component, and there were some evidence that an interaction between nuclear and 
cytoplasmic genomes was involved. 

The evolution of breeding systems was first studied in regard to progeny quality. 
Mather ( 1940) considered the separation of sex to be “simply a mechanism of 
encouraging cross-breeding”. Nevertheless, it has become clear that the existence of 
physiological constraints can also influence selection on the reproductive system. 
One such constraint is resource limitation. Assuming that an individual has a 
limited amount of resources available for reproduction, Charnov et al. (1976) 
investigated whether the evolutionary stable situation was represented by investing 
either in male or female function only (in which case the species would be 
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dioecious) or in both sexual functions (in which case the species would be 
hermaphroditic). Subsequently, the question was developed into a theory of sex 
allocation (Charnov, 1982), which assumes that (i) there must exist a trade-off 
between investment in male and female functions (originally suggested by Darwin, 
1877), and (ii) the proportion of resources allocated to male versus female function 
may be genetically determined. There have been several empirical attempts to test 
the hypothesis that there is a trade-off between male and female functions in plants, 
by measuring the phenotypic correlations between estimates of male and female 
functions (e.g. Lovett-Doust and Harper, 1980; Willson and Ruppel, 1984; Cruden 
and Lyon, 1985; Robbins and Travis, 1986; Silvertown, 1987; Boutin et al., 1988; 
Devlin, 1989). However, no clear evidence of a negative correlation was found. 

Indeed, the existence of a genetically determined trade-off is not sufficient to 
produce a negative phenotypic or genetic correlation. Positive correlation may be 
expected for several reasons. First, phenotypic correlations are composed of both 
environmental and genetic effects, which may be antagonistic (Falconer, 1981; Rose 
and Charlesworth, 1981; Reznick, 1985; Van Noordwijk and De Jong, 1986). 
Second, if variability exists at several levels of trade-off, as in fig. 1, the nature of 
the correlation will depend on the level of resource allocation which has the highest 
variability, and even genetic correlations may be positive (De Laguerie et al., in 
press). To test the occurrence of a trade-off between sexual functions in 
hermaphrodites, the level at which genetic variability should be enhanced is the 
male versus female level. For this purpose, a species in which hermaphrodites 
coexist with other genders (e.g. gynodioecious or trioecious species) is particularly 
appropriate. The occurence of females (and/or males) with hermaphrodites may 
produce populations with differing sex-ratios. Since the sex ratio of a population 
may be one of the main parameters underlying the fitness of a given strategy of sex 
allocation, one can expect to observe genetic variability for that character. The level 

Fig. 1. A hierarchical model of resource allocation with three levels of trade-off. The nature of the 

correlation depends on the variability at each level. For example, if the only variability is at the male vs. 
female level, this would produce a negative correlation between male and female functions, and a 
positive correlation between quality and quantity of the gametes. 
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where variability should be minimized is the growth versus reproduction level. This 
can be simply achieved by using size as a covariate in the analysis, and eventually 
by comparing individuals of the same age. 

The purpose of the present study was to investigate the existence of a genetic 
trade-off between sexual functions in hermaphrodites of the gynodioecious species 
T~~rnus vulgaris L. To do so, the occurrence of a negative correlation between male 
and female functions, the factors responsible for such a correlation, and the genetic 
basis of resource allocation were investigated. 

Material and methods 

Thyme (7’hq’mu.s culguris L.) is a perennial species common in southern Europe. 
In hermaphroditic (i.e. male fertile) individuals, each flower bears four ovules and 
four stamens, whereas flowers of females (i.e. male sterile) individuals bear four 
ovules and no stamens. Female and hermaphroditic plants coexist in all natural 
populations of thyme, with frequency of females varying from 10 to 95%, depend- 
ing on the age of the population (Dommee et al., 1983; Belhassen et al., 1989). The 
“sexual environment” of an hermaphrodite will therefore vary between populations, 
and will also vary in time within a population. 

I. Origin of the plants studied 

To distinguish between the genetic and the environmental components of varia- 
tion in sex allocation, two experiments were carried out, one on individuals of the 
same age grown in a nursery, and the other on individuals in natural populations. 
In both experiments, individuals were chosen from geographically distant popula- 
tions that exhibited different frequencies of females, in order to maximize the 
genetic variability. 

la. Nursery 
In 1979, two populations were sampled from the Languedoc region of southern 

France. The older population had the lowest frequency of females (10%) and is 
referred to as “population L”. The younger population, with the highest frequency 
of females (73%) is referred to as “population H”. These correspond to popula- 
tions A and C in Gouyon and Couvet (1985); and to populations 1 and 3 in Couvet 
et al. (1986). 

In each population, seeds were collected from randomly chosen females and 
hermaphrodites, and plants from these seeds were grown in a nursery adjacent to 
the CEPE laboratory in Montpellier. A set of individuals from the same plant are 
referred to as a family. Such individuals are at least half-sibs (having the same 
mother); they may often be full sibs, since the neighorhood size in thyme is very 
small (e.g. Mazzoni and Gouyon, 1985). Given the possibility of selling, they may 
be more closely related. The plants were originally planted for another purpose, so 
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the families were randomized with regard to population and parental sex-type, but 
plants of the same family were grown close together (they were planted in lines, one 
plant every 40 cm, each line being I .2 meter distant from the other). Forty-eight 
families were studied, 17 from population H and 31 from population L. In 1984, 
when all the plants were five years old, two hermaphrodites were chosen at random 
from each family for measurement of male and female fertility (see below). 

lb. Natural populations 
In spring 1989, 76 hermaphrodites were randomly chosen within eight natural 

populations and studied in situ. Four of these populations were in Languedoc 
(including populations H and L), and four in the neighboring region of Provence, 
but at least 300 km distant from the nearest population in Languedoc. In this 
sample, the environmental heterogeneity was probably high, but the genetic vari- 
ability was maximized by choosing populations exhibiting very contrasting frequen- 
cies of females. The frequency of females and the number of hermaphrodites 
studied in each population are given in table I. Flowers and fruits were collected in 
the field and taken back to the lab for estimation of male and female fertility (see 
below). 

2. The measures 

Male and female fertility were estimated by measuring the number of viable 
gametes per flower. Although resources allocated to sexual functions may be invested 
in a wide variety of ways (e.g. producion of flowers, nectar, etc. . .). per-flower 
basis was used for 3 reasons. First, this is the only measure that allows male 
and female fertility to be clearly separated. Second, the number of flowers per 
individual is highly variable; it represents total reproductive effort and depends 
on several variables, e.g. environment, resource allocation to reproduction, size and 
age of the individual. Working on a per-flower basis rather than on a per-individual 
basis is thus comparable to using these variables as covariates. Third, previous 
observations on thyme have shown that sex allocation seems to occur at the flower 
level, such that when there are some female flowers on an hermaphrodite, the female 

Table 1. Frequency of fern&s in the natural populations and number of individuals studied. 

Region Provence Languedoc 

Frequency 
of females 

(oja) 

42 88 23 40 50 73 10 83 

Number of 

hermaphrodites 
studied 

10 6 IO IO 9 8 IO 13 
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flowers are the same size and produce a similar number of seeds as flowers on the 
female plants. 

2~. Measure of male fertility 
The estimate of male fertility was the number of full pollen grains per flower. The 

total number of pollen grains per flower (ranging from 500 to lO,OOO), and the 
proportion of full versus empty pollen grains (ranging from 0. I to I) were measured 
separately. In order to minimize any effect on female fertility (which had to be 
measured later on the same individuals), only a minimum number of flowers were 
collected. Previous study had shown that measures from two flowers were sufficient 
to characterize an individual’s total pollen production per flower (Atlan et al., in 
review). and from two more flowers to determine the proportion of full pollen 
grains (Dommee 1973). In fact, there is an intra-individual variation, but the 
inter-individual variation is much higher. Therefore, four flowers were collected per 
plant. They were collected in the morning, just before another dehiscence, when the 
plant was in full bloom. 

To estimate the proportion of full pollen grains, two flowers were immediately 
placed in a solution of 20% methylene blue, 40% acetic acid, and 40% water. 
Flowers were either observed immediately, or preserved deep frozen in the solution. 
The proportion of full pollen grains was then estimated under the microscope: full 
pollen grains appear dark blue while empty grains, often smaller, are almost 
transparent. 

To determine the total quantity of pollen, the two remaining flowers were placed 
for 24 hours in 300 ~1 of pure sulphuric acid, to destroy all the flower parts except 
the exine of pollen grains. Two ml of water (with 2% Triton X 100 added to reduce 
the tendency of the pollen grains to adhere to each other) was then added, and the 
suspension centrifuged for five minutes at 2000 rpm. The density of the solution was 
maintained at less than 1.2 (the density of exine). The pellet was then washed in two 
ml of ethanol, centrifuged, and dried for ten minutes under vacuum. The pollen was 
then resuspended in 80 ,uI ofa counting solution (water with 20% glycerin, to prevent 
the agglutination of the grains, and 20% saccharose, to produce a density roughly 
equivalent to that of exine). The suspension was homogenized for one minute in an 
ultrasonic bath (50 Mhz), which also separates the grains and destroys any remaining 
impurities (Loublier et al., 1986). The pollen was then counted in a “Malassez” cell, 
which allows an alliquot of 1 PI ( +/- 1%) to be counted in five minutes. 

2h. Measure qf ,female fertility 
To estimate female fertility, the number of germinating seeds per fruit was counted. 

Ovules that did not produce seeds were not taken into account, because seed 
production is considered to be limited by resources, while ovule production is not 
(e.g. Stephenson, 1981, Queller, 1983, Couvet et al., 1985, Sutherland, 1986, 
Charlesworth, 1989). This is particularly apparent in species such as thyme where the 
number of ovules per flower is constant. 

The total number of seeds per fruit (ranging from 0 to 4), and the proportion of 
germinating seeds (ranging from 0.01 to I) were measured separately. The average 
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number of seeds produced was not estimated by using only two fruits, because of 
the few number of seeds per fruit and the high variance between fruits (Couvet et 
al., 1985). Seeds were therefore counted from 200 fruits collected at random from 
each plant, three weeks after the end of flowering. The proportion of germinating 
seeds was estimated in Petri dishes, at 20’ C. Previous studies have shown that this 
is the optimal temperature, and that seeds that do not germinate the first year will 
not germinate later, hence the applicability of this measure for seed viability 
( Assouad, 1972). 

3. The variables used for statistical treatments 

Total number of pollen grains per flower, proportion of full grains, and number 
of full pollen grains per flower will be respectively referred to as “pollen quantity”, 
“pollen quality” and “full pollen”. Total number of seeds per fruit, proportion of 
germinating seeds, and number of germinating seeds per fruit will be respectively 
referred to as “seed quantity”, “seed quality” and “germinating seeds”. 

Results 

1. Correlations 

In the nursery experiment, using the pooled data for all individuals, no correla- 
tion was found between full pollen and germinating seeds (94 degrees of freedom, 
r = -0.12, P > 0.1); but using family means of full pollen and germinating seeds, 
the negative correlation became significant (d.f. = 46. r = -0.35, P < 0.02). Corre- 
lations between full pollen and germinating seeds among family means could 
include environmental effects, because plants of the same family were adjacent. To 
ascertain the influence of an environmental effect on this correlation, adjacent 
individuals from different families were grouped in 40 pairs. No correlation was 
found between pairs (d.f. = 38, r = -0.05). which indicates that environmental 
effects did not contribute much to the observed family correlation. 

The correlation matrix between family means for all pairs of variables is given in 
table 2. Within families, the correlations between male and female functions were 
positive but not significant (between pollen quantity and seed quantity, d.f. = 48, 
r = +0.26, P -=z 0.1; between full pollen and germinating seeds, d.f. = 48, r = +0.16, 
P > 0.1). 

Using the pooled data for all individuals in the natural populations, the correla- 
tion between full pollen and germinating seeds was negative and significant 
(d.f. = 74, r = -0.30, P < 0.01). The correlation matrix for all pairs of variables is 
given in table 3. 

For both the nursery and natural populations, correlations within sexual func- 
tions (between quantity and quality) were positive, while correlation between sexual 
functions were negative. The correlations were generally higher between full pollen 
and germinating seeds than between pollen quantity and seed quantity, suggesting 
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Table 2. Correlation results for the experiment in nursery (correlations among family means): Correla- 
tion coefficients ( x 100) for each pair of variables. 

FUL MAL SEE GER FEM 

POL +13 +94** -16 -43” -34* 

FUL +40** +09 -09 0 

MAL -13 -46** -35* 

SEE +21 f80” 

GER +71** 

Abbreviations are: POL, pollen per flower; FUL, proportion of full pollen grains; MAL, male function 
(full pollen grains per flower); SEE, seeds per fruit; GER, proportion of germinating seeds; FEM. female 

function (germinating seeds per fruit). 
Significance: * P -=z 0.05; ** P < 0.01 

Table 3. Correlation results for the experiment in natural populations: Correlation coefficients ( x 100) 
for each pair of variables. 

FUL MAL SEE GER FEM 

POL +21 +94** -30,’ -07 -20 
FUL +47** -25* -22’ -35** 
MAL -35” -15 -30” 

SEE f26’ +79’* 
GER +51** 

Abbreviations and significance as in table 2. 

Table 4. Detailed correlation results for the main pairs of variables. Correlation coefficients ( x 100) 
among individuals for the experiment in natural populations, and among family means for the 
experiment in the nursery. 

Origin n POL x FUL SEE x GER FUL x GER POL x SEE MAL x FEM 

Provence 36 +12 +31 

Languedoc 40 f3l +27 

POP. H 17 +36 +36 
POP. L 31 -33 +17 

Abbreviations and significance as in table 2. 

-13 -19 -29 

-30 -38* -35’ 

-09 -42 -38 

- 14 -20 - 50** 
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that taking into account the quality of the gametes gives better estimates of the sex 
allocation. 

For the main pairs of variables, more detailed analyses were made, separating 
individuals from Provence and from Languedoc, and families from population H 
and from population L (table 4). The signs of the correlations obtained did not 
differ between groups, except for the correlation between pollen quantity and 
quality, which is negative in population L and positive in the three other groups. In 
the nursery experiment, the correlation coefficient between full pollen and germinat- 
ing seeds was higher in the old population than in the young one. In the natural 
populations, the correlation coefficients between full pollen and germinating seed 
were very similar in Provence and Languedoc. 

2. Sex ailoration 

2a. Estimation of the relative cost of mate and female gametes 
The functional relationship between a full pollen grain and a germinating 

seed is given by the mean regression between those two variables (Sokal 
and Rohlf, 1981). Given the weak values of the correlation coefficients, these 
regressions have, however, to be considered as interesting but not very precise 
indications. 

In the nursery experiment, the equation (based on the family mean data) is: 

full pollen grains = - 1330 germinating seeds + 1813 

which can also be written as: 

germinating seeds = - 0.00075 full pollen grains + 1.36. 

In the natural population experiment, the equation is 

full pollen grains = -4770 germinating seeds + 2333 

which can also be written as: 

germinating seeds = -0.00021 full pollen grains + 0.49. 

Thus, producing one germinating seed represents the same reproductive invest- 
ment as producing 1330 full pollen grains in the nursery experiment, and 4770 full 
pollen grains in the natural populations experiment. Those two values will be 
simply called “cost” in the text below. 

The estimation of the cost allows male and female investments to be calculated 
in the same unit of resource. We choosed to use the number of full pollen grains per 
flower as an estimation of the male investment, and thus the value of the female 
investment is the number of germinating seeds per fruit multiplied by the cost of a 
germinating seed in terms of full pollen grains. Every individual can then be 
represented by a point of abscissa “male investment” and of ordinate “female 
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Fig. 2. Measure of the relative male investment (RMI) of an individual. “Male investment” and 

“Female investment” represent the proportion of resources invested in one or the other of the two 
functions: it is the number of viable gametes produced, corrected by the relative cost of male and female 
gametes. RMI = 2/z x Arc tg (b/a). it is the angular position of the point whose coordinates are the 
male investment (a) and the female investment (b) of the individual divided by its maximum value (n/2). 
This index varies between 0 and 1. 

investment”. Because the simple ratio cannot be used in statistical treatments, due 
to the lack of independence between mean and variance, we calculated the angular 
position (in rad.) of this point, and used it as an estimation of the relative male 
investment (RMI) of an individual (see fig. 2). 

RMI = 2 Arc tg 
male investment 

= 2 Arc tg 
full pollen 

7L female investment IC germinating seeds x cost 

The value of the “cost” was extracted from the previous equations, in the natural 
population experiment, we thus used “cost” = 4770, and in the nursery experiment, 
we used “cost” = 1330, the value obtained for family means (this cost is 1700 when 
calculated on an overall basis). Different values of cost, ranging from 500 to 5000 
were tested in both experiments. Neither the significance of the tests, nor the ranks 
of the means were affected. 

These regressions also allow the seed production of an hermaphrodite that would 
produce no pollen to be estimated from the intercept with the germinating seed axis. 
In the nursery experiment, an hermaphrodite producing no pollen would produce 
I .36 germinating seeds per fruit, while the mean measured value for hermaphrodites 
was 0.57, which is 2.4 times less. In the natural populations, an hermaphrodite 
producing no pollen would produce 0.49 germinating seeds per fruit, while the 
mean measured value was 0.19, which is 2.6 times less. 

The mean values of full pollen grains, germinating seeds and relative male 
investment for each class of maternal origin is given in table 5. 
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Table 5. Estimations of the mean sexual functions of hermaphrodites in relation to their maternal 
origin. 

EXP ORI Gender of 
the mother 

N MAL FEM RMI 

Nurser) 

H 
Female 20 682 0.56 0.43 

POP Hermaphrodite 14 1161 0.41 0.71 

Female 16 1193 0.65 0.60 
POP L Hermaphrodite 46 1122 0.61 0.59 

pooled data 96 1048 0.57 0.58 

NahIR? 
Provence 36 1573 0.22 0.66 

Languedoc 40 1326 0.17 0.59 

pooled data 76 1445 0.19 0.62 

Abbreviations: EXP, experiment; ORI, origin; N. number of individuals; MAL and FEM as in table 2, 
RMI = Relative male investment. 

2b. Efleects of the origin and sex-type of the maternal parent 
In the nursery experiment, no significant difference in the relative male invest- 

ment was found between populations ( Fg6,, = 0.84, P > 0.1). The effect of the 
gender of the mother (female or hermaphrodite) was also non significant. How- 
ever, the interaction between population and gender was highly significant 

(F vI1,, = 11.06, P < O.Ol), and hence the effect of the gender of the mother was 
different in each population (see fig. 3). This effect was therefore investigated 
further. 

In population L, no difference was found between progeny (the term “progeny” 
will be used to mean “progeny via seeds”) of females and progeny of 
hermaphrodites for full pollen, germinating seeds and relative male investment 
(for each variable, P > 0.1). In population H, no difference was found for germi- 
nating seeds (P > O.l), but a significant difference was found for full pollen, 
(F 32., = 7.78, P < 0.01) and relative male investment (F,,,, = 12.74, P < 0.01): in 
that population, progeny of females allocated less resources to male function than 
did progeny of hermaphrodites. 

In the natural population experiment, no difference on relative male investment 
was found either between region (F74,1 = 0.4, P > 0.1) or among populations 

(F 6R,7 = 1.78, P > 0.1). 
All ANOVA’s made on RMI were confirmed by Kruskall Wallis or Wilcoxon 

rank tests made on the full pollen:germinating seeds ratio. The same levels of 
significance were found, hence the ranking is consistent for each estimate. 
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Discussion 

I. The trade-qfl between sexual functions 

The results presented here suggest that (i) there is a trade-off between male and 
female fertility in thyme, and (ii) this trade-off produces negative correlations 
between male and female fertility only if there is sufficient genetic variability in 
the sample examined. By saying that there is a trade-off between male and female 
function, we do not mean that these two functions share the same nutrients at 
the same time, but that a general set of constraints lead them to be in competi- 
tion, so that the plant cannot increase one sexual function without diminishing the 
other. 

A negative correlation was found between the male and female fertility of 
individuals growing in natural populations, in both the study regions. A negative 
correlation was also found between the family means for male and female fertility 
of individuals growing in the nursery (the more seeds a family produced, the fewer 
pollen it produced). In contrast, no significant correlation was found using the 
pooled data for all individuals in the nursery experiment. The absence of an overall 
correlation may be due to the use of sib groups, in which genetic variability is low, 
this raising the relative importance of the environmental variability (which may 
produce a positive correlation). The use of family means thus increases the 
likelihood of observing significant correlations due to a trade-off between sexual 
functions. The negative correlation between sexual functions was higher when the 
quality of pollen and/or the quality of seeds were taken into account. This is 
evidence that the cost of an empty pollen grain or a seed unable to germinate is less 
than the cost of a full pollen or a seed able to germinate; and that the negative 
correlation between production of male and female gametes was due to a negative 
correlation between the quantity of resources allocated to each function. However, 
the trade-off between sexual functions explains only a small proportion of the 
variance. Other variables such as size or vigor are probably also important. The 
measure used was on a pre-flower basis, and while this probably diminished the 
effects of such variables, it may not have eliminated those effects entirely. 

In both the natural populations and the nursery, the number and the quality of 
gametes (fullness of pollen grains and capacity of seeds to germinate) were 
positively correlated. This is an indication that a high variability at one level (here 
the male versus female level) can produce a positive correlation at a subordinate 
level (here the quality of gametes versus their quantity), as exposed in fig. 1. 

2, The ullocation of resources and the female advantage 

In thyme, females produce from two to four times more seeds per fruit than 
hermaphrodites (Assouad et al., 1978). This female advantage may be either the 
result of inbreeding depression in hermaphrodites or a consequence of the so called 
“compensation law” (Darwin, 1877) whereby resources not allocated to one 
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function can be reallocated to another. Assouad et al. ( 1978) showed by test-crosses 
that, in thyme, inbreeding depression cannot explain more than 30% of the female 
advantage. The hypothesis of the compensation law was tested in this study by 
estimating the seed production of an “hermaphrodite” producing no pollen. Such 
an “hermaphrodite” would produce twice as many seeds as the average (2.4 in the 
nursery experiment and 2.6 in the natural populations experiment). This value was 
thus not far from the average values obtained for female individuals. The compen- 
sation law can therefore explain an important component of the female advantage. 

In contrast to resource allocation in hermaphroditic individuals, reallocation of 
resources has often been observed when comparing individuals of different sex-type: 
females and hermaphrodites of gynodioecious species (e.g. Lloyd, 1976; Van 
Damme and Van Delden, 1984; Boutin et al., 1988), or normal hermaphrodites and 
mutant sexual forms (Goldman and Willson. 1986). For example, Daskalov and 
Mihailov (1988) obtained mutants of Cupsicum annuum L. that produce 85% fewer 
seeds than the normal hermaphroditic individuals, but flower constantly and 
produce abundant pollen. For such individuals, lower seed production may be 
compensated for by higher pollen production. 

3. The genetic determinism of sexual allocation 

In the nursery experiment, both the negative correlation between family means 
and the fact that the relative male investment of an individual depends on its 
maternal origin provide strong evidence for the genetic determination of sexual 
allocation. Besides the influence of the nuclear genome, an effect of the cytoplasm 
and/or an interaction between nuclear and cytoplasmic genes may help to explain 
some of the results. In particular, the sex allocation of an hermaphrodite from the 
youngest population depends on the sex of its mother (which may be female or 
hermaphrodite). In that population, the progeny of females invest less resources to 
male function than do the progeny of hermaphrodites. In thyme, as in most 
gynodioecious species, the sex of an individual is determined by both nuclear and 
cytoplasmic genes (Dommite, 1973; Belhassen et al., 1991). The cytoplasm is 
responsible for male sterility, while specific nuclear genes, called restorers, are able 
to restore the male fertility of individuals with a given cytoplasm. Different 
male-sterile cytoplasms may coexist within a population. Experimental and theoret- 
ical results suggest that a correlation between sex and cytoplasm is stronger in 
young populations than in old populations (Couvet et al., 1986; Atlan et al., in 
prep). 

In this experiment, the effect of the sex of the mother was only found in the 
youngest population, suggesting that the weak relative male investment of the 
progeny of females could be an effect of the cytoplasm. However, per se, this 
explanation implies that cytoplasms provided by hermaphrodites produce a male- 
biased sex allocation. This cannot explain why the average sex allocation of the 
oldest population is similar to the sex allocation of the progeny of hermaphrodites 
from the youngest population. A complementary hypothesis is that optimal male 
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fertility needs not only the presence of the appropriate restorer, but also a good 
complementarity between the nuclear background, the restorer, and the cytoplasmic 
genome; for example, some supplementary genes could be necessary for complete 
restoration, as has been found in rice by Govinda and Virmani ( 1988). Lower male 
fertility could also be due to partial restoration due to incomplete dominance at the 
male sterilty loci, as it has been shown in Plantago lanceolata (Van Damme, 1983). 
In a young population, nuclear and cytoplasmic genomes might often have different 
origins, especially in the hermaphroditic offspring of females. The dominant restorers, 
or the supplementary genes may therefore not yet have been selected and offspring 
would only be partially restored and would thus allocate fewer resources to male 
function. 
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