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Variation in pollen production and pollen viability in natural
populations of gynodioecious Beta vulgaris ssp. maritima: evidence
for a cost of restoration of male function?
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Abstract

Gynodioecious species are defined by the co-occurrence of two clearly
separated categories of plants: females and hermaphrodites. The hermaphro-
ditic category may, however, not be homogeneous, as male fitness may vary
among hermaphrodites as a result of many biological factors. In this study, we
analysed estimates of pollen quantity and viability in the gynodioecious Beta
vulgaris ssp. maritima, comparing hermaphrodites bearing a male-fertile
cytotype and hermaphrodites bearing cytoplasmic male sterility (CMS) genes,
which are counteracted by nuclear restoration factors. We show that: (i)
pollen quantity continuously varies among restored hermaphrodites, suggest-
ing a complex genetic determination of nuclear restoration; (ii) pollen viability
was lower in restored (CMS) hermaphrodites than in non-CMS hermaphro-
dites, probably because of incomplete restoration in some of these plants; and
(iii) pollen quantity and viability also varied among hermaphrodites with
male-fertile cytotypes, possibly a result of a silent cost of restoration. Finally,
we discuss the consequences of these results for pollen flow and the dynamics

of gynodioecy.

Introduction

Gynodioecy is a plant breeding system where females and
hermaphrodites coexist in populations. This breeding
system is the second most common in the European Flora
(Richards, 1997). For decades, this system has been a
topic of interest for evolutionary biologists for several
reasons. First, it can be considered as a possible evolu-
tionary step from hermaphroditism to dioecy and may
then constitute a key system to understand the evolution
of plant reproductive systems (Charlesworth & Charles-
worth, 1978; Desfeux et al., 1996; Barrett, 2002). Second,
sex expression in gynodioecious species often results from
complex genetic interactions between cytoplasmic male
sterility (CMS) genes and nuclear restorer genes (Chase,
2007); this provides the basis for a genetic conflict
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between cytoplasmic and nuclear genes due to the effect
of opposite selective pressures on the sexual phenotype of
plants (Cosmides & Tooby, 1981; Saumitou-Laprade et al.,
1994; Hurst et al.,, 1996; Werren & Beukeboom, 1998;
Jacobs & Wade, 2003; Delph et al., 2007).

According to evolutionary theory, CMS can spread in
a population as soon as fitness through female function
is higher in females than in hermaphrodites (female
advantage; Charlesworth & Ganders, 1979; Frank, 1989;
Gouyon et al., 1991). As cytoplasmic genes are only
transmitted through seeds, the loss of the male function
(i.e. pollen production) in females is not associated with a
cost for CMS genes. Indeed, either only a moderately
larger number of seeds or a slightly better quality of seeds
is likely to provide CMS with a selective advantage. On
the other hand, the loss of pollen production entails a loss
of transmission for nuclear genes. As soon as CMS
becomes frequent in a population, nuclear alleles that
are able to restore pollen production may be selected. Two
main factors have been proposed to explain why restorer
genes are not driven to fixation in gynodioecious species:
(i) gene flow and metapopulation processes that regularly
introduce new CMSs in populations (Frank, 1989; Couvet
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et al., 1998); or (ii) a cost induced by restorer alleles: when
the corresponding CMS becomes less frequent, restoring
male fertility provides no or a small selective advantage,
so that the cost causes a decrease in restorer frequency
(Charlesworth & Ganders, 1979; Frank, 1989; Gouyon
et al., 1991; Bailey et al., 2003; Dufay et al., 2007). In the
latter case, frequency-dependent selection can lead either
to limit-cycle dynamics (i.e. undamped oscillations) or to
stable equilibrium, that can be reached after a prolonged
period of dampened oscillations (Dufay et al, 2007).
Thus, both these dynamics may explain the high varia-
tions in female frequencies that are sometimes observed
among populations in gynodioecious species (Frank,
1989; Gouyon et al., 1991).

Whereas several empirical studies have found a female
fitness advantage in gynodioecious species (Alonso &
Herrera, 2001; Shykotff et al,, 2003 for reviews), little is
known about restorer alleles. In particular, although the
cost of restoration is a central theme in theoretical
studies, only two studies have empirically suggested that
restorer genes could negatively atfect plant fitness, either
through female (de Haan et al.,, 1997a) or male function
(Bailey, 2002). Moreover, although models often assume
that restoration of male fertility is achieved through one
allele (but see Frank, 1989), empirical work suggests that
genetic determination of restoration may be more com-
plex (Charlesworth & Laporte, 1998; Koelewijn, 2003;
Touzet et al., 2004). Indeed, a recent study, based on
three of the best studied gynodioecious species, pointed
out that restoration may be often polygenic (Ehlers et al.,
2005). If more than one gene of restoration is involved,
male fitness is then expected to quantitatively vary
among plants, which could slow down the selection of
restorers and thus strongly influence the dynamics of
gynodioecy (Charlesworth & Laporte, 1998). To our
knowledge, however, few studies have quantified vari-
ation in pollen production and quality among gynodio-
ecious populations (but see Glaettli & Goudet, 2006).

In some cases, variation in male fitness among plants is
further increased by the presence of cytoplasmic poly-
morphism in populations. Indeed, although only the
most well-known gynodioecious species contain CMS
cytoplasms (Silene vulgaris: Olson & McCauley, 2002;
Silene acaulis: Stddler & Delph, 2002; Thymus vulgaris:
Belhassen et al., 1991), this does not seem to be the rule
for all species. In particular, non-CMS cytotypes have
been reported in at least two gynodioecious species
(Plantago lanceolata: de Haan et al., 1997b; Beta vulgaris
ssp. maritima: Cuguen et al., 1994). It should be noted
that male-fertile cytoplasm in populations includes ‘nor-
mal’ cytoplasm that never produced any sterilizing
factors or sterilizing cytoplasm for which the nuclear
restorer genes are currently fixed. Because of the lack of
CMS markers and data from reciprocal crosses (e.g. Van
Damme et al., 2004), the real occurrence of male-fertile
cytotypes is usually unknown. Thus, for many gyno-
dioecious species, we do not know whether all hermaph-

© 2007 THE AUTHORS. J. EVOL. BIOL. 21 (2008) 202-212

Gynodioecy and variation in pollen abilites 203

rodites are in fact restored hermaphrodites (CMS) or
whether both restored CMS and non-CMS hermaphro-
dites co-occur in populations. In the latter case, these
hermaphrodites may also differ in their pollen produc-
tion and male fitness abilities.

The cost of restoration, complexity of genetic deter-
mination of restoration and co-occurrence of hermaph-
rodites having different cytoplasms are all possible
sources of variation in male fitness and may strongly
affect pollen flow, selection of restorer genes and
ultimately, the dynamics of gynodioecy. The aim of this
study was to assess variation in hermaphrodite potential
male fitness in terms of pollen quantity and quality
estimated in two natural populations of the gynodio-
ecious wild beet, B. vulgaris ssp. maritima, including
normal hermaphrodites and hermaphrodites bearing one
of the two most frequent CMS cytotypes found in wild
beet populations (CMS E, see Fénart et al., 2006). First,
we will examine how pollen production varies among
CMS plants, which will give us some clues about the
genetic determination of restoration. Second, we will
compare pollen quantity and quality in non-CMS and
CMS hermaphrodites and discuss the possible conse-
quences on selection of restorer alleles. Third, because
frequency-dependent selection is supposed to play an
important role in the maintenance of the system, we will
compare pollen quantity and quality between two
populations that are at two difference stages of gynodio-
ecy dynamics, in terms of CMS and restorer frequencies.

Material and methods

The species

Beta vulgaris ssp. maritima is a gynodioecious short-lived
perennial species, which is widely distributed along the
western coasts of Europe and around the Mediterranean
Basin. In northern Europe, wild beets mainly colonize
areas located along estuaries, just at the upper level of the
tide and, more rarely, cliffs overhanging the sea (Letsc-
hert, 1993; Laporte et al., 2001; Fievet et al., 2007). When
plants bolt to flowering, stems develop with a main axis
bearing flowering branches and sometimes secondary
flowering axes. Consequently, each plant can produce up
to several thousands of flowers. Plants are self-incom-
patible and pollinated by wind. In wild beet populations,
hermaphrodites often coexist with male-sterile plants
that do not produce pollen. Among the 20 mitochondrial
haplotypes described in beet, four haplotypes are clearly
associated with male sterility: E, G, H and Svulg (Saum-
itou-Laprade et al., 1993; Cuguen et al., 1994; Laporte
et al., 1998; Desplanque et al., 2000; Touzet et al., 2004).
In contrast with other gynodioecious species, nonsteril-
izing cytotypes constitute a large part of the mitochon-
drial diversity in wild beet (Cuguen et al.,, 1994; Forcioli
et al., 1998; Laporte et al., 2001). Moreover, the most
frequent cytoplasm is male fertile and because the four
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different CMS are derived from it, this male-fertile
cytotype is likely to be ancestral (Fénart et al., 2006).

Study populations and sampling procedures

This work was carried out in two natural gynodioecious
populations of wild beet, located on the northern coast
of France, 30 km apart. Both populations were linear
and comprised approximately 400 plants. One popula-
tion (Audresselles, 50°49.101'N; 1°35.676’E) was located
on a seaside resort; the other population (Canche,
50°32.231'N; 1°35.597’E) was located along the estuary
of the river Canche. In April 2005, a total of 398 plants
were continuously sampled along the populations: 280
plants were collected in Audresselles and 118 plants were
collected in Canche. Sampling consisted in leaf collection
and plant labelling and was not affected by plant sex as it
took place before flowering. During flowering in June
2005, we recorded the sex ratio by assigning a sexual
phenotype to each labelled flowering plant. Plants with
brown or white and much reduced anthers were
considered to be male sterile. Plants with yellow anthers
that produced pollen were considered to be hermaphro-
dites. Some of the plants had an intermediate phenotype
that produced more light-coloured yellow anthers with
no obvious pollen grains and, as such, these plants were
categorized as intermediate phenotypes. In total, 273 and
96 plants were assigned to a sexual phenotype in
Audresselles and Canche respectively; not all labelled
plants flowered and some plant could not be retrieved
during the second survey in June.

Molecular analyses

In wild beet, among the four CMSs that have been
described, the three most widely distributed are the Owen
CMS (also called Svulg), which is widely used in plant
breeding of sugar beet (Owen, 1945; Arnaud ef al., 2003),
and two additional ones called E, and G, which are
exclusively found in wild beet populations (Cuguen et al.,
1994; Desplanque et al.,, 2000; Laporte et al, 2001).
Extraction and purification of total DNA from the 398
sampled plants were performed using a NucleoSpin®96
Plant Kit, and following the standard protocol for isolation
of DNA from dried plant leaf tissue outlined in the
NucleoSpin®96 Plant Kit protocol handbook (Macherey-
Nagel, Diiren, Germany). To characterize the three main
CMSs, we used diagnostic cytoplasmic PCR markers. The
PCR step for each CMS was conducted using standard
procedures. The primers used to amplify the chloroplastic
marker associated with CMS Svulg are described in Ran &
Michaelis (1995). To detect CMS G, one unpublished pair
of primers was used to amplify a specific fragment
(forward primer: TTTCTCTTTATGGATAACCAATTCA -
reverse primer: AGGATTCCTTTTGTAACCCAAT). CMS E
was detected by PCR-RFLP (forward primer: GTTCCC
ACTCACGACCCATA - Reverse primer: CCGACTAGTT

CCGGGTTC) using the following procedure: 5 uL of the
PCR product was digested in a 10-uL reaction with
0.2 mm of spermidin and 1.5 U of Alul, conducted at
37 °C overnight.

Pollen sample and analysis

Pollen was sampled on plants at the beginning of the
flowering period during June 2005. In both populations,
we selected genotyped plants, such that both CMS and
non-CMS plants were sampled. We focused on CMS type
E, which was the most frequent CMS cytotype in
Audresselles and the only CMS cytotype in Canche (see
results below). Moreover, we selected plants that were at
the beginning of their flowering phase to obtain results
for pollen production that could be compared among
plants. In total, pollen was sampled on 115 plants: 43
non-CMS and 23 CMS plants in Audresselles, and 13
non-CMS and 36 CMS plants in Canche. For each plant,
two floral buds localized on two different stems of equal
size were chosen and two anthers per bud were collected
and stored separately in ethanol at 95 °C. Ethanol was
then evaporated and samples were placed in oven at
56 °C for 24-48 h to force anther dehiscence. One
millilitre of distilled water was then added to each pollen
sample and sonicated to separate pollen grains from the
anther and each other. Tubes were then vortexed and the
number of pollen grains was estimated in 200 pl of
solution (this number multiplied by five gives the total
pollen count). A particle counter CASY® model TT
(Innovatis, Bielefeld, Germany) was used to estimate
the number of pollen grains in a solution of 5 mL of pure
water CASY® ton for cell counter, in which the 200 uL of
distilled water and pollen were diluted. Each sample was
shaken to equally distribute pollen in the solution
immediately prior to counting. The particle counter then
sampled three volumes of 400 uL from the solution and
provided the result for the total 1200 uL analysed. The
number of detected particles was determined for 400 size
classes ranging from 0.125 to 50 um using the software
CASY® excel 2.1. Prior observations had shown that
nonviable pollen grains in B. vulgaris ssp. maritima were
of smaller size than viable pollen grains (Boutin et al.,
1987). These counts were then used to estimate both
total pollen production and fraction of viable pollen
grains. Every 20 tubes a blank solution was analysed to
estimate the size classes corresponding to pollen grains,
by comparing pollen samples with empty solutions.

Pollen viability

Pollen viability was also estimated with Alexander stain
on a subsample of plants to assess the correlation
between pollen grain size and viability. To cover the
largest variance in pollen viability, we sampled both
non-CMS hermaphrodites and plants bearing CMS
E cytotype, including (restored) hermaphrodites and
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intermediate phenotypes. On these plants, an additional
freshly opened flower was collected the same day than
the floral buds used for particle counter analysis. Within
3 h of collection, pollen was removed from the flower
and placed on a glass slide. One drop of Alexander
solution (10 mL of 95% ethanol, 1 mL of 1% malachite
green in 95% ethanol, 5 g of phenol, 5 mL of 1% acid
fuschin in H,O, 0.5 mL of 1% orange G in H,O, 2 mL of
glacial acetic acid, 25 mL of glycerol and 50 mL of H,O;
Alexander, 1969), which stains viable pollen purple, was
added to each pollen sample. A coverslip was used to mix
and cover the pollen and Alexander mixture, after which
the coverslip was sealed using clear nail varnish. The
pollen samples were then examined under a light
microscope at X100 magnification. More than 200 pollen
grains per sample, when available, were scored as either
purple or green, and the viable proportion of pollen
grains was calculated as the ratio of purple-stained pollen
grains to the total number of pollen grains. We estimated
pollen viability for, respectively, eight and 17 plants in
Audresselles and Canche, among which 12 carried a CMS
E cytotype. It should be noted that Alexander stain is
only an estimation and not an absolute measure of
viability. Keeping this in mind, we will consider there-
after that it will be a convenient estimate of viability.

Data analyses

Typical peaks of particles with size ranging from 10 to
24 um were observed on samples collected from herma-
phrodites, which clearly did not appear on blank samples;
thus, we only considered this 10-24 um zone for pollen
counting. Two subpeaks were recognizable within this
size range: 10-13 and 16-24 um, with some individuals
specifically producing one of the two peaks and some
others producing both (Fig. 1). We categorized particles
within these two size classes, and considered three
variables for subsequent analyses: total pollen quantity,
quantity of large pollen grains (16-24 um) and ratio of
large pollen grains. For each of these three variables, the
average value over the four collected anthers per plant
was calculated and assigned to each studied plant. The
total number of pollen grains and the number of large
pollen grains were obtained from the values provided by
the particle counter after correcting for the dilution ratio,
i.e. by multiplying all values by 5 x 5200/1200. The
factor 5200/1200 allows to estimate the quantity of
pollen grains in the 5-mL solution in which the particle
counter sampled, and the five factor allows to estimate
the quantity of pollen in the whole anther, as only
200 uL over a total of 1 mL was used.

Because the quantity of pollen grains appeared to
continuously vary among CMS plants (see below), we
used the total number of pollen grains (small and large)
produced per anther to objectively distinguish between
the females and restored hermaphrodites: individuals
that produced a small number of pollen grains were
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Fig. 1 Examples of particle counting: number of particles as a
function of particle size (um). These depict the pollen zone (10—
24 um) for three different hermaphroditic plants. Plant (a) had one
major peak of large pollen grains (16-24 um), plant (b) produced
mainly small pollen grains (10-13 um) and plant (c) produced both.

considered as females (see below). On this basis, the
effects of sexual phenotype (three levels: females (CMS),
restored hermaphrodites (CMS) and non-CMS herma-
phrodites) and of population (two levels) were tested on
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the frequency and the number of large pollen grains,
using an ANovA (proc GLM, sas, SAS Institute Inc., Cary,
NC, USA). The effects of population and sexual pheno-
type were also tested on the total number of pollen grains
per anther; however, because the number of pollen
grains was used to distinguish between females and
restored hermaphrodites, females were not included in
the data set and this variable was compared only between
restored hermaphrodites and non-CMS hermaphrodites.
Data were either log transformed (number of pollen
grains and number of large pollen grains) or arcsine-
square root transformed (frequency of large pollen
grains) to obtain normally distributed residuals.

Results

CMS cytoplasm frequency, sex ratio and restoration
rate in populations

Three PCR markers specific to CMSs enabled us to
identity all females. Number of CMS plants, sex ratios
and restoration rate (i.e. for a given CMS, the ratio of the
number of restored hermaphrodites to the total number
of individuals bearing the CMS) in each population are
given in Table 1. Whilst sex ratios were similar in both
populations (29% females in Audresselles and 31% in
Canche), CMS frequencies and restoration rates ditfered
among the study populations. Three different CMSs (E, G
and Svulg) were found in Audresselles, with CMS E being
the most frequent (30% of sampled plants vs. 2% and
0.7% for CMSs G and Svulg respectively). The rates of
restoration for the different CMSs were 0.12, 0 and 1, for
CMSs E, G and Svulg respectively. These different rates of

restoration among the three CMSs are consistent with
another study conducted on a larger geographical scale
(P. Touzet, unpublished data). In contrast to the Audres-
selles population, only the CMS E was found in Canche.
This CMS occurred at a higher proportion than in
Audresselles: 79.6% of the 118 sampled plants had the
CMS E. In this population, the rate of restoration was
much higher than in Audresselles: 60% or 42%, depend-
ing on whether intermediate phenotypes were included
in the estimation or not.

Pollen size vs. pollen viability

The frequency of viable pollen, estimated as the fre-
quency of purple grains with Alexander stain, ranged
from 0.09 to 0.99 among the 25 studied plants. For each
of these plants, the value of pollen viability was analysed
together with the average frequency of large pollen
grains obtained with the particle counter: the Pearson’s
correlation coefficient between the two variables was 0.9
(Fig. 2). In agreement with the results obtained by Kelly
et al. (2002) on Mimulus guttatus and Collinsia verna,
estimating pollen size is robust method to estimate pollen
viability in B. vulgaris spp. maritima. We will thus use the
frequency of large pollen grains as a measure of pollen
viability.

Pollen production in CMS E plants

As CMS E was the only CMS found in Canche, we
focused on this cytotype. The average quantity of pollen
per anther (including both large and small grains) was
highly variable among CMS E plants, ranging from 781 to

Table 1 Number of plants described as

Cytotype Females Intermediates Hermaphrodites Unknown  Total Restoration rate females, intermediates and hermaphrodites
Audresselles for each cytotype (CMSs E, G and Svulg and
CMS E 73 0 10 1 84 012 male fertile cytotype Nvulg) in both popula-
CMS G 6 0 0 0 6 0 tions.
CMS Swulg 0 0 2 0 2 1
Non-CMS 0 0 182 6 188 -
Total 79 0 194 7 280 -
Sex ratio (%) 29 0 71 - - -
Canche
CMS E 30 24 22 18 94 0.6 (0.42)
CMS G 0 0 0 0 0o -
CMS Swulg 0 0 0 0 0o -
Non-CMS 0 0 20 4 24 -
Total 30 24 42 22 118 -
Sex ratio (%) 31 25 44 - - -

Cases for which sex was unknown were plants that had been sampled before flowering, and
which either were not flowering or were misled in June. The rate of restoration for a given
CMS is the frequency of restored hermaphrodites divided by the total number of individuals,
for which a sexual phenotype had been assigned and carrying the CMS under consideration.
In the Canche population, two rates of restoration were calculated, taking into account either
only restored hermaphrodites or both restored hermaphrodites and intermediates (within

brackets).
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Fig. 2 Correlation between pollen size and pollen viability in Beta
vulgaris, measured on 25 plants from two wild populations of Canche
(black symbols) and Audresselles (open symbols), comprising both
CMS (triangles) and male-fertile (squares) hermaphrodites.

45 520 pollen grains per anther (Fig. 3). Plants that were
categorized as females during flowering (i.e. having
brown or white and reduced anthers) produced less than
7000 pollen grains. All plants categorized as hermaphro-
dites (i.e. having yellow anthers and obvious pollen
production), thus being restored hermaphrodites, pro-
duced more than 13 000 pollen grains. Finally, plants
categorized as intermediates in the field, i.e. with more
light-coloured yellow anthers and no obvious pollen
grains (labelled with an asterisk in Fig. 3) were also
intermediates in terms of pollen quantity, and slightly
overlapped with females. This suggests that the quantity
of pollen varies continuously among CMS E plants.

For following analyses, we needed to distinguish
among CMS plants, females from plants that express
one of several nuclear restoration alleles. CMS plants
were thus categorized in two groups, based on their
average pollen quantity per anther. The first group
(within boxes in Fig. 3) included all plants that had been
categorized as females and two plants that had been
categorized as intermediates but that produced average
quantities of pollen comparable with females. Thereafter,
we will consider these plants as females, with little or no
pollen production. The second group (outside boxes in
Fig. 3) consisted of plants that had been considered as
potential pollen producers (categorized in the field as
intermediates or hermaphrodites). For the rest of the
study, we will consider them as CMS plants bearing one
or several restoration alleles of male fertility and we will
refer to them as restored hermaphrodites.

The proportion of viable pollen was also highly
variable among CMS E plants, ranging from 12% to
90%, but was not correlated with the number of pollen
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Fig. 3 Plants carrying the CMS E cytotype, from Audresselles (a)
and Canche (b) populations, ranked for their quantity of pollen per
anther (average value over the four measured anthers). Symbols (*)
indicate the plants that had been categorized as intermediates in the
field, with lightly coloured yellow anthers and no obvious pollen
production. The boxes contain all plants that will be considered as
females in further analyses.

grains, irrespective of whether females were included in
the data set or not [effect of the ratio of viable pollen on
the total number of pollen grains: P > 0.05, Proc GLM;
Pearson’s coefficients r = 0.13 (z = 59) and —-0.31 (n =
22) for analyses on data set with and without females
respectively].

Variation of pollen quantity and viability among
sexual phenotypes and populations

The total number of pollen grains (viable and nonviable
pollen grains) did not significantly differ between CMS-
restored hermaphrodites and non-CMS hermaphrodites
(F1,77 =0.03; P=0.85); only the population had an
effect, individuals from Audresselles producing signifi-
cantly more pollen grains than individuals from Canche
(F1,77 = 14.5; P = 0.003). The ratio of viable pollen grains
differed significantly among populations and sexual
phenotypes, with a marginally significant effect of their
interaction (Table 2). Overall, plants from Audresselles
produced a higher proportion of viable pollen than plants
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Table 2 anova of size of pollen grains, as a measure of pollen
viability in Beta vulgaris on a subsample of plants of Audresselles and
Canche populations (7 = 115).

Source d.f. Type llSS F P
Population 1 086 17.563  <0.0001
Sexual phenotype 2 210 21.38  <0.0001
Population x sexual phenotype 2 026 2.61 0.08
Error 109 5.36

The frequency of viable (large) pollen grains per anther (arcsine-
square root transformed) depended on the sexual phenotypes
(females, restored hermaphrodites and true hermaphrodite individ-
uals), the population and their interaction.

from Canche. Concerning the effect of sexual phenotype,
non-CMS hermaphrodites produced a significantly (Tu-
key test, P < 0.0005) higher proportion of viable pollen
grains (0.7) than females and restored hermaphrodites
(respectively 0.41 and 0.47) with no significant differ-
ence between females and restored hermaphrodites
(Tukey pairwise comparison, P> 0.1). The same sex
effect holds when individuals classified as intermediates
in the field were removed from the data set: restored
hermaphrodites produced a lower proportion of viable
pollen grains than non-CMS hermaphrodites (sex effect:
Fy 107 = 20.30; P < 0.0001). Regarding the marginally
significant interaction between both factors, the pairwise
comparisons indicated that non-CMS hermaphrodites
from Audresselles produced a significantly higher pro-
portion of viable pollen than non-CMS hermaphrodites
from Canche (Tukey pairwise comparison, P < 0.05). By
contrast, restored CMS hermaphrodites of the two
populations were not significantly different from each
other (P > 0.1).

When combining both variables (i.e. number of pollen
grains and frequency of viable pollen grains), an estima-
tion of the number of viable pollen grains could be
obtained. Using this response variable, a significant effect
was found for population, sexual phenotype and their
interaction (Table 3). Overall, plants from Audresselles
produced a significantly higher quantity of viable pollen

Table 3 anova of the number of viable (large) pollen grains per
anther (log transformed) in Beta vulgaris, on a subsample of plants of
Audresselles and Canche populations (7 = 115).

Source d.f. Type Il 8S F P

Population 1 6.59 12.69 0.0005

Sexual phenotype 2 118.70 114.31 <0.0001

Population x sexual 2 10.57 10.18 <0.0001
phenotype

Error 109 56.59

The number of viable pollen grains depended on the sexual
phenotype (females, restored hermaphrodites and true hermaphro-
dites individuals), the population and their interaction.

grains than plants from Canche. Non-CMS hermaphro-
dites, restored hermaphrodites and females produced
on average, respectively, 25 081 + 2078 (n = 56), 9069 =+
2358 (n = 22) and 1305 + 82 (n = 37) viable pollen grains
per anther, with all values being significantly different
from each other (Tukey pairwise comparisons, P < 0.05).
The significant effect of the interaction between popula-
tion and sexual phenotype was due to a difference
between non-CMS hermaphrodites of Canche and
Audresselles (P < 0.05), whereas the restored herma-
phrodites of the two populations belonged to the same
statistical category.

Focus on non-CMS hermaphrodites

The same statistical analyses were conducted using the
data set containing only non-CMS hermaphrodites. For
all variables, a population effect was found (quantity of
pollen grains: F;ss = 12.34, P = 0.0009; frequency of
viable pollen grains: Fy ss = 10.66, P = 0.0019; quantity
of viable pollen grains: F;ss=17.96, P < 0.0001),
non-CMS hermaphrodites from Audresselles producing
higher quantity and quality pollen than non-CMS
hermaphrodites from Canche. Regarding the ratio of
viable pollen grains, it should be noted that population
differences were not due to an overall lower pollen
viability of all non-CMS hermaphrodites from Canche,
but rather to a high proportion of non-CMS hermaph-
rodites from Canche that produced extremely low
frequencies of viable pollen grains, whereas some others
produced viable pollen in frequencies comparable with
non-CMS hermaphrodites from Audresselles: 74% of
non-CMS hermaphrodites from Audresselles showed a
ratio of pollen viability higher than 0.8, against only 38%
of non-CMS hermaphrodites from Canche (Fig. 4).

Discussion

Variation of pollen among CMS plants: some clues
about the genetics of restoration?

The study on pollen quantity revealed a continuous
variation of this trait among CMS plants, partly due to
the occurrence of intermediate phenotypes (as already
noticed by Boutin ef al., 1987). These intermediate
phenotypes, visually recognizable with anthers being
lighter coloured and with no obvious pollen production
are also called partial male steriles and have been
reported in B. vulgaris ssp. maritima in other CMS systems
(Owen, 1942, 1945; Hjerdin-Panagopoulos et al., 2002;
Touzet et al., 2004), as well as in other gynodioecious
species (Van Damme & Van Delden, 1982; Koelewijn &
Van Damme, 1996; Charlesworth & Laporte, 1998;
Glaettli & Goudet, 2006). The presence of intermediate
phenotypes usually suggests that at least two different
loci or co-dominant alleles at the same locus are involved
in the process of restoration.
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Fig. 4 Pollen viability and quantity in all plants in Audresselles (a)
and Canche (b). Crosses picture females, triangles picture restored
hermaphrodites and squares picture male fertile (non-CMS) her-
maphrodites.

Moreover, in our study, the quantity of pollen per
anther was highly variable, even among fully restored
hermaphrodites (excluding intermediate phenotypes)
(Fig. 3). This is probably at least partly due to environ-
ment: even though pollen production was measured for
all plants at the beginning of flowering and in the same
geographical region, one cannot exclude micro-environ-
mental variation among plants. Future studies conducted
in controlled conditions will help to understand whether
the variation in pollen quantity among restored her-
maphrodites is only due to environmental variations or
whether polygenic determination of restoration can also
be invoked in B. vulgaris ssp. maritima, as recently
hypothesized for several gynodioecious species (Ehlers
et al., 2005).

We estimated variation in pollen viability among
plants, using pollen size, a good estimator of pollen
grains viability. Some plants had high pollen production
but suffered from very low quality. As a matter of fact,
pollen viability did not correlate with pollen quantity in
restored CMS hermaphrodites, suggesting that another
factor, independent of the process controlling pollen
quantity, may act on viability. Viability of pollen also
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exhibited large variation among restored CMS hermaph-
rodites, but was not continuously distributed (Fig. 4).
This suggests that pollen viability may have a simpler
mechanism of genetic determination than the number of
pollen grains or may be less sensitive to environmental
variation. Interestingly, the same phenomenon was
observed in an experiment in controlled conditions on
a maternal progeny segregating for male fertility on
another CMS (M. Dufay, unpublished results).

Are restored hermaphrodites good pollen producers?

In most studied gynodioecious species, only two types of
plants are considered: females and restored hermaphro-
dites, both bearing CMS genes. In such case, dynamics
and maintenance of gynodioecy rely on differences in
fitness between these two types of plants. In the case of
B. vulgaris ssp. maritima, an additional question must be
raised: are restored CMS hermaphrodites as fit as non-
CMS ones? In other words, does the presence of male
sterility genes, although counteracted by restorers, affect
the performance of these plants, compared with geno-
types that do not bear any active male sterility gene?
Restorers have been shown in several crop species to
modify the transcripts of the CMS genes (Hanson &
Bentolila, 2004; Chase, 2007). However, if restorers
cannot efficiently modify the transcripts or if this mod-
ification drives some negative effects on the expression of
other genes, one might expect a lower fitness for restored
hermaphrodites (discussed in Delph et al., 2007).

In this study, we found that restored CMS hermaph-
rodites did not produce lower quantity of pollen but did
produce pollen of lower viability than non-CMS her-
maphrodites. This lower quality of pollen may be partly
due to an incomplete restoration of male fertility: indeed,
a group of restored CMS hermaphrodites, possibly lack-
ing one allele of restoration, exhibited very low levels of
pollen viability and consequently strongly decreased the
average quality of pollen in restored hermaphrodites
(Fig. 4). Some other restored hermaphrodites were
demonstrated to reach very high frequencies of viable
pollen, comparable with the non-CMS hermaphrodites
that produced the highest proportion of viable pollen
(Fig. 4). This suggests that a complete restoration of CMS
is possible to achieve.

Because pollen viability and quantity were not corre-
lated, the difference between non-CMS and restored
CMS hermaphrodites in pollen viability remained even
when excluding intermediate phenotypes from the
analyses. Consequently, even CMS plants that appeared
to be well restored for their quantity of pollen can have
low male performance. We also compared the number of
viable pollen grains between non-CMS and CMS her-
maphrodites, using the combined measures of pollen
quantity and viability and thus providing an estimate of
potential male fitness. Restored CMS hermaphrodites
that produced a very high number of pollen grains but of
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low viability had consequently a lower potential male
fitness than non-CMS hermaphrodites.

Consequences for selection of restorer alleles

Our results suggest that some of the restored CMS
hermaphrodites potentially contribute poorly to pollina-
tion in natural populations. Because restoration alleles
can at least be transmitted through seeds, incompletely
restored hermaphrodites may constitute a reservoir of
restorers in the population until the appearance of fully
restored hermaphrodites, which would efficiently pro-
duce pollen and change the population sex ratio. Such
complex determination may then slow down the positive
selection of restorer factors and help to maintain females
in populations, as recently showed by Bailey & Delph
(2007). Moreover, restorer alleles can also be eliminated
by drift before the apparition of an efficient combination
of restorer factors in the population (Charlesworth &
Laporte, 1998). This would consequently increase the
frequency of females, especially in isolated and/or small
populations. A complex determination of the restoration
of male fertility may thus constitute an alternative
explanation to the correlation between female frequen-
cies and population size that have been observed in some
gynodioecious species (e.g. Caruso & Case, 2007).

Differences among populations: the result of a silent
cost of restoration?

The observed differences in pollen viability between
populations could be due to environmental variation
between these populations. However, an etfect of the
interaction between population and sexual phenotype
suggested that the various sexual phenotypes were not
equally affected by this population effect. When restored
hermaphrodites were compared between populations, no
statistical difference was found. By contrast, a significant
difference was shown among non-CMS hermaphrodites,
plants from Canche having lower pollen viability than
plants from Audresselles. Besides the global population
effect, non-CMS hermaphrodites from Canche seem to
have a lower potential male fitness than those from
Audresselles.

Interestingly enough, these two populations had
strongly contrasting ratios of CMS and of restoration of
male fertility. The Audresselles population exhibited low
frequencies of both CMS and restorers, whereas we
found high frequencies of CMS and restorers in the
Canche population, which suggests that they are at two
different stages of the gynodioecy dynamics. In Canche,
restored hermaphrodites represented half of the her-
maphrodites of the population. Thus, as a result of pollen
flow within the population, many non-CMS hermaph-
rodites were likely to carry the restorer alleles as well.
Consequently, a cost of restoration could explain why
non-CMS hermaphrodites in Canche had lower pollen

viability, and ultimately a lower potential male fitness
than non-CMS hermaphrodites from Audresselles. Inter-
estingly, the lower performance by hermaphrodites
in Canche was due to a high frequency of individuals
suffering from very low pollen viability, whereas the
other non-CMS hermaphrodites produced good levels of
pollen viability (Fig. 4). Conversely, the frequency of
non-CMS hermaphrodites in Audresselles, exhibiting this
low pollen quality was lower than 10%. This shows that
low pollen viability possibly occurred in non-CMS
hermaphrodites in Audresselles, but at a frequency that
is consistent with a lower restorer frequency in this
population.

This study may provide a third case of a cost of
restoration in a gynodioecious species, after having been
suggested in P lanceolata, (de Haan et al., 1997a) and
Lobelia siphilitica (Bailey, 2002). The restoration cost
suggested by our study may imply a ‘silent” (also called
‘alien’) cost of restoration, as they occur in the presence
of the ‘other’ cytoplasm (Gouyon et al, 1991; Bailey
et al., 2003; Delph et al, 2007). In a species containing
both CMS and non-CMS cytotypes, such an alien cost
has been shown to be necessary to maintain gynodioecy
(Dufay et al., 2007). Ideally, to measure a cost associated
with restoration alleles, controlled crosses assisted with
genetically linked molecular markers could be con-
ducted.

Conclusion

We have demonstrated that pollen quantity and viability
can exhibit large variation within and among gynodio-
ecious populations, which could be partly attributed to the
action of the restorer genes and their possible associated
cost. Therefore, we would expect highly variable contri-
butions to pollination among diverse types of hermaph-
rodites in gynodioecious species. Future studies should
attempt to understand the consequences of this variation
in pollen on the effective male fitness of the various types
of hermaphrodites and on selection of restorer alleles. In
other word, how do the pollen traits we measured
effectively relate to male fitness and real gender func-
tionality? This question is currently addressed through a
paternity analysis conducted within the Audresselles
population by comparing restored and non-CMS her-
maphrodites in their success to sire a seedling.
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