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IN T RO DU C T IO N
The evolution from hermaphroditism to dioecy (separate sexes)
is considered one of the most important evolutionary transitions
in the reproductive history of angiosperms (Barrett, 2010).
Although relatively rare (approx. 6 % of species; Renner and
Ricklefs, 1995), dioecy is a widespread reproductive system in
angiosperms (reported in approx. 38 % of families; Renner and
Ricklefs, 1995). For this reason, dioecy is thought to have
evolved independently many times. These transitions may
have been favoured by the advantage of avoiding self-pollination
and the associated inbreeding depression, by the advantage of
sexual specialization or by a combination of both (Lloyd,
1975; Charnov et al., 1976; Charlesworth and Charlesworth,
1978, 1981; Barrett, 2002). The evolutionary route used by
species to transition from hermaphroditism to dioecy is the
subject of ongoing debate. Although a direct transition has sometimes been suggested, the transition probably involved intermediate steps in most cases, as it seems unlikely that male and
female sterility mutations arise simultaneously in hermaphroditic species (Charlesworth and Charlesworth, 1978).

Several potential pathways to dioecy have been suggested.
In a first group of pathways, dioecy arises from a population of
cosexual individuals that are predisposed to the evolution of separate sexes. In the monoecy pathway, all individuals carry a
mixture of unisexual male and female flowers; the evolution of
dioecy thus involves only a change in the flower type ratio
within individuals. This change is driven by disruptive selection,
but no alteration in floral morphology occurs (Lloyd, 1972).
Other pathways involve the pre-existence of two categories of
individuals within the ancestral cosexual population, which ultimately become specialized in one of the two sexual functions:
thrum vs. pin morphs in distylous species, or protandrous vs.
protogynous morphs in heterodichogamous species (Pannell
and Verdù, 2006, and references therein). A second group of pathways involves, as a first step, the establishment of one category of
unisexual individuals within a hermaphroditic population, either
females (gynodioecy pathway) or males (androdioecy pathway).
Because they co-occur with females (or males, respectively),
hermaphrodites should be selected to increase maleness (or femaleness, respectively), which may ultimately lead to dioecy
(Charlesworth and Charlesworth, 1978).
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† Background and Aims About 6 % of an estimated total of 240 000 species of angiosperms are dioecious. The main
precursors of this sexual system are thought to be monoecy and gynodioecy. A previous angiosperm-wide study
revealed that many dioecious species have evolved through the monoecy pathway; some case studies and a large
body of theoretical research also provide evidence in support of the gynodioecy pathway. If plants have evolved
through the gynodioecy pathway, gynodioecious and dioecious species should co-occur in the same genera.
However, to date, no large-scale analysis has been conducted to determine the prevalence of the gynodioecy
pathway in angiosperms. In this study, this gap in knowledge was addressed by performing an angiosperm-wide
survey in order to test for co-occurrence as evidence of the gynodioecy pathway.
† Methods Data from different sources were compiled to obtain (to our knowledge) the largest dataset on gynodioecy
available, with 275 genera that include at least one gynodioecious species. This dataset was combined with a dioecy
dataset from the literature, and a study was made of how often dioecious and gynodioecious species could be found in
the same genera using a contingency table framework.
† Key Results It was found that, overall, angiosperm genera with both gynodioecious and dioecious species occur
more frequently than expected, in agreement with the gynodioecy pathway. Importantly, this trend holds when studying different classes separately (or sub-classes, orders and families), suggesting that the gynodioecy pathway is not
restricted to a few taxa but may instead be widespread in angiosperms.
† Conclusions This work complements that previously carried out on the monoecy pathway and suggests that gynodioecy is also a common pathway in angiosperms. The results also identify angiosperm families where some (or all)
dioecious species may have evolved from gynodioecious precursors. These families could be the targets of future
small-scale studies on transitions to dioecy taking phylogeny explicitly into account.
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2011) or for an association between monoecy and dioecy
without inferring the direction of the transition (e.g. Bryonia
genus, Cucurbitaceae: Volz and Renner, 2008). At a larger
scale, Renner and Ricklefs (1995) analysed the statistical association between monoecy and dioecy at the family level and concluded that ‘the single most important predictor of a group’s
tendency to acquire dioecy is the presence of monoecy in the
group’. This study is widely considered good evidence that the
monoecy pathway is common. A similar study on the gynodioecy
pathway is currently missing.
In this study, we investigated whether there is an association
between dioecy and gynodioecy in angiosperms as predicted
by the gynodioecy – dioecy pathway, following the work done
on the monoecy – dioecy pathway. As dioecy is rare in angiosperms, and also because the aim of this study was to obtain a
very general picture of the gynodioecy pathway, we do not
focus on one family or taxonomic group but conduct our analysis
angiosperm wide. As a result, we could not use methods
for studying character evolution within a phylogeny (see the
Materials and Methods); instead, we had to use a more classical
statistical approach in which we nevertheless tried to take phylogeny into account. Importantly, we have revised the list of gynodioecious species found in Delannay (1978), making it – to our
knowledge – the largest dataset on gynodioecy to date. Our study
provides new evidence for the gynodioecy pathway, suggesting
that both the gynodioecy and the monoecy pathways are
common in angiosperms. These results are discussed in light of
theoretical predictions about the evolution of reproductive
systems in angiosperms.
M AT E R I A L S A N D M E T H O D S
Datasets

Our data on reproductive systems come from two sources: the list
of genera including dioecious species from S. S. Renner’s group
(www.umsl.edu/~renners) and the list of gynodioecious species
from Delannay (1978). The data on gynodioecy were updated
and augmented by a literature review encompassing a series of
books from Darwin (1877) to Harder and Barrett (2006), and including Knuth (1906) as the main source, all publications we
could find from the 1970s and 1980s, and more recent articles
referenced in PubMed and ISI Web of Science. We supplemented these sources by looking at floras and books on plant taxonomy from the 18th century to the present in order to identify
and confirm species for which females have been observed.
This increased the number of genera containing gynodioecious
species from about 125 (in Delannay, 1978) to 275.
Based on these two lists of genera containing dioecious and
gynodioecious species, we built a dataset containing all angiosperm genera. The number of genera in each family was extracted
from the Angiosperm Phylogeny Website (www.mobot.org/
MOBOT/research/APweb). As cosexuality is the most common
reproductive system in angiosperms (hermaphroditism, approx.
90 %; monoecy, approx. 5 %), we considered a genus without
any documented dioecious and/or gynodioecious species to be
cosexual (i.e. with hermaphroditic and/or monoecious species
only). In doing so, we neglected the unidentified dioecious
and/or gynodioecious species possibly present in that genus,
making our approach conservative. Each genus was then assigned
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These pathways have received unequal attention from evolutionary biologists. To date, no transition from androdioecy to
dioecy has been documented. Although gender specialization
and/or dissortative mating have been reported in a few heterodichogamous species (Pendleton et al., 2000; Gleiser et al. 2008),
no direct evidence has been found for the heterodichogamy
pathway. The evolution to dioecy from distyly has been inferred
in some lineages (Pailler et al., 1998, and references therein;
Rosas and Dominguez, 2008). However, the rareness of these reproductive systems (distyly, heterodichogamy and androdioecy
have been documented in 28, 11 and 12 families, respectively;
Renner 2001; Barrett, 2002; Pannell, 2002) suggests that other
pathways to dioecy may be more common. For this reason, the
monoecy and gynodioecy pathways have received much more
attention.
The gynodioecy pathway has been thoroughly investigated
theoretically, probably because gynodioecy is one of the few
reproductive systems for which the genetic determination is
well known. Nuclear mutations and cytoplasmic male sterility
(CMS) mutations are known to cause male sterility; both can
be counteracted by nuclear genes that restore male function
(Saumitou-Laprade et al., 1994; Chase, 2007; Spigler et al.,
2011). Nuclear or nuclear – cytoplasmic gynodioecy can be
stably maintained as theoretical models suggest (Lewis, 1941;
Charlesworth and Charlesworth, 1978; Gouyon et al., 1991;
Dufay et al., 2007). However, gynodioecy can evolve to
dioecy. Although the conditions for that transition are different
between nuclear and nuclear – cytoplasmic gynodioecy, the
general principle is the same: once male sterility mutations
have been established in a hermaphroditic population, partial
or total female sterility mutations increasing male fitness can
invade the population (Charlesworth and Charlesworth, 1978;
Maurice et al., 1994; Schultz, 1994).
The gynodioecy pathway is supported by some data. First, the
expected reallocation from female to male functions in hermaphrodites co-occurring with females has been documented in
several sub-dioecious (anatomically cosexual but functionally
male or female) and gynodioecious species (reviewed in
Spigler and Ashman, 2012). Secondly, the existence of functionally male morphological hermaphrodites in many gynodioecious
species or populations suggests an ongoing transition to dioecy
(e.g. Delph and Carroll, 2001; Miller and Venable, 2002).
Finally, some studies focusing on a particular group, such as
the Silene genus, have documented an evolution of dioecy
through gynodioecy using a phylogenetic approach (Desfeux
et al., 1996; Rautenberg et al., 2010; Marais et al., 2011). All
this suggests that the gynodioecy has been a route to dioecy,
but we currently miss a broad view on how often it has, and in
which taxonomic groups.
In contrast to gynodioecy, the underlying genetics of the
monoecy pathway are only starting to be understood (Boualem
et al., 2008; Martin et al., 2009). However, phenotypic models
have shown that unisexual individuals can invade a monoecious
population if the investment in one sexual function, particularly
the male function, provides increasing fitness returns (e.g.
Charnov, 1982). Moreover, some empirical evidence supporting
the monoecy pathway is currently available. Several studies
using a phylogenetic approach have shown evidence for a transition from monoecy to dioecy in some groups (Acer genus,
Sapindaceae: Renner et al., 2007; Asteraceae: Torices et al.,
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Statistical analyses
The contingency table framework. To test for an association
between dioecy and gynodioecy in angiosperms, we prepared
2 × 2 contingency tables (D, not D, vs. G, not G) and performed
a Fisher’s exact test on the observed vs. expected numbers of
genera in the four categories listed above (Co, ‘not G, not D’;
D, ‘not G, D’; G, ‘not D, G’; and GD, ‘G and D’). The null hypothesis is that both reproductive systems are independent and
that the observed numbers of cells in the 2 × 2 contingency
table should match the expected numbers computed by
summing the cells of the contingency tables. The null hypothesis
is rejected when the observed and expected numbers differ using
a Fisher’s exact test, which means that the reproductive systems
are either found in the same genera or tend to occur in different
genera. Looking at the ratio of observed vs. expected GD
genera (hereafter called GDo/e) allows one to distinguish
between these two explanations. The expected number of GD
genera, assuming independence between dioecy and gynodioecy, is obtained from the contingency tables and is equal to
the total number of gynodioecious genera multiplied by the
total number of dioecious genera divided by the total number
of genera. For instance, among the 112 genera in the Apiales
order, no genus has dioecious species (D), six genera are ‘G’,
two are ‘GD’ and 104 have neither dioecious nor gynoecious
species, leading to an expected number of ‘GD’ genera of
8 × 2/112 ¼ 0.143 and a GDo/e ratio of 2/0.143 ¼ 14. The
Fisher’s exact test on contingency tables can be performed
only on taxa (families and higher taxonomic levels) including

both dioecy and gynodioecy, and was performed using R (R
Development Core Team, 2010).
The problems of using phylogenetic methods for studying character
evolution. The approach described above is known to be sensitive

to phylogenetic inertia (Weiblen et al., 2000), which has stimulated the development of methods such as Bayestraits, BiSSE and
MuSSE for studying character evolution on a phylogeny (Pagel
et al., 2004; Pagel and Meade, 2006; Maddison et al., 2007;
FitzJohn et al., 2009). Bayestraits, however, assumes equal
diversification rates in a phylogenetic tree, an assumption that
is very often not fulfilled (Magallon and Sanderson, 2010).
This may be problematic when studying the evolution of
dioecy, since dioecious and non-dioecious lineages exhibit
different rates of diversification (Heilbuth, 2000; Heilbuth
et al., 2001; Vamosi and Otto, 2002; Vamosi et al., 2003;
Käfer and Mousset, 2014; Käfer et al., 2014). This suggests
that Bayestraits is not suitable for studying the evolution of
dioecy. Methods including rates of speciation and extinction in
their models, such as BiSSE and MuSSE, have been recently
developed (Maddison et al., 2007; FitzJohn et al., 2009).
Such methods have been successfully applied to questions
such as the transition from self-incompatibility to selfcompatibility in Solanaceae (Goldberg et al., 2010). However,
dioecy is rare in angiosperms, and simulations have revealed
that these methods perform poorly when a derived character
state is rare (Davis et al., 2013). Differences in speciation/extinction rates among plant families may make parameter estimation
difficult, as these methods will assume one rate of speciation and
one rate of extinction per character state for all angiosperms
(Magallon and Sanderson, 2010). Working on a very large phylogenetic tree, such as that of the angiosperm genera (13 000
leaves), also raises practical methodological problems, not to
mention the problem of obtaining such a phylogenetic tree.
Using the BiSSE and MuSSE methods for addressing the question of the transition to dioecy in angiosperms does not seem
feasible at the moment, justifying the use of other methods.
Strategies to account for phylogenetic biases. Phylogeny could
bias our analysis in two ways. First, very strong associations
between dioecy and gynodioecy in some parts of the angiosperm
phylogeny (i.e. some taxa with very high GDo/e) may drive the
angiosperm global GDo/e above 1 and wrongly give the impression that the association between dioecy and gynodioecy is widespread in angiosperms. To control for this effect, we first
performed Fisher’s exact tests at different taxonomic levels,
according to the classification of the APG III (2009). At the
level of all angiosperms, only one contingency table was built.
When analyses were performed at lower levels (i.e.,‘classes’,
‘sub-classes’, orders and families), several contingency tables
were built, one for each class, sub-class, and so on. Classes
include dicots, monocots, magnoliids and early angiosperms
(including Amborellales, Austrobaileyales, Nympheales, Ceratophyllales and Chloranthales). Sub-classes include the same,
but dicots are split into basal eudicots (including Proteales,
Buxales, Ranunculales, Sabiales and Trochodendrales), other
core eudicots (including Gunnerales, Vitales, Saxifragales, Santalales, Caryophyllales, Dilleniales and Berberopsidales), fabids
(formerly eurosids I), basal malvids (including Geraniales, Myrtales and Crossomatales), other malvids (including Malvales,
Brassicales, Huertales, Sapindales and Picramniales), basal

Downloaded from http://aob.oxfordjournals.org/ at USTL SCD on August 26, 2014

to one of the following categories: (1) cosexual species only,
‘Co’; (2) dioecious species only, ‘D’; (3) gynodioecious
species only, ‘G’; and (4) both dioecious and gynodioecious
species, ‘GD’. Note that all four categories can include cosexual species.
Because species/genera for which no information was available were assumed to be cosexual, we obviously underestimate
the frequency of dioecy and gynodioecy. This bias is probably
much stronger for gynodioecious species. This is because in
many gynodioecious species, female plants are rare and/or
absent from some populations or regions, and sexual polymorphism can be overlooked (e.g. Asikainen and Mutikainen, 2003;
Nilsson and Agren, 2006; Alonso et al., 2007; Caruso and
Case, 2007; Dufay et al., 2009) whereas dioecious species are
relatively easy to identify. This frequency of unidentified gynodioecious species is probably higher in non-European flora as
they have been searched less intensely for gynodioecious
species than the European flora. The main available sources
about gynodioecious species (including Delannay’s work)
focus indeed on the European flora. Dioecy is more frequent in
the tropics (Renner and Ricklefs, 1995; Vamosi et al., 2003).
The possible higher frequency of unidentified gyndioecious
species in the tropics data may artificially weaken a statistical association between dioecy and gynodioecy. To avoid this and any
other biases arising from gynodioecious species being less well
studied outside Europe, we built an additional dataset (‘Europe’)
that includes only genera found in Europe (we selected a sub-set
of genera based on the information about geographic distribution
in S. S. Renner’s dataset, and on the Flora Europea). All the analyses described below were conducted on both datasets.
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RES ULT S
An augmented dataset on gynodioecy

Using our revised dataset on gynodioecy, we found a low proportion of genera with gynodioecious species (275 genera, i.e.
around 2 % of all 13 208 angiosperm genera accepted by
P. Stevens, http://www.mobot.org/MOBOT/Research/APweb/
welcome.html; see Supplementary Data Table S1), of which

59 also include dioecious species. Gynodioecy was found in
81 families, i.e. .18 % of all 449 angiosperm families
(P. Stevens, http://www.mobot.org/MOBOT/Research/APweb/
welcome.html) of which 52 families also include dioecious
species. Families with gynodioecy were found in magnolids,
monocots and all ‘sub-classes’ of dicots (Table 1). By comparing
our data with the dataset published by Delannay (1978), we
extended our knowledge of gynodioecy by identifying 150
new genera and 45 new families in which this reproductive
system occurred. Using a small fraction of angiosperm species
(the flora of France and Belgium), Delannay (1978) estimated
that 7.5 % of species are gynodioecious. In contrast, we report
a much lower proportion of genera with gynodioecious species
at a larger geographic scale. However, focusing only on our
European dataset, we also find an increased percentage of
genera that include gynodioecious species (12 %). In contrast,
the percentage of genera that include dioecious species was
similar in the Full dataset (7 %) and the European dataset (8 %).
Whether this trend is a by-product of unequal sampling efforts
among geographical regions or a reflection of truly higher gynodioecy frequency in Europe remains an open question.
An association between gynodioecy and dioecy

Table 2a shows the results of our contingency analysis. We
found a significant association (significant Fisher’s exact test)
between gynodioecy and dioecy in angiosperms as a whole.
The overall ratio of the number of observed vs. expected genera
with both gynodioecious and dioecious species (¼ GDo/e)
was .1, in agreement with the gynodioecy – dioecy pathway.
We tested for this association at different taxonomic levels
and found taxa with significant Fisher’s exact tests (all with a
GDo/e .1) at family, order, sub-class and class levels (Table 2a).
Both dicots and monocots showed a significant association
between gynodioecy and dioecy, and within dicots most subclasses also showed such an association. This suggests that our
results are not biased by a few taxa with very high GDo/e ratios.
This was confirmed by resampling (see the Materials and
Methods), which gave very similar results (Table 2a).
The percentage of taxa with significant Fisher’s exact tests
decreased at order and family levels compared with class and
sub-class levels, probably because the sample size (number of
genera per taxa) decreased, limiting our statistical power. This
was confirmed by our analysis of all taxa with GDo/e .1 (both
with and without significant Fisher’s exact tests) shown in
Table 3. Indeed, we observed that almost all studied taxa, depending on the taxonomic level, have a GDo/e consistent with
the gynodioecy –dioecy pathway (sign tests were found to be significant or marginally significant, i.e. P-value close to 0.05, see
Table 3). Overall, the mean GDo/e is .1 at different taxonomic
levels (see Fig. 1). These lines of evidence further suggest that
the gynodioecy pathway is widespread in angiosperms and our
results are not biased by a few taxa with strong gynodioecy –
dioecy associations.
It is important to note that our gynodioecy dataset is enriched
in European species. To control for this, we performed the same
analysis on a dataset containing only European species, allowing
for direct comparison between dioecy and gynodioecy data (see
the Materials and Methods). As shown in Table 2b, the results of
this analysis are quantitatively equivalent to those of the full
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asterids (including Cornales and Ericales), lamiids (formerly
euasterids I) and campanulids (formerly euasterids II), following
the APG III nomenclature.
To control further for the effect of phylogeny on our results
(i.e. the existence of very few taxa showing high GDo/e), we
also performed a sign test on the number of taxa with a GDo/e
.1. This was done for families, orders and sub-classes using R.
This allowed us to test for a significant excess of genera with
GDo/e .1 consistent with the gynodioecy – dioecy pathway
in our dataset and at different taxonomic levels (the null
hypothesis being that we have an equal number of GDo/e .1
and GDo/e ,1). This test was not performed on classes or on
all angiosperms due to small sample sizes. The mean GDo/e
values were computed for different families, orders and subclasses and are shown in Fig. 1.
The third correction for the phylogenetic bias mentioned
above was a resampling approach ( permutation test). The presence/absence of dioecious (D) and gynodioecious (G) species
in a genus was coded as two characters with binary states (0/1).
We generated 1000 new datasets of genera by shuffling independently (1) the presence/absence of dioecious species and
(2) the presence/absence of gynodioecious species among the
genera of a family. This was done for all families, and a Fisher’s
exact test was performed on the resulting contingency tables.
We then compared the observed P-value from the Fisher’s exact
test on the original dataset with the distribution of P-values from
the Fisher’s exact tests on 1000 resampled datasets for each
family. The new P-value is the proportion of resampled datasets
with lower P-values than the observed P-values. This was also
done for sub-classes, classes and at the angiosperm level.
The second possible problem with phylogeny is phylogenetic
inertia. If gynodioecy and dioecy co-occurred by chance in an ancestral species, all the species that evolved from this ancestor may
show the same association just because they ‘inherited’ it. A significant Fisher’s exact test may result not because of a consistent
association between dioecy and gynodioecy during evolution,
but because of the phylogenetic inertia of a very few or maybe
even a single past event. However, phylogenetic inertia should
not affect our results too strongly because hermaphroditism is
the ancestral state in most angiosperm orders; gynodioecy/
dioecy are derived states. Although a detailed study dating the
transitions to dioecy is currently lacking, it is commonly accepted that those transitions (and probably also the transitions
to gynodioecy) are mostly recent (e.g. Charlesworth, 2002). To
our knowledge, only one order (Apiales) and very few families
include a large number of dioecious species, which may represent cases where the transition to dioecy is old. Those old
transitions are probably extremely rare in angiosperms.
Because the analysis here was done at the family level and at
higher taxonomic levels, we expect little inertia in our dataset.
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TA B L E 1. List of families including gynodioecious species
Class

Sub-class

Order

Magnolids

Laurales
Piperales

Monocots

Alismatales
Asparagales

Liliales
Poales

Basal eudicots
Other core eudicots

Caryophyllales

Rosales
Santalales
Saxifragales
Fabids

Celastrales
Curcubitales
Fabales
Malpighiales

Rosales
Basal malvids

Other malvids

Zygophyllales
Crossomatales
Geraniales
Myrtales
Brassicales

Malvales
Sapindales
Basal asteroids

Lamiids

Cornales
Ericales

Gentianales
Lamiales

Dioecy in the family

Contains GD genera

Lauraceae
Aristolochiaceae
Piperaceae
Alismataceae
Araceae
Alliaceae
Asparagaceae
Asphodelaceae
Hyacinthaceae
Iridaceae
Colchicaceae
Liliaceae
Melanthiaceae
Cyperaceae
Juncaceae
Poaceae
Zingiberaceae
Papaveraceae
Ranunculaceae
Cactaceae
Caryophyllaceae
Didiereaceae
Plumbaginaceae
Polygonaceae
Portulaceae
Amaranthaceae
Loranthaceae
Grossulariaceae
Saxifragaceae
Celastraceae
Corynocarpaceae
Cucurbitaceae
Fabaceae
Clusiaceae
Erythroxylaceae
Euphorbiaceae
Rhizophoraceae
Violaceae
Moraceae
Rosaceae
Zygophyllaceae
Stachyuraceae
Geraniaceae
Myrtaceae
Onagraceae
Brassicaceae
Caricaceae
Limnanthaceae
Resedaceae
Malvaceae
Thymelaeaceae
Anacardiaceae
Rutaceae
Hydrangaeaceae
Ericaceae
Polemoniaceae
Primulaceae
Sapotaceae
Styraceae
Gentianaceae
Loganiaceae
Rubiaceae
Gesneriaceae
Lamiaceae
Oleaceae
Orobanchaceae

*
*
*
*

*
*

*

*

*

*

*
*
*
*
*
*
*
*

*
*
*
*

*

*

*
*
*
*
*

*
*
*

*
*
*

*

*
*
*
*
*
*

*

*

*
*

*
*
*
*
*
*
*
*
*

*

*
*
*

*
*

*
*

*

*

*
*

*
*
Continued

Downloaded from http://aob.oxfordjournals.org/ at USTL SCD on August 26, 2014

Dicots

Zingiberales
Ranunculales

Family
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TA B L E 1. Continued

Class

Sub-class

Order

Solanales
Campanulids

Unplaced
Apiales
Asterales

Dipsaccales

Family
Plantaginaceae
Scrophulariaceae
Verbenaceae
Convolvulaceae
Solanaceae
Boraginaceae
Apiaceae
Pittosporaceae
Asteraceae
Campanulaceae
Menyanthaceae
Rousseaceae
Stylidiaceae
Dipsaccaceae
Valerianaceae

Dioecy in the family

Contains GD genera

*
*
*
*
*
*
*
*

*

*

*

*
*
*
*
*

dataset. Many of the taxa with significant Fisher’s tests are
common to both analyses; non-significant Fisher tests are probably the result of decreased sample size and loss of statistical
power. Figure 1 shows that the mean GDo/e ratios are clearly
.1 at different taxonomic levels, suggesting that the gynodioecy
pathway is also widespread in the Europe dataset.
DISCUSSION
The frequency of gynodioecious species in angiosperms

Considerable debate exists with regard to the frequency of
gynodioecious species in angiosperms. Some papers refer to
gynodioecy as the second most frequent reproductive system in
angiosperms after hermaphroditism (e.g. Collin et al. 2002;
Bailey et al. 2003; Caruso et al. 2003; Chang, 2006), while
others consider gynodioecy an extremely rare system (e.g.
Charlesworth, 2002). Our new dataset on gynodioecy suggests
that this reproductive system is rare in angiosperms, occurring
in only 2 % of genera (vs. 7 % in genera with dioecious
species; Renner and Ricklefs, 1995). In the original list of
Delannay (1978), which focused on European species, gynodioecy occurred in .7 % of species (with no estimation at the
genus level). It is difficult to ascertain whether these different
estimates result from the well-known difficulty of identifying
gynodioecious species/populations in nature (especially when
the frequency of females is low), or from strong geographical
biases that are known to exist at least for dioecy (dioecy is
more frequent in the tropics; Renner and Ricklefs, 1995;
Vamosi et al., 2003). For this reason, generalizing results from
the European flora to angiosperms as a whole may be risky. On
the other hand, the fraction of overlooked gynodioecious
species/populations may be reduced for European species,
which have been thoroughly investigated. Consequently, we
suggest that our estimate is probably a lower bound for the frequency of genera with gynodioecious species in angiosperms.
It is interesting to note that, although quite rare at the genus
level, gynodioecy is found at a higher frequency at the family
level (.18 % of angiosperm families). The same pattern has
been reported for dioecy (found in 6 % of species, 7 % of

genera and in .30 % of families). This suggests that dioecy
has evolved many times independently (Charlesworth, 2002)
but may, once evolved, lead to higher rates of extinction
(Heilbuth, 2000; Heilbuth et al., 2001; Vamosi and Otto, 2002;
Vamosi et al., 2003; Vamosi and Vamosi, 2004). Other explanations are, however, possible. In particular, recent studies suggest
that a low transition rate and/or frequent reversions may better
explain the rareness of dioecy in angiosperms than a high extinction rate (Käfer and Mousset, 2014; Käfer et al., 2014). A similar
dynamic could affect gynodioecious species and explain our
results. Alternatively, a high rate of transition from gynodioecy
to dioecy could also explain this pattern.
The routes to dioecy

In angiosperms as a whole, we found that gynodioecy and
dioecy co-occurred within the same genera significantly more
often than expected if the evolution of gynodioecy and dioecy
had always followed independent routes. This is, to our knowledge, the first study that reports an association between these reproductive systems at such a broad scale; this association is
consistent with the gynodioecy pathway (but does not rule out
the monoecy pathway; see below). Because we could not use
phylogenetic methods to study character evolution, our results
may also be explained by the existence of ‘hotspots’ of unrelated
reproductive system transitions (Weiblen et al., 2000). Indeed,
factors that favour dioecy, i.e. advantage of sexual specialization
and of inbreeding avoidance, are similar to those that favour
gynodioecy (Lloyd, 1975; Charlesworth and Charlesworth,
1978). Closely related species sharing life history traits or ecological constraints may thus independently evolve dioecy or
gynodioecy as a result of the same selective pressures. Only a
phylogenetic approach could help discriminate between these
two hypotheses; our study provides a list of families that would
be interesting to use in such an approach.
Importantly, the fact that gynodioecy and dioecy are associated does not rule out the monoecy – dioecy pathway. As
shown in Table 2, our analyses were performed only on taxa
having genera with dioecious and/or gynodioecious species
(for which the GDo/e can be computed). At the family level,
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TA B L E 2. Statistical association between dioecy and gynodioecy in angiosperms
No. of taxa tested†

438

52

Order

59

29

Sub-class

11

10

Class

4

3

Angiosperm

1

1

438

29

Order

59

21

Sub-class

11

8

Class

4

2

Angiosperm

1

1

(a) Full dataset
Family

(b) ‘Europe’ dataset
Family

List of taxa with significant
Fischer’s exact test P-values

P-value

GDo/e

Asteraceae
Ericaceae
Lamiaceae
Loranthaceae
Rosaceae
Rubiaceae
Apiales
Asterales
Brassicales
Ericales
Gentianales
Lamiales
Poales
Rosales
Santalales
Basal asterids
Campanulids
Fabids
Lamiids
Monocots
Other core eudicots
Other malvids
Dicots
Monocots
–

*** (***)
*** (***)
* (*)
* (*)
** (**)
*** (***)
* (*)
*** (***)
* (n.s.)
** (***)
*** (**)
** (*)
n.s. (n.s.)
* (**)
* (*)
* (***)
*** (***)
* (**)
*** (***)
* (*)
* (*)
* (n.s.)
*** (***)
* (*)
*** (***)

20.8
8
5.4
9.7
5
9.4
6
18.2
6.5
3.5
10.7
7.8
3.3
2.5
4.9
3.3
12.2
2.5
4.5
3.2
1.9
2.9
2.8
3.2
2.9

Asteraceae
Ericaceae
Lamiaceae
Loranthaceae
Rosaceae
Rubiaceae
Apiales
Asterales
Brassicales
Ericales
Gentianales
Lamiales
Poales
Rosales
Santalales
Basal asteroids
Campanulids
Fabids
Lamiids
Monocots
Other core eudicots
Other malvids
Dicots
Monocots
-

** (**)
n.s. (n.s.)
n.s. (n.s.)
NA
** (**)
n.s. (n.s.)
** (*)
*** (***)
NA
n.s. (n.s.)
n.s. (n.s)
n.s. (n.s.)
* (n.s.)
* (*)
NA
n.s. (n.s.)
*** (***)
* (*)
n.s. (*)
n.s. (n.s.)
n.s. (n.s.)
n.s. (n.s.)
*** (***)
n.s. (n.s.)
*** (***)

6.1
2.8
1.6
NA
4.7
2.7
14
6.3
NA
1.6
3.2
1.3
5.5
2.7
NA
2.2
6.2
3
1.8
2.2
1.6
2.2
2.4
2.2
2.4

Taxonomic groups with significant Fisher’s test P-values are listed. The ratio of observed vs. expected genera with both dioecious and gynodioecious species
(¼ GDo/e) is shown, as are P-values for Fisher’s tests and P-values after resampling (in parentheses).
Results are shown at various taxonomic levels and for the full dataset (a) and the European genera only (b). To make comparison easier, all significant taxa in
the analysis of the full dataset are also shown in the analysis of the European dataset, even when they are not significant.
*P , 0.05, **P , 0.005, ***P , 0.0005, n.s., non-significant. Symbols in parenthese are for P-values after resampling (see the Material and Methods). The
underlined P-values are those that are still significant after Bonferroni correction for multiple tests.
†
Number of groups for which the Fisher’s test was possible (including both gynodioecous and dioecious genera).

this represents only 52 out of the 438 angiosperm families, while
100 families contained dioecious but not gynodioecious species.
This suggests that dioecy in these groups may have taken other
pathways. It would be interesting to compare our results with

those of Renner and Ricklefs (1995), who reported an association
between monoecy and dioecy at the scale of all angiosperms.
However, because their analysis was performed on families
(not on genera), it is difficult to compare the two studies directly.
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TA B L E 3. Number of groups with an excess of genera with both
dioecious and gynodioecious species (GDo/e .1) at various
taxonomic levels
Taxonomic level

No. of groups with GDo/e .1/total no. groups

Family
Order
Sub-class

Full dataset

Europe

32/52 (0.06)
20/29 (0.03)
8/10 (0.05)

21/29 (0.01)
15/21 (0.04)
8/8 (0.004)

Statistical significance was assessed with a sign test. Only groups with both
dioecious and gynodioecious genera are included.
P-values are shown in parentheses.

Nevertheless, many families/orders/superorders have both dioecious and monoecious species (see table 13 in Renner and
Ricklefs, 1995), which suggests that the monoecy–dioecy
pathway applies in these cases. Moreover, some taxa have
monoecy, dioecy and gynodioecy, which suggests that both pathways could occur in the same taxon. For instance, a statistical association between gynodioecy and dioecy was found in
Asteraceae, but this family also includes many monoecious
species. In their phylogenetic study of transitions in reproductive
systems in Asteraceae, Torices et al. (2011) found that the
number of transitions to dioecy was lower through the gynodioecy pathway as compared with the monoecy pathway.
However, the rate of transition was higher in the former than in
the latter (i.e. once evolved, gynodioecious species in this

Number in Family
Number in Order
Number in Sub-Class

Europe dataset
10

20

8

15

3·8

6

10

4

5

2

0

0

10

10

8

8

6

4·0

6

4

4

2

2

0

0

5

5

4

4

3

3·4

3

2

2

1

1

0

5

10
15
GDo/e
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Full dataset
25

20

25

0

3·0

2·8

2·7

5

10
15
GDo/e

20

25

F I G . 1. Distribution of the ratio of observed vs. expected number of genera with both gynodioecious and dioecious species (GDo/e) at different taxonomic levels.
Only taxa for which the GDo/e can be computed were included. The results are shown for ‘Full’ and ‘Europe’ datasets, with the mean GDo/e indicated by a dotted
line. GDo/e ¼ 1 is indicated by a dashed line.
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Does gynodioecy always lead to dioecy?

In 29 families, we found gynodioecy but not dioecy. A large
number of theoretical studies have investigated the conditions
required for the stable maintenance of gynodioecy (Charlesworth
and Charlesworth, 1978; Gouyon et al., 1991; Bailey et al.,
2003; Dufay et al., 2007) and have shown that, once established
in a population, the co-occurrence of females and hermaphrodites does not necessarily lead to the invasion of female sterility
mutations (and, thus, to dioecy). This should be particularly true
in gynodioecious species that exhibit a low female frequency or
variable frequency over time, in which case selection for maleness will be weaker. According to theory, the female advantage
(increase in female fitness compared with hermaphrodites)
should have a strong, positive impact on the female ratio in gynodioecious populations (e.g. Dufay et al., 2007). Thus, if in some
groups this female advantage is small, females might not be frequent enough for dioecy to evolve. In species in which hermaphrodites do not self-pollinate, only resource reallocation can
provide females with an advantage. This contrasts with species
in which hermaphrodites self-pollinate and only females are obligate outcrossers. In this case, females will benefit from both
resource reallocation and inbreeding depression avoidance,
which will increase their fitness advantage over hermaphrodites
(reviewed in Dufay and Billard, 2012). Accordingly, Karron
et al. (2012) noted that gynodioecious species in which inbreeding avoidance plays a role in female advantage seem more likely
to have dioecious relatives, compared with species in which that
advantage stems only from resource reallocation. This stresses
the need for large datasets that include various aspects of reproductive systems (i.e. gynodioecy/dioecy, selfing rates and/or
self-incompatibility/self-compatibility) because these aspects

very probably interact with each other. Our updated dataset on
gynodioecy should help in preparing such datasets.
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