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A Self-Incompatibility System Explains
High Male Frequencies in an
Androdioecious Plant
Pierre Saumitou-Laprade,1|| Philippe Vernet,1 Christine Vassiliadis,1* Yves Hoareau,1†
Guillaume de Magny,1‡ Bertrand Dommée,2§ Jacques Lepart2
Androdioecy is a sexual system in which males co-occur with hermaphrodites, which have both
male and female function. Stable androdioecy is rare in nature, and theory suggests that it requires
that males sire more than twice as many offspring as hermaphrodites. In several members of the
olive family (Oleaceae), androdioecy occurs with higher frequencies of males than predicted by
theory. In Phillyrea angustifolia L., we found that high male frequencies can be maintained in
natural populations because hermaphrodites belong exclusively to one of two self-incompatibility
groups, and thus, each can fertilize only half of all pollen recipients. In contrast, males can
pollinate all hermaphrodites. Thus, in this species, the reproductive disadvantage that males face
due to the loss of female function is offset by the fact that all males are fully compatible with all
pollen recipients.
ost plant species are hermaphroditic,
and individuals have both male and
female function. However, populations of hermaphrodites containing individuals
with only male or female function have evolved
independently in numerous lineages. These
populations may represent an intermediate stage
between a fully hermaphroditic mating system
and dioecy, a mating system where all individuals have only male or female function (1). The
most frequently reported intermediate stage in
plants is gynodioecy, where females invade a
hermaphroditic population via a male-sterility
mutation, and the remaining hermaphrodites
then evolve to become progressively more male
(2). Dioecy also may evolve via female sterility,
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resulting in an androdioecious population (1).
However, theory predicts that the evolution of
gynodioecy or androdioecy from hermaphroditism should be difficult because, unless accompanied by a means to double their fitness, male- or
female-sterile individuals will have half the reproductive capability of hermaphrodites, which
can utilize both pollen and ovules for reproduction (1, 2).
In plants, gynodioecy is relatively common
(3); its success is explained by nucleocytoplasmic conflict (4). Male sterility is encoded
by mitochondrial variants that are maternally
transmitted (5) and, therefore, do not suffer
from the reproductive disadvantage linked to
the loss of male function; in some cases, they
may even benefit from a reproductive advantage if male resources are reallocated to female
function (6–9). Moreover, selfing associated
with inbreeding depression can make it easier
for gynodioecy to evolve. In contrast, high frequencies of males in androdioecious populations cannot be explained, as most female
sterility appears to be Mendelian. According to
theory, to be maintained in the population,
males have to sire more than twice as many
offspring as the hermaphrodites with which
they co-occur (10). An even greater advantage
is required in partially self-fertilizing populations, because fewer ovules in hermaphrodite recipients will be available for outcrossing
(1, 10–13). Thus, a functionally androdioecious species is expected to exhibit low male
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frequencies in populations, self-incompatibility
(SI) or at least a low selfing rate, and a large
siring advantage for males.
Several species that have been described as
morphologically androdioecious show a mating
system more akin to a dioecious species in
which hermaphrodites do not have an efficient
male function (10). Only four animal genera and
eight plant species have actually been confirmed as androdioecious (14, 15). As in other
Oleaceae species (16, 17), the mating system of
Phillyrea angustifolia is unclear (18) because
this species has female-sterile individuals at
frequencies that can reach or even exceed 50%
in natural populations (19). In theory, such high
frequencies require (1, 11) an infinite male advantage and that hermaphrodites reproduce via
their female function only. Accordingly, it has
been suggested that the high frequency of males
encountered in P. angustifolia populations may
actually indicate functional dioecy (14).
Controlled crosses (20) in open-field conditions (21) have not provided support for this
theory: They demonstrate that hermaphrodites
effectively have male function and that males
enjoy only a low, insignificant fitness advantage (20, 21), which cannot explain their high
proportions. We performed controlled crosses
in natural populations with hermaphrodites
sired by pollen either from males or from hermaphrodites (22) (table S1) and verified the
crosses using paternity analysis with polymorphic microsatellite markers (21, 23). These
crosses revealed that female sterility is dominant
and transmitted exclusively by males. Using
additional controlled crosses, we determined
incompatibility phenotypes with a stigma test,
where we scored the presence or absence of
pollen tubes in the stigma using fluorescent
microscopy (20) (Fig. 1). Testing 107 hermaphrodites from five Mediterranean populations
separated by 10 to 1000 km (fig. S1), we
identified two groups of self-incompatible hermaphrodites (G1 and G2): In each group,
plants were incompatible with each other but
compatible with the members of the other
group (Fig. 1 and Table 1) with no exceptions
(table S2).
In contrast, all crosses performed between
males and G1 and G2 hermaphrodite recipients were compatible (table S3) (20). Crosscompatibility assessed by the stigma test was
subsequently confirmed by fruit production
(table S3). Thus, males exhibit consistent and
exclusive compatibility with all hermaphrodites
tested so far, indicating that sex-determining
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Whatever its origin, the occurrence of diallelic incompatibility in a wind-pollinated species has generated conditions that have driven
evolution toward an androdioecious mating system, with the appearance of and maintenance of
male individuals at higher-than-predicted frequencies within populations. Nevertheless, the

maintenance of a diallelic incompatibility system
in hermaphrodites, which is not associated with
morphological differences, is surprising because
these systems are susceptible to rapid invasion
by new incompatibility alleles, which will experience a strong negative frequency-dependent
advantage. This is true even after androdioecy
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Fig. 1. Stigma tests. Stigmas of hermaphrodite recipients belonging to G1 are incompatible with pollen
from G1 donors (A) but compatible with pollen from G2 donors (C). A strict symmetry is observed on
stigmas of recipients belonging to G2: compatibility when pollinated by G1 (B), incompatibility when
pollinated by G2 (D). (Insets) a1 and d1: zoom on nongerminated pollen grains; b1 and c1: zoom on
pollen tubes.
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and incompatibility loci are genetically linked.
Hence, even when males and hermaphrodites
produce the same amount of pollen, males can
potentially sire twice as many ovules as hermaphrodites. This fitness advantage may be even
higher if males are able to reallocate their resources into higher pollen production and/or
flower production (24).
The fact that only two incompatibility
groups were detected in hermaphrodites ruled
out the possibility of gametophytic genetic control
of self-incompatibility (GSI) in P. angustifolia. In
GSI, the incompatibility (denoted S) gene is
expressed in the haploid pollen grain after
meiosis; this incompatibility system requires a
minimum of three alleles and, consequently, a
minimum of three incompatibility types to be
functional (25). Alternatively, in sporophytic genetic control of self-incompatibility (SSI), the S
gene is expressed before meiosis in the diploid
sporophytic tissue, and incompatibility can arise
with only two alleles, with a complete dominance of one allele over the other. Therefore, we
hypothesize that P. angustifolia has an SSI governed by an S-locus with two alleles, S2 and S1
(with S2 dominant over S1), producing the two
incompatibility groups G1 and G2. We predict that
one group represents the recessive homozygote
S1S1, and the other the S1S2 heterozygote.
Diallelic incompatibility in a homomorphic,
wind-pollinated species has never before been
observed in a homostylous plant genus (where
styles—the pollen-conducting tube between the
stigma and the ovule of a flower—are the same
length in all individuals), although it has been
shown to occur in the case of distyly (where
styles vary in length, generally linked to incompatibility loci). In theory, diallelic incompatibility evolves either in heterostylous plants (26)
or from a homostylous self-compatible plant
(27), which suggests the existence of—at least
transient—diallelic incompatibility in a homomorphic species.
Phylogenetic analysis suggests that the ancestral status of Oleaceae is diploid and distylous
(28). Derived allopolyploid taxa, including the
Oleinae subtribe to which P. angustifolia belongs, underwent hybridization and genome
doubling and are mainly homostylous (29).
Hence, during the breakdown of heterostyly,
which may have occurred through allopolyploidization or in relation to a change in pollination system (30), the diallelic incompatibility
system appears to have been conserved. The
strict association between male phenotype and
the full compatibility with G1 and G2 hermaphrodites requires genetic linkage between
a gene determining sexual development (e.g.,
inhibiting stigma development) and either the
self-incompatibility locus itself (31) or a modifier of self-incompatibility located elsewhere
in the genome. Lending support to this theory, the self-incompatibility gene has a dual
role in self-incompatibility and pistil development (32).

Table 1. Two incompatibility groups detected among hermaphrodites sampled on a wide geographic
scale: results of the stigma test. For numbered study sites, see map in fig. S1. Incompatibility groups in
hermaphrodites are called G1 and G2; G1, hermaphrodites incompatible with each other and compatible
with plants of the G2 group; G2, hermaphrodites incompatible with each other and compatible with plants
of the G1 group. Of the 107 crosses performed, no cases of dual compatibility with both G1 and G2 were
detected.
Number of hermaphrodite pollen
recipients compatible with
reference pollen donors
Study site

G1

G2

G1 and G2

1. Fabrègues
2. Moissac-Vallée-Française
3. Île Sainte-Lucie
4. Camargue–La Tour du Valat
5. Cadiz-Pinar de la Algaida
Total number of tested individuals

16
10
9
16
14
65

16
9
10
2
5
42

0/32
0/19
0/19
0/18
0/19
0/107
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is established, because androdioecy itself does
not favor the maintenance of only two incompatibility groups among hermaphrodites within populations. Investigations are now needed
to determine the function and mechanism
maintaining the low number of S alleles in
P. angustifolia and any possible constraints
that prevent the appearance of new incompatibility alleles.
Up to now, the high proportions of males
in populations, sex determination, and relations
among sexual phenotypes were inexplicable.
This study at last provides an explanation by
demonstrating the existence of unusual incompatibility relations among hermaphrodites. This
incompatibility system may be more widespread, not only driving the diversification of
the Oleaceae mating systems, but also other
cases of distyly. This work supports previous
hypotheses and models regarding the invasion of males in hermaphroditic populations
(10, 25, 33). Until now, these theoretical ideas
were largely contradicted by empirical examples of functional androdioecy that evolved from
dioecious mating systems (3, 14, 34). Our results
provide an alternative transition from hermaphroditism to androdioecy.
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The Wnt/b-Catenin Pathway Is
Required for the Development of
Leukemia Stem Cells in AML
Yingzi Wang,1 Andrei V. Krivtsov,1 Amit U. Sinha,1,2 Trista E. North,3,4 Wolfram Goessling,4,5,6
Zhaohui Feng,1,2 Leonard I. Zon,1,4,7 Scott A. Armstrong1,2,4*
Leukemia stem cells (LSCs) are capable of limitless self-renewal and are responsible for the
maintenance of leukemia. Because selective eradication of LSCs could offer substantial
therapeutic benefit, there is interest in identifying the signaling pathways that control their
development. We studied LSCs in mouse models of acute myelogenous leukemia (AML) induced
either by coexpression of the Hoxa9 and Meis1a oncogenes or by the fusion oncoprotein MLL-AF9.
We show that the Wnt/b-catenin signaling pathway is required for self-renewal of LSCs that are
derived from either hematopoietic stem cells (HSC) or more differentiated granulocyte-macrophage
progenitors (GMP). Because the Wnt/b-catenin pathway is normally active in HSCs but not in
GMP, these results suggest that reactivation of b-catenin signaling is required for the
transformation of progenitor cells by certain oncogenes. b-catenin is not absolutely required for
self-renewal of adult HSCs; thus, targeting the Wnt/b-catenin pathway may represent a new
therapeutic opportunity in AML.
cute myelogenous leukemia (AML) is
the most common acute leukemia in
adults, and most patients are not cured
with current therapies. Only a small subset of
AML cells are capable of extensive proliferation and self-renewal (1). Such cells are referred
to as leukemia stem cells (LSCs) because they
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share properties, including extensive self-renewal
potential, with normal stem cells. LSCs are being
studied as potential therapeutic targets (2, 3),
and the signaling pathways that control their
development and survival are of particular interest. The Wnt/b-catenin pathway is active in
certain human leukemias (4–7) and in normal
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hematopoietic stem cells (HSCs) (8–10). Although b-catenin is not required for self-renewal
of adult HSC (11, 12), it is unclear whether bcatenin is required for LSC development and
maintenance in AML. We have studied wellcharacterized mouse models of AML to explore
whether b-catenin is necessary for LSC development from either HSC or more differentiated
committed myeloid progenitor cells.
Homeobox (Hox) genes have been implicated
in the regulation of normal stem cell self-renewal
(13, 14), and enforced coexpression of Hoxa9
and Meis1a in mouse bone marrow leads to rapid
AML development (15). Previous studies demonstrated that leukemogenic fusion proteins,
such as those involving the mixed lineage leukemia (MLL) protein (for example, MLL-AF9),
can transform non–self-renewing granulocyte/
macrophage progenitors (GMP) and activate
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