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Sex determination in dioecious Mercurialis annua
and its close diploid and polyploid relatives

JRW Russell! and JR Pannell?

Separate sexes have evolved on numerous independent occasions from hermaphroditic ancestors in flowering plants. The
mechanisms of sex determination is known for only a handful of such species, but, in those that have been investigated, it
usually involves alleles segregating at a single locus, sometimes on heteromorphic sex chromosomes. In the genus Mercurialis,
transitions between combined (hermaphroditism) and separate sexes (dioecy or androdioecy, where males co-occur with
hermaphrodites rather than females) have occurred more than once in association with hybridisation and shifts in ploidy.
Previous work has pointed to an unusual 3-locus system of sex determination in dioecious populations. Here, we use crosses and
genotyping for a sex-linked marker to reject this model: sex in diploid dioecious M. annua is determined at a single locus with a
dominant male-determining allele (an XY system). We also crossed individuals among lineages of Mercurialis that differ in their
ploidy and sexual system to ascertain the extent to which the same sex-determination system has been conserved following
genome duplication, hybridisation and transitions between dioecy and hermaphroditism. Our results indicate that the male-
determining element is fully capable of determining gender in the progeny of hybrids between different lineages. Specifically,
males crossed with females or hermaphrodites always generate 1:1 male:female or male:hermaphrodite sex ratios, respectively,
regardless of the ploidy levels involved (diploid, tetraploid or hexaploid). Our results throw further light on the genetics of the
remarkable variation in sexual systems in the genus Mercurialis. They also illustrate the almost identical expression of sex-
determining alleles in terms of sexual phenotypes across multiple divergent backgrounds, including those that have lost separate

sexes altogether.
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INTRODUCTION
The mechanisms of sex determination (s.d.) employed by animals are
remarkably diverse. They include: XY systems with male heterogam-
ety; XY systems with a polymorphic X; XY systems with more than
one Y; ZW systems with female heterogamety; haplodiploidy in which
males are unfertilised haploid organisms and females are fertilised
diploids; systems in which males result from the loss of one genome
after fertilisation; polygenic systems; environmental s.d.; and s.d. with
both genetic and environmental components (Bull, 1983; Werren and
Beukeboom, 1998; Uller et al, 2007; Charlesworth and Mank, 2010;
Janousek and Mrackova, 2010; Beukeboom and Perrin, 2014).
Remarkably, quite different s.d. systems have often been adopted by
closely related species, indeed even by different populations of the
same species (for example, fish (Kallman, 1973) and amphibians
(Ogata et al, 2008)). Such variation points to frequent transitions
between one s.d. system and another, possibly as a result of responses
to sex-ratio selection, intra- and inter-genomic conflict, or turnover of
sex chromosomes following their degeneration when recombination is
suppressed (Werren and Beukeboom, 1998; Uller et al., 2007; Van
Doorn and Kirkpatrick, 2007, 2010; Blaser et al, 2013; Beukeboom
and Perrin, 2014).

Although not as extreme as that found in animals, s.d. mechanisms
also vary among plants (Juarez and Banks, 1998; Ming et al., 2007;
Janousek and Mrackova, 2010; Ming et al., 2011). Fully environmental

s.d. is known for several homosporous ferns, where sex expression of
gametophytes depends on interplant signalling through hormone
release and perception (Banks, 1994, 1997; Korpelainen, 1998;
Desoto et al., 2008). Most plants with separate sexes, however, appear
to possess genetic s.d., with either heteromorphic or homomorphic
sex chromosomes (Ming et al., 2011). Species with heteromorphic sex
chromosomes include both those with an XY (for example, Cycas
revoluta—(Segawa et al., 1971; Hizume et al., 1998); Cannabis sativa—
(Sakamoto et al., 1998; Rode et al, 2005; Sakamoto et al., 2005);
Silene latifolia—(Correns, 1928; Westergaard, 1958; Filatov, 2005;
Nicolas et al., 2005; Marais et al, 2008; Qiu et al, 2013) and
S. diclinis—(Nicolas et al., 2005; Howell et al., 2009) or ZW s.d. (for
example, Gingko biloba—(Lan et al., 2008); S. otitis—(Slancarova et al.,
2013)). In Humulus japonicus (Grabowska-Joachimiak et al, 2011)
and some Rumex species (Ono, 1935; Navajas-Perez et al., 2009;
Steflova et al, 2013), gender is determined by the ratio of X
chromosomes to autosomes. The genus Rumex is particularly inter-
esting, because s.d. varies substantially among species and even within
species (for example, Hough et al, 2014). In species with homo-
morphic sex chromosomes, sex is likely controlled by a single locus, or
several tightly linked loci, with the heterogametic sex being either male
(for example, Asparagus officinalis—(Telgmann-Rauber et al., 2007);
Sagittaria latifolia—(Dorken and Barrett, 2004) and Spinacia oleracea

!Department of Plant Sciences, University of Oxford, Oxford, UK and “Department of Ecology and Evolution, University of Lausanne, Biophore Building, Lausanne, Switzerland
Correspondence: Professor JR Pannell, Ecology and Evolution, University of Lausanne, Lausanne 1015, Switzerland.

E-mail: john.pannell@unil.ch

Received 13 March 2014; revised 4 August 2014; accepted 11 August 2014; published online 22 October 2014


http://dx.doi.org/10.1038/hdy.2014.95
mailto:john.pannell@unil.ch
http://www.nature.com/hdy

—(Deng et al., 2013)) or female (for example, Fragaria virginiana—
(Spigler et al., 2008) and Populus trichocarpa—(Tuskan et al., 2012)).

Until recently, the European wind-pollinated annual plant Mercur-
ialis annua appeared to stand out as an exception among other
dioecious angiosperms that appear always to have single-locus s.d. On
the basis of multi-generational crossing data, Louis (1989) and Durand
and Durand (1991) posited a model of s.d. for M. annua involving
three independently segregating loci, whereby individuals carrying a
dominant allele at locus A and a dominant allele at either one of the
two B loci develop as males, and genotypes homozygous for the
recessive allele at the A locus or homozygous recessive at both B loci
develop as females. Multi-locus systems of s.d. are known from several
animal species, including the swordtail fish Xiphophorus helleri
(Woolcock et al, 2006), the European sea bass Dicentrarchus
labrax (Vandeputte et al., 2007) and the housefly Musca domestica
(Dubendorfer et al., 2002; Kozielska et al., 2006), but M. annua is cited
as the only plant species known to display such a system (Dellaporta
and Calderonurrea, 1993; Grant et al, 1994; Ainsworth, 2000;
Janousek and Mrackova, 2010). The discovery of the single sex-
linked SCAR marker OPB01-1562 (that is, a Sequence Characterized
Amplified Region of 1562 bp in length) in dioecious M. annua
(Khadka et al., 2002), which was found in all males tested but not in
females, casts doubt on the three-locus model. However, sampling has
thus far been limited to individuals predominantly from Belgian
populations of the species (Khadka et al, 2002), which are known to
be genetically depauperate (Obbard et al., 2006b). It is thus possible
that alleles segregate for sex at more than one locus in other
populations.

Sex determination in Mercurialis is potentially particularly interest-
ing because separate sexes have been gained and lost more than once
within the genus (Durand, 1963; Durand and Durand, 1992;
Krahenbuhl ef al, 2002; Obbard et al., 2006a). Although transitions
between hermaphroditism and dioecy have been frequent in flowering
plants, including reversals from dioecy to hermaphroditism, little is
known about what happens to sex-determination loci, or to other
genes in the genome that express their effect, when separate sexes are
lost. For instance, would a male-determining allele still be expressed as
a male phenotype in a genomic context that otherwise only expresses
hermaphrodites? In Mercurialis, dioecy has broken down to yield
monoecy, or functional hermaphroditism, in association with tetra-
ploidisation, perhaps under selection for reproductive assurance.
Evidently, separate sexes then re-evolved from monoecy when
the tetraploid lineage hybridised with the closely related dioecious
M. huetii (Figure 1, Krahenbuhl et al, 2002; Obbard et al, 2006a).
Obbard et al. (2006a) hypothesised that the expression of males in the
resulting hexaploid populations of M. annua might be associated with
the introgression into a formerly monoecious tetraploid background
of male-determining elements from M. huetii; but this hypothesis
remains to be tested. It would be revealing to know whether, and how,
the sex-determining alleles from one lineage would be expressed in the
genomic background of another, not only in the cross hypothesised to
have given rise to androdioecy, but also among the other lineages that
have either combined or separate sexes.

All species of Mercurialis are wind-pollinated and show similar
inflorescence differences between males and females or hermaphro-
dites (Durand, 1963; Durand and Durand, 1991). Males have sessile
staminate flowers arranged in clusters along erect axillary peduncles
held above the plant; female flowers are almost exclusively held on
short axillary pedicels and hermaphrodites (monoecious individuals)
appear to be modified females, with subsessile axillary female flowers
surrounded by a cluster of male flowers (Pannell et al, 2008).
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Figure 1 Hypothesised relationships between the annual lineages of
Mercurialis. Filled lines indicate phylogenetic relationships between species
and dashed arrows represent proposed hybridisation and/or polyploidisation
events; M indicates proposed maternal parentage and P represents proposed
paternal parentage. Figure based on Obbard et al. (2006a).

Dioecious M. annua is widely distributed across Europe, the Middle
East and North Africa; M. huetii has a narrow range in northeastern
Spain and southern France; tetraploid M. annua occurs in coastal
Morocco south of Casablanca; hexaploid M. annua occurs further
north in Morocco and in coastal areas throughout the Iberian
Peninsula as far as Galicia and Catalonia (where it meets diploid
M. annua, forming sterile hybrids; (Buggs and Pannell, 2006)); and
tetraploid M. canariensis has been found in Tenerife in the Canary
Islands (Obbard et al, 2006¢). Higher ploidy levels of M. annua
(always monoecious) occur in Tunisia, Corsica and Sardinia (Durand,
1963; Durand and Durand, 1992), and have been occasionally found
in the contact zones between diploid and hexaploid M. annua in
northern Spain. Apart from the three-locus model for s.d. in diploid
M. annua (Louis, 1989; Durand and Durand, 1991) and a simple
single-locus system for hexaploid androdioecious M. annua inferred
from open pollinated crosses (Pannell, 1997a), very little is known
about s.d. in the genus.

Here, we investigate the genetic mechanism of s.d. in the clade of
annual species of the genus Mercurialis, which have undergone the
shifts in ploidy and sexual system referred to above. First, we test the
three-locus model of s.d. in diploid dioecious M. annua (Louis, 1989;
Durand and Durand, 1991) by assessing sex-ratio variation among
families with a range of different parents. Deviation from equality
would not be consistent with a simple one-locus model, and would
suggest a more complex mechanism of s.d., such as the three-locus
model. To assess s.d. for individuals sampled widely across the
geographic distribution of M. annua, we counted sex ratios from
both open-pollinated families of half-sibs from a large number of
populations and conducted crosses between targeted individuals from
three widely separated populations (Israel, the UK and Spain). For the
full-sib crosses, we crossed selected dams to multiple sires to allow
more precise inference of the mechanism of s.d. for families whose sex
ratios deviate from 1:1.

Second, we conduct crosses among several different lineages of M.
annua to determine whether the expression of sex-determining alleles
in terms of sexual phenotypes has been conserved across the clade of
annual Mercurialis species. The segregation of males at an equal
frequency with females or hermaphrodites in hybrid progeny would be
consistent with the functionality of the male-determining allele in
genetic backgrounds with different ploidy levels or in backgrounds in
which separate sexes have been lost. Our between-lineage crosses
included: diploid dioecious M. annua; tetraploid M. annua
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(the putative autopolyploid monoecious derivative of diploid M.
annua); diploid dioecious M. huetii (the sister species of diploid M.
annua) and hexaploid androdioecious M. annua (a putative allopo-
lyploid derivative of a cross between M. huetii and tetraploid M.
annua). Finally, we ask whether the sex-linked SCAR marker identified
by Khadka et al. (2002) consistently segregates with males across the
geographic range of diploid M. annua, as would be expected for a
simple one-locus, but not a multi-locus, model, and we assess its
presence or absence in the other lineages of M. annua investigated
here. Our study thus characterises s.d. across a clade of several plant
species that differ in ploidy and in which separate sexes are ancestral,
were lost and were then evidently regained. Our data also allow
inferences concerning the likely origins of combined versus separate
sexes in the species complex, as well as the associated ploidy levels.

MATERIALS AND METHODS

Sex ratios of half- and full-sib families for dioecious M. annua
We assessed variation in the sex ratio among half-sib and full-sib families for
consistency with a simple one-locus versus more complex models of s.d. Half-
sib seed families were collected from 48 female plants of dioecious M. annua
from wild populations from extremes across the species’ range: 12 from Israel;
11 from the UK and 25 from Spain. The seeds of each family were sown in
separate seed trays and raised to flowering (approximately 6 weeks), and the
progeny sex ratios were recorded.

Full-sib families were generated by crossing individuals both within and
between three populations sampled from across the species’ range: HaGoshrim
(Israel), Sestri Levante (Italy) and Tarragona (Spain). One male and four female
plants from each population were selected at random and raised to flowering in
individual pots in the same glasshouse. Each of the 12 females were crossed
with the male from each of the three populations, thus generating three full-sib
seed families per dam, each with a different sire. All details for these crosses are
given in Supplementary Table S2.

To conduct the crosses, the 12 dams were exposed consecutively to pollen
from each of the three different sires. Specifically, the dams were grown in a
small mating array at the Wytham Field Station near Oxford, well separated
from any other Mercurialis individuals, into which was introduced the first sire.
Plants were allowed to mate for 8 weeks, after which point all seeds were
collected, and the dams pruned back to above their basal node. Upon
resprouting, the second sire was introduced and the process was repeated.
The plants were subsequently exposed to the third sire in the same fashion. The
36 seed families obtained were raised to flowering for sex ratio determination.
Eight further crosses were undertaken several months later using progeny from
a single seed family that showed a biased sex ratio (see Results), with four dams
crossed with each of two sires from the same family.

Sex expression in hybrids of parents from different lineages. We performed
reciprocal crosses to assess the expression of gender in hybrids produced by
crossing individuals from different lineages, including those with different
sexual systems and ploidy levels. Crosses were produced between: diploid
M. annua and M. huetii; tetraploid M. annua and M. huetii; diploid M. annua
and tetraploid M. annua; and diploid M. annua and hexaploid M. annua. For
diploid M. annua x hexaploid M. annua crosses, hexaploid males and
hexaploid monoecious individuals were separately used as sires, thus giving a
total of nine separate crosses, each performed by 10 dams and 10 sires together
in separate compartments in the glasshouse. Genotypes for the crosses were
established from a single population of known ploidy for each lineage (ploidy
had been previously assessed by (Obbard et al, 2006a)). All plants were
maintained for 10 weeks to allow open pollination. We prevented monoecious
dams from siring progeny in their array by removing all of their male flowers
every 3 days prior to anthesis. Although each array had multiple potential sires
and dams, crossing was only possible in any given array in one specified
direction, for example, one species was the sire and one species the dam.
Combining individuals insured against failures due to mortality of individual
plants and assured large numbers of progeny for sex ratio determination. For
almost all species pairs (see Table 1), crosses were performed reciprocally, using
different sets of plants for each crossing direction.

The seeds produced in each array were pooled, sown and raised to flowering.
Hybrids of M. annuax M. huetii crosses could easily be distinguished from
pure-bred individuals by their intermediate morphology. For all other crosses,
which involved parents of different ploidy, we verified morphological identi-
fication of hybrids using flow cytometry for a sample of up to 20 progeny of
each gender per cross, following methods of Buggs and Pannell (2006).
Differences in fruit morphology between pure-bred and hybrid progeny (largely
due to hybrid sterility) were very clear, and we found a 100% association
between our morphological assessment of ploidy and results from flow
cytometry, in agreement with Buggs and Pannell (2006). All hybrids were
scored for sex, and sex ratios were computed for each cross. Several months
later, we performed further crosses to obtain sex ratios for an F, generation,
using the same approach.

Sex ratio analysis
Sex ratios for all maternal families were determined by counting individuals on
the basis of their expression of easily recognisable sex phenotypes, that is, by the
production of either pistillate (female) or staminate (male) flowers by females
or males, respectively, or both pistillate and staminate flowers (for monoecious
individuals). Males also produced characteristic pedunculate inflorescences. Sex
phenotypes could be scored for all plants, including sterile individuals, which
nonetheless produced flowers of one or both genders. The number of progeny
counted per family varied widely, largely as a function of the size reached by the
mother.

Sex ratios were tested for bias using replicated goodness-of-fit tests (G-tests;
(Sokal and Rohlf, 1995)), with a partitioning of heterogeneity into that due to

Table 1 Crosses performed between different lineages of the annual clade of Mercurialis and the results obtained

Maternal lineage Paternal lineage Males Females Hermaph. Sex ratio G Pollen viability Female fertility Hybrid -isation
M. annua (2x) M. huetii (2x) 190 258 0 0.424 10.42 0.195 (0.072) 0.061 (0.019) 99.3
M. huetii (2x) M. annua (2x) 222 189 0 0.540 2.65 0.186 (0.081) 0.034 (0.012) 99.3
M. annua (4x) M. huetii (2x) 96 0 84 0.533 0.80 — — 21.7
M. huetii (2x) M. annua (4x) 0 0 521 0.000 — 0.186 (0.068) 0.001 (0.001) 98.5
M. annua (2x) M. annua (4x) 0 0 88 0.000 — 0.206 (0.050) 0.005 (0.003) 77.2
M. annua (4x) M. annua (2x) 5 0 6 0.455 0.09 — — 16.2
M. annua (2x) M. annua (6x), male 40 0 35 0.533 0.33 0.161 (0.050) 0.006 (0.005) 94.9
M. annua (2x) M. annua (6x), hermaphrodite 0 0 31 0.000 — 0.132 (0.051) 0.001 (0.001) 81.6
M. annua (6x) M. annua (2x) 5 0 9 0.357 1.16 — — 46.7

Sex ratios, pollen viability, female fertility and hybridisation success (the percentage of hybrids out of total progeny produced) are displayed for each cross.
Pollen viability represented as the mean proportion of pollen grains stained with lactophenol blue (+ one standard error) per cross. Female fertility was measured as the mean proportion of female
flowers visibly setting seed (+ one standard error) per cross. M. annua (2x) and M. huetii (2x) are dioecious, M. annua (4x) is monoecious, and M. annua (6x) is androdioecious. See text for further

details.
2Denotes values of G significant at P<0.05.
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variation among seed families (Gpe) and that due to a bias in the overall sex
ratio (Gpooled)- We used the Dunn-Sidék method to account for inflated Type I
error due to multiple tests (Sokal and Rohlf, 1995). In addition to G-tests, we
used a generalised linear model to test whether the sex ratios of field-collected
half-sib seed families were influenced by their country of origin, with the family
sex ratio as the response variable, country of origin fitted as a fixed factor and
specifying a binomial error structure.

We used a generalised linear mixed effects model to determine: whether
specific mothers or fathers used in crosses influenced sex ratios; whether the
population of origin of mother plants influenced sex ratios; and whether the sex
ratios from crosses involving parents from different combinations of popula-
tions differed significantly (as only one father was sampled per population, we
were unable to differentiate between population- and individual-level paternal
effects on sex ratios). Family sex ratio was again used as the response variable,
with the mother’s population of origin fitted as a fixed factor, the father’s
identity fitted as a random factor, the mother’s identity fitted as a random
factor nested within the mother’s population of origin and specifying a
binomial error structure. All analyses were conducted in R, version 2.8.0
(http://www.r-project.org).

Assessment of male and female fertility in hybrid progeny

Pollen viability and female fertility were also estimated in hybrid progeny and
parent plants of hybrids. Between 9 and 21 plants per gender per parent
lineage/hybrid cross were sampled for assessment of fertility, except in the case
of M. huetii for which plant mortality reduced numbers to 6 male and 4 female
plants. Pollen viability was estimated by staining with lactophenol blue and
scoring a sample of 100 pollen grains per plant (Stone et al, 1995), whilst
female fertility was estimated by counting the proportion of female flowers per
plant that were visibly setting seed.

As the fertility data did not meet the assumptions of analysis of variance,
Kruskal-Wallis tests were used to assess differences in mean pollen viability and
female fertility between hybrids and parent lineages. Comparisons were made
between different hybrid groups and parent lineages, as well as more broadly
between all hybrid and all parent plants.

Inheritance and segregation with gender of the sex-linked SCAR
marker

To verify that the SCAR marker OPB0I-1562 is sex-linked across the species
range of M annua, we assessed its presence in males and absence in females
for all 15 parent plants used in dioecious M. annua controlled crosses,
as well as four male and four female progeny selected at random from each
of the 36 full-sib seed families obtained from these crosses. We also checked
the presence of the male-linked SCAR marker in plants from lineages with
different sexual systems and ploidy levels, using eight individuals of each gender
of M. huetii, M. canariensis, and tetraploid and hexaploid (androdioecious)
M. annua.

For each individual, we extracted genomic DNA from fresh and dried
leaf material using a modified CTAB procedure (Doyle and Doyle, 1987).
Ground leaves were incubated in 2x CTAB at 65°C, before being purified
with two chloroform:isoamyl alcohol (24:1) extractions. Following precipitation
using propan-2-ol at — 20 °C, samples were washed in 70% ethanol, dried and
resuspended in Tris-EDTA buffer, then stored at —20 °C until required. The
reagents for all polymerase chain reaction (PCR) reactions were as follows: 1 x
PCR buffer (supplied by Yorkshire Bioscience, Heslington, York, UK); 100 pm
four dNTPs mix; 2 mm MgCl; 0.16 pm of each primer; 1.0 units Tag DNA
polymerase (Yorkshire Bioscience) and 10ng DNA in 25ul volume. PCR
amplification conditions were as follows: 1 cycle of 94 °C, 90's; 40 cycles of 94 °
G, 305, 58°C, 30, 72°C, 90s; and a final cycle of 72 °C, 5 min. PCR products
were visualised by ethidium bromide staining after electrophoresis on 1.5%
agarose gels.

All individuals were assessed for the presence of both the SCAR marker
OPB01-1562, previously found to amplify only in males, and a 766 bp marker,
believed to be linked to OPB0I-1562 and that amplified in both males and
females (Khadka et al., 2002). Both markers were identified by PCR amplifica-
tion with primer pairs B1FO1/B1R01 and B1F01/B1R06, respectively, following
Khadka et al. (2002). Presence of the SCAR marker in males but not females of
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diploid M. annua would confirm its sex linkage. Similarly, co-segregation of the
SCAR marker with maleness in other Mercurialis lineages would be further
evidence that the marker is linked to an element that determines sex in different
genetic backgrounds. Absence of the SCAR marker in both males and females
of other lineages than diploid M. annua would be consistent with divergence in
its primer region among lineages. Presence in both males and females would
suggest a rupture in sex-linkage between diverging lineages, or could be the
result of amplification of paralogous sequences.

RESULTS

Sex ratios of open-pollinated half-sib seed families of dioecious
M. annua

Summed across all half-sib families, dioecious M. annua showed no
evidence of deviation from a 1:1 sex ratio (Gpogled 1 =0.04, P=0.836),
but families differed significantly in their sex ratios (Gpe 47=77.8,
P=0.003). Case-by-case comparisons using the Dunn-Sidédk method
for multiple tests identified one family with a significantly male-biased
sex ratio (seed family 34al, sex ratio =0.724, G; =12.1, P=0.024) and
one that showed a marginally significant female-biased sex ratio (seed
family BS10, sex ratio =0.387, G; =9.76, P=0.082; Figure 2, and see
Supplementary Table S1). Omitting these two seed families from the
analysis reduced the heterogeneity in the data, which was no longer
significant (Gpet 45=55.7, P=0.131). Half-sib family sex ratios were
not influenced by their country of origin (%, =4.43, P=0.109).

Sex ratios of full-sib seed families of dioecious M. annua from
controlled crosses

There was no significant deviation from 1:1 in the overall sex ratio
across all 36 full-sib seed families from controlled crosses of dioecious
M. annua (Gpooled 1=1.33, P=0.248), but here too, we found
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Figure 2 The sex ratios of (a) 48 field-collected half-sib dioecious M. annua
seed families and (b) 36 full-sib dioecious M. annua seed families from
controlled crosses plotted against seed family size. Dashed lines represent
the boundaries of the 0.05 acceptance region for tests of individual seed
family sex ratios for departures from 1:1 (Dunn-Siddk method). Raw data
and site localities are presented in Supplementary Tables S1 and S2.
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significant heterogeneity among families (Gpe 35 =>59.8, P=0.006).
When a single seed family with a strongly female-biased sex ratio was
removed from the dataset (cross SpainG2 x IsraelM2; sex ratio = 0.376,
G;=19.3, P<0.001; Dunn-Siddk method for multiple tests; Figure 2
and Supplementary Table S2), significant heterogeneity was lost
(Ghet 34 =37.9, P=10.298), and the overall sex ratio across all families
became very slightly male-biased (sex ratio=0.511, Gpooled 1=4.02,
P=0.045). Eight further crosses using four female and two male
progeny from the female-biased family showed no significant devia-
tion from a 1:1 sex ratio (G 3 =7.98, P=0.435; see Supplementary
Table S3).

Full-sib family sex ratios were not influenced by the identity of the
mother (¥?; =0.03, P=0.868) or father (¥?, =2.11, P=0.146), nor by
the population of origin of the mother (y% =1.82, P=0.403) or by
the combination of populations from which parents originated
(%1 =322, P=0.073).

Hybrid progeny fertility and sex ratios

All crosses between M. annua and M. huetii, both dioecious diploids,
yielded only male and female hybrid progeny (Table 1). However, the
specific sex ratio depended on the direction of the cross, with a
female-biased sex ratio produced when M. annua was the mother
(sex ratio=0.424, G;=10.4, P=0.001), but an equal sex ratio when
M. huetii was the mother (sex ratio=0.540, G;=2.65, P=0.103).
Sex ratios were equal in all F, progeny from these crosses.

All hybrid progeny obtained from the female M. huetii X tetraploid
monoecious M. annua cross were morphologically monoecious
(that is, hybrids produced both male and female flowers, though with
very low fertility). In contrast, hybrids obtained by crossing male
M. huetii with monoecious tetraploid M. annua as the mother were
either male or hermaphroditic, with a 1:1 sex ratio (G;=0.80,
P=0.371). Hybrid progeny from crosses between diploid M. annua
and tetraploid M. annua showed a similar pattern; when tetraploid
M. annua was the father, all hybrid progeny were hermaphroditic,
whereas when diploid M. annua was the father, hybrids were either
male or hermaphroditic, with a 1:1 sex ratio (G;=0.09, P=0.763;
Table 1).

Crosses between diploid dioecious M. annua and hexaploid
androdioecious M. annua produced similar sex ratios. Thus, when
diploid M. annua females were crossed with hexaploid M. annua
hermaphrodites as the male parent, all hybrid progeny were hermaph-
roditic, but when hexaploid males acted as sire, male and hermaph-
rodite progeny were produced in a 1:1 sex ratio (G; =0.33, P=0.564).
Finally, when males of dioecious diploid M. annua acted as sire,
hybrids were either male or hermaphroditic, again with a sex ratio of
1:1 (G;=1.16, P=0.282; Table 1).

Both male and female fertility was substantially lower in hybrids
than in their parents (pollen viability: H; =48.1, P<0.001; female
fertility: H; =85.7, P<<0.001; Table 1). Interestingly, the proportion of
female flowers setting seed was significantly greater in hybrid progeny
obtained from crosses between diploid M. annua and M. huetii (in
both directions) than in other hybrid progeny (H; =23.7, P<0.001),
with female fertility not differing significantly between hybrid progeny
from all other crosses assessed (Hz=3.04, P=0.385; Table 1).

With the exception of hybrids of diploid M. annua and M. huetii,
further crosses using hybrids failed to produce any viable seeds.
Monoecious plants obtained from M. huetii X tetraploid M. annua,
tetraploid M. annuaXxXM. huetii, tetraploid M. annuax diploid
M. annua and hexaploid M. annua X diploid M. annua crosses set
no seeds (maternal lineage denoted first), whilst monoecious progeny
obtained from diploid M. annua X tetraploid M. annua, diploid X
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Figure 3 PCR amplification of OPBO1-1562 and a 766 bp marker in the 15
parent plants used in controlled crosses of dioecious M. annua.

hexaploid male M. annua and diploid M. annua X hexaploid mono-
ecious M. annua hybridisations produced just a single seed per cross,
all of which failed to germinate.

Conservation, inheritance and segregation with gender of
OPB01-1562

Of the 15 dioecious M. annua plants used as parents in controlled
crosses, all three males, but none of the 12 females, amplified the DNA
(SCAR) marker OPB0I-1562 (Figure 3). Of the 288 progeny tested
from these crosses (four male and four female progeny from each of
the 36 crosses), all male individuals, but no females, amplified OPB0I-
1562. In contrast, no M. huetii, M. canariensis, tetraploid or hexaploid
M. annua individuals amplified OPB0I-1562, irrespective of the
gender of plants. All individuals tested amplified the 766 bp marker.

DISCUSSION
Sex determination in dioecious Mercurialis annua
The results of our analysis of family sex ratios point to a simple model
of s.d., with the sex ratios of only two seed families deviating
significantly from a 1:1 sex ratio after accounting for multiple tests.
If these families displayed a biased sex ratio as a result of the
segregation of sex-ratio distorters, one might expect F, crosses to
show evidence of continued bias. However, this was not the case in the
full-sib family for which further crosses were undertaken, suggesting
the bias observed was unlikely to be due to genetic modifiers. The
100% co-segregation of the DNA marker OPB0I-1562 with male
gender, and 0% segregation with female gender, among 36 crosses and
over 300 individuals is also strongly consistent with a single-locus
mechanism of s.d. in dioecious M. annua, with a dominant male
determinant analogous to an XY chromosomal system. OPB0I-1562 is
putatively linked to a dominant male-determining allele, with males
the heterogametic sex and females homozygous recessive at this locus.
We can offer no convincing explanation for the sex ratios presented
by Louis (1989) and Durand and Durand (1991) that imply the
existence of modifier B loci as part of a three-locus system of s.d. It is
possible that such modifier loci do segregate in some populations, but
such populations, if they exist, are probably rare. It is well established
that phytohormones have a key role in sex expression in M. annua
(Louis, 1989; Durand and Durand, 1991). In particular, auxins and
cytokinins have been identified as influencing gender development in
the species, two groups of hormones that act antagonistically and have
long been known to regulate plant growth, development and sexual
expression (Skoog and Miller, 1957; Yamasaki et al, 2005). In
M. annua, exogenous application of cytokinin causes males to produce
female flowers (Louis and Durand, 1978; Durand and Durand, 1991).
The three-locus mechanism was proposed to explain differences in
‘male strength’ (the degree of resistance to feminisation by the
exogenous application of cytokinins) between male M. annua indivi-
duals, with BI and B2 together inducing complete resistance to
feminisation, BI alone conferring intermediate resistance, and B2
alone conferring low resistance (Louis, 1989). Moreover, endogenous



auxin and cytokinin levels were reported to be correlated with
different allelic combinations of the three sex genes (Hamdi et al.,
1989; Louis ef al., 1990). It is possible that the single sex-determining
locus identified in this study represents the A gene of the three-locus
model, with a dominant allele at this locus necessary for male
development, and that B genes (perhaps at numerous loci) regulate
auxin and/or cytokinin production, perhaps influencing sex allocation
and inflorescence architecture, which are highly variable in M. annua
(Pannell, 1997b; Pannell et al., 2008), but are not typically able to
determine gender themselves.

Deviation from 1:1 sex ratios in some families

Although almost all families we investigated showed 1:1 progeny sex
ratios, consistent with single-locus s.d., two families showed significant
and substantial deviations, one male-biased (sex ratio = 0.724) and one
female-biased (sex ratio =0.376). Mechanisms that bias the sex ratios
of individual seed families are well documented in other dioecious
species and can operate in spite of strict genetic sex-determining
systems (reviewed in De Jong and Klinkhamer, 2002; Barrett et al.,
2010). For example, Rumex acetosa (Rychlewski and Zarzycki, 1975),
Rumex nivalis (Stehlik and Barrett, 2005; Stehlik et al., 2008) S. latifolia
(Taylor, 1994) and Urtica dioica (De Jong and Klinkhamer, 2002;
De Jong et al., 2005; Glawe and De Jong, 2007, 2009) all display
family-level sex ratio heterogeneity despite the presence of chromo-
somal or, in the case of dioecious U. dioica (De Jong et al., 2005),
evidently single-locus sex-determining systems.

Two major mechanisms have been proposed to account for biases
in seed family sex ratios, namely: (i) certation, the differential
performance of male- and female-determining pollen grains due to
the accumulation of mutations in degenerate Y chromosomes
(Correns, 1903); and (ii) meiotic drive/segregation distortion, a form
of intragenomic conflict leading to a bias in the ratio of male- to
female-determining gametes produced away from 1:1 (Taylor and
Ingvarsson, 2003). For certation to occur, a degree of chromosome
degeneration is believed to be required to produce differences in the
performance of X- versus Y-bearing microgametophytes. Whether
M. annua possesses a substantial non-recombining region on the Y
chromosome is not yet known, but there are no clearly heteromorphic
sex chromosomes in the species (Durand, 1963). Certation seems
unlikely to be a mechanism operating with important effects in
M. annua, and in any case it would be incapable of explaining the
male-biased sex ratio observed.

Alternatively, the biased sex ratios we observed might be attributable
to selfish genetic elements that promote their own transmission, as has
been hypothesised to explain female-biased sex ratios in dioecious S.
latifolia. Through the use of reciprocal crosses, Taylor (1994) indicated
that the extent of the female bias is influenced largely by a Y-linked sex
ratio modifier that increases the proportion of males in the progeny to
counteract the effects of X-linked and cytoplasmic feminising genes. A
similar mechanism might have given rise to the female-biased sex ratio
observed in the family sired by the male from HaGoshrim in our
study. Meiotic drivers would, however, seem to be inconsistent with
the finding of simple 1:1 sex ratios in the F, progenies from this
family. The fact that removal of the significantly female-biased sex
ratio in the full-sib crosses resulted in significant male bias in the
remaining crosses is difficult to explain, but might be attributable to
sex-ratio distorters. Reciprocal crosses, similar to those used by Taylor
(1994) in Silene, might help to establish whether sex ratio distorters are
present in dioecious M. annua, but the bulk of our data indicates that
they are not widespread.
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Sex determination in the other annual Mercurialis lineages and
their hybrid crosses

The results of our crosses among the different lineages of the annual
clade of Mercurialis are consistent with a simple genetic mechanism of
s.d. that has been conserved during diversification of the clade (see
Figure 4). According to the proposed single-locus model, maleness in
diploid dioecious M. annua results from the expression of a dominant
male-determining allele that males should transmit to half of the
progeny they sire. Although we have not tested this model in M. huetii
using within-species crosses, the male determinant was transmitted to
half of the M. huetii progeny sired by diploid M. annua males, with the
resulting male and female progeny being largely fertile. Given that
reciprocal crosses yielded much the same results, it is highly likely that
sex in M. huetii is also determined by a single-locus XY system
(notwithstanding the somewhat female-biased sex ratio, which might
be due to sex-ratio distorters). The fact that the SCAR marker did not
amplify in M. huetii, nor in the M. annua polyploids, likely points to
divergence at the primer sites in these lineages. It will be useful
to identify more conserved sex-linked markers in future work to
investigate the potential homology of the sex-determining loci in
species and their hybrids across the clade.

Hexaploid males of androdioecious M. annua also sired 50% sons
in their crosses with diploid females. This too is consistent with a
single-locus system of s.d. (Figure 4), confirming the inferences made
by Pannell (1997a) based on the outcome of mating among hexaploid
individuals. That study also found evidence for an influence of density
on s.d., but more recent work has failed to replicate the finding
(Sanchez-Vilas and Pannell, 2012). Sex expression in hexaploid
M. annua is highly variable among populations, particularly in terms
of inflorescence architecture (unpublished results). It is thus possible
that some populations have evolved a sensitivity to density in their sex
expression whereas others have not. A broader survey of among-
population variation in phenotypic plasticity of sex expression would
be useful to address this hypothesis.

The confirmation of single-locus s.d. in androdioecious M. annua is
also consistent with the conclusion from the segregation of both
isozyme (Obbard et al., 2006a) and microsatellite loci (Korbecka et al.,
2010) that the hexaploid genome has become diploidised across many
loci, including the sex-determining locus. Obbard et al. (2006a)
hypothesised that the sex-determining locus in hexaploid M. annua
was introgressed from M. huetii when a male hybridised with a
tetraploid monoecious individual, yielding hexaploid individuals
following a further round of genome duplication. Our results are
consistent with that interpretation because the OPB0I-1562 SCAR
marker is not found in hexaploid males, but more work needs to be
carried out before it is firmly established. If it is correct, it provides an
appealing explanation for the origin of androdioecy in Mercurialis,
which is otherwise known to be difficult to evolve (Lloyd, 1975;
Charlesworth and Charlesworth, 1978; Charlesworth, 1984; Pannell,
2002).

It is noteworthy that females never segregated in the progeny of any
crosses involving hermaphrodites, regardless of the ploidy back-
grounds involved or of whether the hermaphrodites were sires (in
which case progeny were all hermaphrodites) or dams (in which case
progeny sired by males were either hermaphrodites or males).
A similar result was found for reciprocal crosses between hermaph-
roditic Bryonia alba and dioecious B. dioica (Correns, 1928), and
crosses between females of dioecious S latifolia and individuals of its
hermaphroditic relative S. viscosa also found that progeny had partially
restored male function and were thus (albeit male-sterile) hermaph-
rodites (Zluvova et al, 2005). This latter study points to the
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Figure 4 Models for sex determination in Mercurialis annua in the context of autopolyploidisation and allopolyploidisation with M. huetii. (a) Two possible
scenarios for the breakdown of dioecy through autopolyploidisation. Model 1: genome duplication of a diploid male individual of M. annua, yielding a
tetraploid male with two copies of the male-determining element, with possible ‘leaky’ gender expression (the production of some female flowers, denoted by
an asterisk). Subsequent selection brings about the evolution of a fully monoecious phenotype. Model 2: genome duplication of a female individual with
leaky gender expression and subsequent selection of monoecy. (b) Hybridisation between monoecious tetraploid M. annua and a diploid male individual of
M. huetii, yielding a 1:1 sex ratio of triploid offspring. A similar scenario can be envisaged for hybridisation between any of the Mercurialis lineages studied,
with the active expression of the male-determining element in the hybrid progeny. (c) Three possible scenarios for the evolution of androdioecy in hexaploid
M. annua through allopolyploid hybridisation between monoecious tetraploid M. annua and diploid M. huetii. Model 1: genome duplication of a triploid
hybrid male, yielding a male with two copies of the male-determining element, all of whose sons would be XY males for the segregating chromosome pair.
Model 2: the union of an unreduced male gamete of a triploid hybrid (produced through the crossing of a diploid male M. huetii with a tetraploid
monoecious M. annua) with an unreduced female gamete of another triploid hybrid (this time a monoecious individual also produced by crossing M. huetii
with tetraploid M. annua). Model 3: the union of a tetraploid egg produced by an originally tetraploid individual with a duplicated (octoploid) genome and a
diploid sperm arising from an originally diploid M. huetii male with a duplicated (tetraploid) genome. Grey and white bars denote chromosomes from
M. annua and M. huetii, respectively. Black and white markers indicate an active or a silenced male-determining element, respectively. X, Y and A represent
X, Y and autosomal chromosomes, respectively.
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substitution by hermaphrodites of a stamen-promoting function in
progeny lacking the Y chromosome on which the stamen-promoting
function gene otherwise resides. The conclusion is consistent with
models of the evolution of sex chromosomes that invoke the fixation
of recessive male-sterility mutations on X chromosomes and dominant
male-promoting factors (in addition to female-function suppressors)
on the Y chromosome (Charlesworth and Charlesworth, 1978;
Charlesworth, 2002a). It is too early to know whether a similar model
can explain s.d. in M. annua, but this seems unlikely. Results of
artificial selection (Pujol and Pannell, 2008) and natural selection
experiments (Dorken and Pannell, 2009) both suggest that allocation
to male function by hermaphrodites (which are essentially male-
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flower-producing females) is a quantitative trait under the influence of
many loci. The results of our crosses here are consistent with this
hypothesis (though cannot rule out the classical model invoking major
sex-linked loci), with male-flower production by females or hermaph-
rodites governed by one or more non-recessive alleles fixed or
segregating at one or more sex-allocation loci. In this case, crosses
between hermaphrodites and females would yield only hermaphrodite
progeny, as observed.

Revealingly, crosses between hermaphrodites of M. annua and
males yielded only hermaphrodites and males with normal male
inflorescence architecture and no progeny with any sort of inter-
mediate male-female inflorescence architecture. (Recall that male



inflorescences are pedunculate, with flowers held on inflorescence
stalks, whereas pistillate flowers produced by females are usually
subsessile in the leaf axils.) It would seem that the dominant male-
determining allele in Mercurialis completely suppresses female floral or
inflorescence development, and that its absence allows female devel-
opment with the production of male flowers governed by (quantita-
tive) loci elsewhere in the genome. We are currently testing this
hypothesis using intraspecific crosses (yielding fertile progeny) among
individuals with different inflorescences and sex allocations.

The precise paths leading to genome duplication in the M. annua
species complex are not yet known; here, analysis of sequence
variation of both active and quiescent sex-determining or sex-linked
loci will be revealing. In the light of results presented here, we judge
model 2 in Figure 4a to be the most likely scenario for the derivation
of tetraploid monoecious individuals, that is, the genome duplication
of a female rather than a male diploid plant, with subsequent selection
of individuals with ‘leaky’ gender expression. Leaky females that
produce a few male flowers (Pannell, 2001) would enjoy an advantage
under selection for reproductive assurance, resulting in the evolution
of full monoecy; in this context, it is significant that monoecious
individuals of M. annua typically have a female-like morphology and
lack the pedunculate inflorescence typical of males. In contrast, the
male determinant in hexaploid androdioecious M. annua would seem
to be most likely derived from M. huetii following allopolyploid
hybridisation between monoecious M. annua and a male individual of
M. huetii (Figures 4b and ¢, and see Obbard et al., 2006a). However, it
is not known whether two copies of the male-determinant were
initially incorporated into the hexaploid genome, with one subse-
quently becoming silenced (allowing the segregation of males and
hermaphrodites), or whether a single male-determining element was
incorporated (see Figure 4). Comparative genome analysis of the
annual Mercurialis lineages will throw light onto these questions.

Concluding remarks

Recent work on s.d. in a number of dioecious plants, notably S.
latifolia, has yielded results consistent with the leading model for the
evolution of sex chromosomes, which involved recessive male-sterility
and female-promoting elements on the X chromosome and dominant
male-promoting elements on the Y chromosome (Charlesworth and
Charlesworth, 1978; Charlesworth, 2002b). Very little is yet known
about the architecture of sex chromosomes of M. annua, but it is clear
from our study and previous work (Khadka ef al., 2002) that a single
locus (or set of linked loci) determines gender, with males being the
heterogametic sex, as in S. latifolia. The fact that interspecific or
interploidy crosses between hermaphrodites and females yield progeny
with a male function would be consistent with this model. However, a
number of observations suggest that the classic model might not, in
fact, apply in the case of M. annua.

First, in the genus Mercurialis, the polarity of sexual-system
transitions differs from that assumed for the classic model. In the
M. annua species complex, dioecy is the ancestral sexual system, and
functional hermaphroditism (technically monoecy) is derived from
dioecy rather than the reverse (Krahenbuhl et al., 2002; Obbard et al.,
2006a). And second, patterns of phenotypic variation in hermaphro-
ditic sex allocation (Pannell, 1997a, b; Pannell et al., 2014) and the
results of selection experiments on pollen production (Pujol and
Pannell, 2008; Dorken and Pannell, 2009) suggest that male function
in hermaphrodites is a quantitative trait for which many loci are
probably responsible, rather than a single male-sterility mutation.
Indeed, females of dioecious M. annua occasionally produce small
numbers of staminate flowers with fully viable pollen (Yampolsky,
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1919), suggesting incomplete suppression of a male function in XX
individuals, and this tendency also seems to be a quantitative trait (G.
Cossard and J.R. Pannell, unpublished data). Such leakiness in the
expression of gender is very common in dioecious species, especially
those derived from monoecy where male and female functions can be
leaky (Lloyd, 1980; Lloyd and Bawa, 1984; Delph, 2003; Ehlers and
Bataillon, 2007). Determining whether the genetic architecture of s.d.
in such species is different from the classic model will throw important
light on its broad generality.
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