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Males as somatic investment in a
parthenogenetic nematode
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Lilia Estrada-Virrueta', Duncan Berger>t, Claire Burny't§, Laurent Modolo",
Mark Blaxter>, Peter Meister*, Marie-Anne Félix®, Pierre-Henri Gouyon?, Marie Delattre'q

We report the reproductive strategy of the nematode Mesorhabditis belari. This species
produces only 9% males, whose sperm is necessary to fertilize and activate the eggs.
However, most of the fertilized eggs develop without using the sperm DNA and produce
female individuals. Only in 9% of eggs is the male DNA utilized, producing sons. We
found that mixing of parental genomes only gives rise to males because the Y-bearing
sperm of males are much more competent than the X-bearing sperm for penetrating the
eggs. In this previously unrecognized strategy, asexual females produce few sexual males
whose genes never reenter the female pool. Here, production of males is of interest
only if sons are more likely to mate with their sisters. Using game theory, we show that
in this context, the production of 9% males by M. belari females is an evolutionary

stable strategy.

seudogamy, also called sperm-dependent

parthenogenesis or gynogenesis, is a spe-

cial type of asexual reproduction in which

females use the sperm of males, usually

from another species, to activate their
oocytes. However, the sperm DNA is not used,
and the embryos develop only from the maternal
DNA to give rise to females (7, 2). The pseudog-
amous terrestrial nematode Mesorhabditis belari
was initially studied in the 1920s and 1940s as
a species in which pseudogamous females pro-
duce their own males at low frequency (3, 4). We
recently reisolated strains of M. belari and re-
visited these initial observations (see supplemen-
tary text).

We chose M. belari JU2817 as our reference
strain (see supplementary text). We confirmed
that JU2817 females could not reproduce in
the absence of JU2817 males. In our laboratory
conditions, JU2817 females produced about 9%
males during their entire lifetime, with more
being produced early (table S1). Crosses with
males from other Mesorhabditis species did
not yield any progeny (supplementary text and
table S2). Thus, M. belari constitutes a special
example of autopseudogamy.
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We analyzed the production of males and
females by following embryos after fertilization
with a combination of differential interference
contrast (DIC) live imaging and cytology. As pre-
viously described, we found that M. belari females
produced two types of embryos (4, 5) (Fig. 1, A
and B): gynogenetic and amphimictic. The most
common class were gynogenetic embryos (n =
227 of 258 fixed embryos). After fertilization, fe-
male meiosis resumed, but a single division was
observed, giving rise to a single polar body and a
female pronucleus containing 20 chromosomes
(fig. S1). The male DNA did not decondense, but
the sperm centrosomes formed robust asters that
eventually contacted the female pronucleus to
establish the first mitotic spindle (movie S1). A
small percentage of the embryos (n = 31 of 258
fixed embryos) were amphimictic. After fertil-
ization, two rounds of female meiotic division
were observed, leading to two polar bodies and
a female pronucleus containing 10 chromosomes
(fig. S1). A male pronucleus was observed asso-
ciated with its centrosomes and was joined by
the female pronucleus within 1 hour to form the
first mitotic spindle (movie S2). Both categories
of embryos were diploid, because the lack of
paternal DNA was compensated for by the ab-
sence of one female meiotic division in gynoge-
netic embryos. Thus, the sperm of M. belari
males is required to activate all the oocytes and
to provide centrosomes to the zygote, regard-
less of the status of its DNA. Next, we recovered
the embryos scored for their number of pro-
nuclei by DIC time-lapse imaging and let them
develop until adulthood (Fig. 1B). Out of 86 gyno-
genetic embryos, 85 developed as females (one
embryo hatched but died as a young larva). By
contrast, 30 out of 31 amphimictic embryos de-
veloped as males (one also died as a young larva)
(Fig. 1C). We confirmed that only males are
the result of a true fertilization using single-
nucleotide polymorphism (SNP) genotyping. We

15 March 2019

crossed JU2817 females to males of another
strain of M. belari and analyzed the segregation
of nine independent SNPs (see supplementary
text). Out of 1104 genotyped F; females, 1103
carried only the maternal allele, consistent with
asexual reproduction, whereas 121 out of 122
genotyped F; males harbored one allele from
each parent (except for SNPs 31 and 317, see
below), as expected from amphimixis (Table 1 and
table S3). The remaining one animal is likely an
experimental error but could also reflect the
production of very rare amphimictic females
(see supplementary text). We concluded that
M. belari produce females asexually (because
females arise by gynogenesis), whereas males
are produced sexually (through amphimixis).

We next explored why amphimictic eggs of
M. belart only give rise to males. To this end,
we first asked whether M. belari relies on sex
chromosomes for sex determination. The ge-
nomes of males and females were sequenced
separately and the reads mapped onto a de novo
assembled genome that had been obtained from
a mixed sexes population [see supplementary
text and (6)]. This allowed the identification of
genes and contigs present in males only, sug-
gesting the presence of a Y chromosome (fig. S2).
By contrast, some contigs were twofold over-
represented in females compared with males,
as expected from an X chromosome (fig. S2). By
genotyping on SNPs 31 and 317 located on these
female-biased contigs, we found that F; males
inherited only the maternal allele, in agreement
with the expected segregation of an X chromo-
some (Table 1 and table S3). We therefore con-
cluded that M. belari relies on a XX/XY sex
determination system.

Because none of the amphimictic eggs give
rise to viable females, we hypothesized that
either only Y-bearing sperm was produced by
M. belari males or X-bearing sperm was not
able to fertilize these eggs. To determine at which
step the Y bias occurs, we analyzed the chromo-
somal content of sperm cells using DNA fluo-
rescence in situ hybridization (FISH) with a
Y-specific probe (6). In the male gonad and the
female spermatheca, 50% of sperm nuclei were
positive for Y (see Fig. 2A, fig. S3, and sup-
plementary text). This demonstrated that both
X-and Y-bearing spermatozoa were produced
by males and transferred to females. After fer-
tilization, the condensed sperm DNA in gyno-
genetic embryos was positive for the Y-probe in
66 out of 76 embryos (Fig. 2B), indicating that in
M. belari, embryos are fertilized by Y-bearing
spermatozoa in 90% of the cases, thus in both
gynogenetic and amphimictic embryos. If 10%
of eggs are fertilized by an X-bearing sperm, they
will give rise to mostly gynogenetic embryos, and
a few (10% of 9% = 0.9%) XX amphimictic eggs
may also be produced and die before giving rise
to a female. Such a low proportion of unviable
amphimictic XX animals is compatible with the
observed lethality of JU2817 (after embryo re-
covery or in the whole population; see supple-
mentary text). We thus propose that X-bearing
spermatozoa are mostly unable to penetrate the
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Fig. 1. Two types of embryos are produced by M. belari females.

(A and B) Representative amphimictic and gynogenetic embryos.
Fixed specimens during the reformation (upper panels) and migration
(lower panels) of the pronuclei are shown in (A). Centrosomes and
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n=227/258
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2-cell stage

polar bodies are shown with arrowheads and stars, respectively. In
some panels, only one aster is visible on the chosen focal plane. Still C
images from DIC recordings showing the male and female pronuclei until

the first cell division are shown in (B). Scale bars, 5 um. (C) Embryos

were sorted on the basis of the number of polar bodies and pronuclei
observed on DIC recordings, as shown in (B), and allowed to develop

until adulthood.

oocytes. In the few cases of successful oocyte
penetration, they cannot sustain proper de-
velopment of amphimictic eggs. Importantly,
despite a strong bias in sperm efficacy toward
Y-bearing sperm, M. belari JU2817 is mainly
composed of females because most eggs develop
by gynogenesis.

Our results imply that M. belari females pro-
duce males whose DNA is not transmitted to
females because females are produced asexually.
We asked whether, conversely, males tend to ex-
clude the genes of the females by preferentially
transmitting their alleles from fathers to sons.
To test this, we followed the transmission of four
independent SNPs on autosomes. We found that
heterozygote males transmitted the autosomal
alleles of their mother or father at the same fre-
quency to their sons (Table 1 and table S3). Thus,
over time, the male genome most likely con-
verges with the female genome, with the ex-
ception of the Y chromosome, because in each
generation, the paternal genome is diluted with
a mother genome in its sons.
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From the viewpoint of the genes of M. belari
females, production of sons is of interest for a
female only if her sons mate with her daughters
(to ensure that a maximum of eggs is fertilized)
and do not mate unrelated lineages of females
(to which they do not transmit any DNA). In this
context, we asked in what proportion should
M. belari gynogenetic females produce their own
males. To this end, we adopted a game theory
model to explore the evolutionary stable strategy
(ESS) of sex ratio (7-9). We postulated that the
progeny of a female constitutes a patch of size
k. Males and females can migrate in and out of
the patches to find a mate, with a similar rate
m. Here, m can also be interpreted as a rate of
mating with unrelated females if the isolation
is behavioral rather than geographical. The fit-
ness of a female playing a sex ratio  in a pop-
ulation where the others play a sex ratio a*is
computed as the number of fertilized eggs that
her daughters produce. We first developed an
analytical model, considering that one male is
sufficient to make all eggs fertile within a patch
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85 females
+ 1 dead larva

(see supplementary text). We found that the
evolutionary stable proportion of females is

(1-2%) = \/1/[1+k (1-m)?

Consequently, in a panmictic population with
complete dispersal (m = 1), the stable sex ratio
is equal to 0, because a female has no advantage
to produce sons if they mate mostly with the
daughters of unrelated females. This would sec-
ondarily lead to population extinction. However,
with decreased dispersal between patches, the
stable sex ratio increases (Fig. 3). Second, we
explored the ESS sex ratio, considering that the
sperm could be a limiting factor, using com-
puter simulation (see supplementary text). We
found that, at a given dispersal rate, limiting
sperm slightly increases the ESS proportion of
males (Fig. 3 and fig. S4). The curves being rela-
tively flat, dispersal rates between 0 (no migra-
tion) and 0.5 are compatible with the observed
sex ratio of JU2817, around 0.09. We also showed
that mating preference between siblings clearly

2 of 4

6TO0Z ‘ST Yose\ uo /Bio Bewadusios aousios//:dny woly papeojumod


http://science.sciencemag.org/

RESEARCH | REPORT

Table 1. Females of M. belari come from gynogenesis and males from amphimixis. Females
and males from two different strains of M. belari were crossed, and the progenies were genotyped
(first column, n individuals) at different independent SNP loci (second column, selected randomly
on different contigs of the assembled genome). The number of individuals showing the genotype
of the mother or a heterozygous genotype are shown in the third and fourth columns, respectively.
Among the n individuals, some were sequenced at different SNPs; see table S3 for a detailed
structure of the genotyping. In bold are contigs of the X chromosome. A * indicates that the same
individual is a heterozygote on three SNPs.

Progeny Contig number Homozygous-like mother Heterozygous
Female F; 1 539 0
(n = 1104) 13 149 0
29 56 0
52 65 0
103 275 *1
117 108 *1
541 187 *1
31 73 (0]
317 77 (0]
Male Fy 11 0 49
(n=122) 13 0 19
52 0 28
103 1 29
117 0 4
31 20 (0]
317 23 (0]
Male F» 1 24 24
(n =185) 13 33 28
103 30 41
117 6 2
541 14 11

Fig. 2. M. belari
embryos are mostly
fertilized by Y-bearing (T A
sperm. (A and B) One :
representative sperma-
theca of a M. belari
female showing individ-
ual sperm cells (A)

and one representative
gynogenetic embryo

(B) labeled by DNA FISH
with a probe specific

for the Y chromosome B gynogenetic embryo - 66/76 Y-bearing sperm
(in red). DNA is shown
in blue. Insets in (B)
show higher magnifica-
tion and Z projection

of 10 images of the

red signal in the female
pronucleus (left) and
the sperm DNA (right).
The polar body is shown
with a white star. Scale
bars, 5 um.

A spermatheca - 79/161 positive sperm cells
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increased the ESS sex ratio (fig. S4). Hence, the
asexual females of M. belari can afford the pro-
duction of 9% males if these males are more
likely to mate with their sisters, either because
of limited dispersal or by an active choice of
males or females toward their siblings.

The reproductive system of M. belari repre-
sents a distinctive state, where asexual females
systematically produce few sexual males, and male
genes never reenter the female pool. Although
other examples of species with mixed sexual-
asexual systems exist (haplo-diploid, cyclical
parthenogens, and so on), none of them feature
exclusively asexual females and progressive loss
of males and sexuality (10). Most likely, if a mu-
tation allowed M. belari females to activate their
eggs independently of the sperm, such strict
parthenogens would invade the population. Thus,
activation of the egg by the sperm, as well as
paternal contribution of centrioles, most likely
constitutes strong cellular constraints that allow
the maintenance of pseudogamy. Whereas other
pseudogamous species find the source of sperm
and centrioles in other species (), the strategy of
M. belari consists in producing just enough of its
own males. Such a strategy may avoid competi-
tion for males with females of another species.
Males of M. belari can therefore be seen as a
nongenetic, or somatic, investment in centrioles
for clonally produced daughters. Self-fertilizing
pseudogamous species of nematodes have been
also described, which may constitute one more
step toward a minimal investment for a source of
centrioles (3).

We found that the males of M. belari produce
Y-bearing sperm that are much more compe-
tent than the X-bearing sperm for fertilizing
the oocytes. It is tempting to speculate that if
such a male drive existed in an ancestral sexual
Mesorhabditis species, it may have favored the
emergence of gynogenesis in females, as an anti-
drive system.
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Mysterious males

In parthenogenetic species, females produce female offspring, generally without the input of males. Given this, the
production of males would seem to be a waste of resources. Grosmaire et al. report that in a particular soil nematode,
males are regularly produced at a rate of about 9%. They found that the male sperm was required for egg activation, yet
the sperm DNA never transmitted on to the subsequent female generation. Male DNA was only passed on through
sibling mating, which allows for male production to be evolutionarily stable.
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