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“The Evolution of Sex Trilogy,” tackles the greatest mystery in evolutionary biology, is now
complete

% 33m3C  The third paper of trilogy

Yasui, Y. The twofold cost of sex reconsidered: Meiotic mechanisms protect
anisogamous populations from invasion by thelytoky. J Evol Biol 39, (2026)
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Yasui, Y. The twofold cost of sex reconsidered: Meiotic mechanisms protect
anisogamous populations from invasion by thelytoky. J Evol Biol 39, (2026)

Most multicellular organisms are divided into two sexes—females, which produce
nutrient-rich eggs, and males, which produce small, highly motile sperm—and
reproduce through a process in which sperm fertilize the eggs (anisogamy). Since
organisms that reproduce via anisogamy typically produce an equal number of males
and females (a sex ratio of 1:1), half of the population consists of males that do not
produce offspring themselves; consequently, the reproduction rate is half that of
thelytoky, a form of asexual reproduction in which mothers produce only females. In
other words, if a thelytoky mutation occurs within an anisogamous population, it will
replace the entire population within a few generations. This twofold difference in
growth rate associated with anisogamy is referred to as the “twofold cost of male
production,” and the reason males are maintained in so many species despite this COSt is
considered one of the greatest mysteries in evolutionary biology.

The first paper in the “Trilogy on the Evolution of Sex,” Yasui and Hasegawa (2022)
first addressed the origin of gametic sexual reproduction itself, proposing the seesaw
effect hypothesis—which explains how the first gamete found a partner for fusion
(since there was presumably no one else)—and the inflated isogamy hypothesis, which
describes the process by which gametes of the same size initially fused but later
polarized into eggs and sperm (i.e., the origin of females and males).

The second paper, Yasui (2026a), and this third paper, Yasui (2026b), examine why
anisogamy has not been replaced by thelytoky from two entirely different perspectives:
“hidden benefits provided by males” and “mechanical constraints of meiosis.” For basic
terminology such as “twofold cost,” please refer to the previous press release.

“Meiotic Metaphase Arrest”: A Universal Mechanism That Has Been Overlooked
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To perform sexual reproduction, an egg cannot simply begin development on its own; it
must wait for a sperm to enter. In fact, “meiotic metaphase arrest” (MM arrest) is
known as a mechanism universal to metazoans. Although it varies by taxonomic
group—such as vertebrates and invertebrates—meiosis arrests during metaphase of
either the first or second division (the stage where chromosomes align at the equatorial
plane and the spindle forms). In humans, when a female fetus is in the mother’s womb,
meiosis | has already been completed within the tissue that will become the daughter’s
ovaries; the cells then enter the first arrest and remain in this state for over a decade.
Upon reaching puberty, meiosis 11 begins and arrests again during metaphase.
Stimulation, such as Ca** ions delivered by sperm, is required to release this arrest and
resume oogenesis. Through this mechanism, the fertilized egg temporarily becomes a
triploid cell containing two egg nuclei (2n) and one sperm nucleus (n). Subsequently,
one of the egg nuclei is discarded as a polar body (n), while the other egg nucleus (n)
fuses with the sperm nucleus (n) to form a diploid cell, after which embryonic
development begins. Therefore, the textbook understanding—that meiosis first produces
a haploid egg, which then becomes diploid upon fertilization by a sperm—is incorrect
for many species (though this appears to be the case in sea urchins). In other words, the
egg is not formed on its own; it is only completed when a sperm enters it.

When an animal that has practiced anisogamy in the last generation attempts to
transition to thelytoky, it must produce embryos that can develop without being
fertilized by sperm. According to Yasui (2026b)'s "Meiosis Constraint Hypothesis,"
there are three barriers to the transition from meiosis to thelytoky.
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1) Empirical data from mice, larvacean, Xenopus, zebrafish, and other species indicate
that it is extremely difficult to release MM arrest without fertilization. In fact, eggs in
MM arrest are incomplete and cannot develop.

2) Even if MM arrest were somehow released without sperm, the result would be the
formation of haploid egg cells containing only the female genome. Most wild organisms
have accumulated a lethal amount of recessive deleterious genes in a heterozygous state
within their genomes; if a haploid egg were to begin embryonic development as is, it
would die immediately due to the expression of these deleterious genes.

3) Even if terminal fusion automixis—in which a haploid egg cell fuses with the second
polar body, another product of meiosis, to restore diploidy—were to occur, most loci
would remain homozygous, and the deleterious genes would still be expressed.

Interestingly, the fact that oocytes and the second polar body are clonal at many loci is
due to the conventional process of meiosis. When a particular locus in the primary
oocyte is heterozygous for 01 (Fig. 2a), the homologous chromosomes are each
duplicated, resulting in a tetrad of 0011 (Fig. 2b). The chromosomes are subsequently
distributed to the second oocyte (Fig. 2e) and the first polar body (Fig. 2f). Since two
copies of the same chromosome (00 and 11) enter one of these cells together, all loci—
except those where crossover occurred at the tetrad stage (Fig. 2c)—become



homozygous within the second oocyte, and the haploid egg (Fig. 2h) and the second
polar body (Fig. 2i)—which result from the further division of the second oocyte—
become clones at almost all loci. Since the refusion of these two cells constitutes
terminal fusion automixis (Fig. 2j), this results in inbred depression at the 00 locus. If
the first meiotic division had resulted in a pattern where the second oocyte (01) and the
first polar body (01)—each containing a pair of sister chromosomes—were separated,
the terminal fusion would have been 01, the heterozygosity would have been the same
as the mother’s, and the recessive lethal gene would have remained masked. This
suggests that the process of meiosis as we see it today is the result of sexual
reproduction evolving to be resistant to the intrusion of asexual reproduction (as if
attempting parthenogenesis would result in death).
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Figure 2: The course of conventional meiosis and the outcome when it transitions to
parthenogenesis: The secondary oocyte contains two copies of the same chromosome at
each locus

Professor Yasui further developed a mathematical population genetics model to
determine, based on the number of functional genes L in the genome and the probability
p of a recessive lethal mutation occurring, whether a haploid egg 1) proceeds with
embryonic development as is; 2) fuses with the second polar body to proceed with
embryonic development; and 3) undergoes normal anisogamy by fertilization with
sperm from an unrelated male—and compared the resulting embryo survival rates. As



predicted by the model, the results showed that the larger the genome size and the
higher the mutation rate, the higher the mortality rate when switching from sexual to
asexual reproduction (Fig. 3). Most intriguingly, we found that the estimated values of L
and p for fruit flies, mice, and humans lie on the boundary where the fitness of
anisogamy and thelytoky are equal. This finding suggests that these animals have
evolved to the very cliff’s edge—where they can survive through sexual reproduction
but die if they resort to asexual reproduction—and have remained there. If this
relationship can be clarified in more species in the future, it may shed deeper light on
the role of sex in genomic evolution.
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Figure 3: Theoretical predictions of the mathematical model: In the region where Lp <1
(purple region), haploid eggs are at an advantage over anisogamy—uwhich incurs the
twofold cost—when selecting thelytoky; however, on the blue line at Lp = 1 (where one
lethal gene is expressed), thelytoky results in half the offspring dying, and fitness
(number of surviving daughters) becomes equivalent to that of anisogamy (male:female
ratio of 1:1). The observed data for three species lie on this boundary line. Where Lp > 1
(the orange region), thelytoky perish whilst anisogamy survives. In the grey region,
combinations arise where even sperm from unrelated males carry a lethal gene at the
same locus, causing anisogamy to perish as well. As the organism dies if even a single
lethal gene is expressed, there is an upper limit to genome size.

On the other hand, this hypothesis suggests that a form of parthenogenesis that does not
involve meiosis could have evolved. Apomixis (a reproductive mode in which clonal
embryos are produced through somatic cell division) is known to occur in many plants,



such as dandelions, as well as in some invertebrates, such as aphids and water fleas.
Since the offspring are clones of their parent, the accumulation of harmful genes is the
same as that of the parent, so they do not die immediately after asexual reproduction.
However, to achieve apomixis, somatic cells must regain totipotency, which presents a
new barrier. In plants, somatic cells generally retain totipotency, making vegetative
reproduction (such as regeneration from tissue fragments or cuttings) possible; however,
in multicellular animals, differentiated somatic cells undergo epigenetic modifications,
and the restoration of totipotency is severely restricted. Consequently, many
multicellular animals cannot escape these mechanical constraints and thus cannot switch
to asexual reproduction, which should be advantageous because it does not entail
twofold costs.

Think different

The phenomenon called MM arrest has been known since the 1970s, and detailed
research has been conducted in the fields of molecular biology and developmental
biology. However, researchers have only recognized its biological significance as
“preventing eggs from initiating embryonic development while remaining haploid,” and
there has been no discussion linking it to the issue of the “twofold cost of sex.” To
achieve a paradigm shift, a broad perspective is required that encompasses both
developmental biology and cell biology, as well as theoretical evolutionary biology.
Furthermore, the “Red Queen” and “Miiller’s ratchet” hypotheses—standard theories
regarding the advantages of sexual reproduction in countering the “twofold cost”—are
based on genetic benefits that are realized with a generations-long delay; therefore,
preventing the invasion of thelytoky, which doubles with each generation, requires a
faster, immediate process.

The “Trilogy on the Evolution of Sex” explained, in the first paper, how the first sexual
reproduction arose (its origin), and in the second and third papers, why males—which
incur twofold costs—are maintained. While addressing the same theme of “the
maintenance of males,” the second paper adopts a completely different approach—
focusing on the hidden benefits provided by males that immediately make anisogamy
advantageous (the adaptive theory)—whereas the third paper examines how the
mechanism of meiosis acts as a mechanical constraint that immediately makes the
transition to thelytoky disadvantageous (the constraint theory). Since the provision of
resources from males to females can only be expected in organisms such as insects and
vertebrates, which have developed social interactions between individuals and resource-
defense behaviors, the scope of the second paper was limited (for example, plants do not
exhibit such behaviors). However, as the third paper covers all organisms that undergo
meiosis, it virtually encompasses all species with both male and female sexes.



Solving the “Twofold Cost of Sex” Problem

The vast majority of organisms that undergo meiosis are able to maintain males even if
this entails a twofold cost, as there is a constraint whereby embryos become lethal if the
organism ceases male production and attempts to switch to asexual reproduction. If the
indirect supply of resources provided by males yields a twofold benefit, the twofold cost
is fully offset. Nevertheless, asexual reproduction can evolve in forms that do not
involve meiosis (such as apomixis); however, in multicellular animals, this faces a
different constraint due to the difficulty of restoring totipotency in differentiated
somatic cells. Although it is often overlooked, in many plants—where somatic cells
generally retain totipotency, enabling apomixis and vegetative reproduction—and in
some animals capable of conditional parthenogenesis (such as aphids and water fleas),
anisogamy and asexual reproduction can coexist; consequently, there is no need for
their anisogamy to be more efficient than asexual reproduction. They utilise asexual
reproduction when rapid population growth is required, and sexual reproduction when
the elimination of deleterious genes or defence against pathogens is necessary.
Therefore, concerning the “twofold cost of sex in plants and water fleas is
fundamentally misguided. Organisms that have become entirely asexual through
apomixis or similar processes (though, based on the arguments presented here, it is
doubtful whether such organisms actually exist) may flourish temporarily; however, as
they lose the long-term benefits of sex (the Muller’s ratchet and the Red Queen effect),
their adaptive radiation is restricted, leading them towards extinction, and they can only
exist on the phylogenetic tree for a short period. This explains the current state of the
natural world, in which the majority of multicellular organisms possess both males and
females, whilst a small number of species consist solely of females. Through this
trilogy, it can be said that the twofold cost of sex—the greatest enigma in evolutionary
biology—has been largely resolved from a theoretical perspective. While there are
already substantial amounts of empirical evidence, we look forward to further progress
in future research.



