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Author’s Introduction to the Paper

Yukio Yasui

The Origin of Gametic Sexual Reproduction and Anisogamy

Yasui, Y., Hasegawa, E. The origination events of gametic sexual reproduction and anisogamy. Journal of
Ethology 40, 273-284 (2022)._https://doi.org/10.1007/s10164-022-00760-3

“The Twofold Cost of Sex”

Most eukaryotes undergo gametic sexual reproduction, in which two gametes produced by meiosis fuse to
form a new individual. However, in this system, only half (n) of the parental genome (2n in the case of
diploids) is passed on to the offspring; thus, the efficiency of gene transmission is halved compared to
asexual reproduction (thelytoky), in which clonal offspring (2n) are produced without meiosis. This
inefficiency is referred to as the “cost of meiosis” or the “genome dilution cost.” It is believed that at the
stage when gametic sexual reproduction first arose, gametes of nearly the same size fused (isogamy);
however, today many multicellular organisms practice anisogamy, in which a large gamete called an egg is
fertilized by a small gamete called a sperm. Since the sex that produces eggs is defined as female and the
sex that produces sperm is defined as male, the transition from isogamy to anisogamy is nothing less than
the evolution of males and females. In anisogamous organisms, half the population typically consists of
males—who consume resources but do not produce offspring themselves—resulting in a growth rate per
generation that is half that of a population consisting solely of females (thelytoky). This demographic

disadvantage is referred to as the “male production cost.”


https://doi.org/10.1007/s10164-022-00760-3

The “cost of meiosis” and the “cost of male production” are collectively referred to as the “twofold cost of

sex,” and the reason why sex has evolved and is maintained in the vast majority of organisms despite this

cost is considered one of the greatest mysteries in evolutionary biology.

The Benefits of Sex

If sexual reproduction provides benefits that can offset these costs, the maintenance of sex becomes

understandable. The benefits of sexual reproduction have been proposed from various perspectives.

Notable examples include the prevention of the accumulation of deleterious mutations (Muller’s ratchet

hypothesis), the combination of mutations arising in different individuals to create new adaptations (the

Fisher—Muller effect), and the ability to respond to an arms race with pathogens (the “Red Queen”

hypothesis). However, the existence of benefits is a separate issue from whether they are sufficient to

offset the twofold cost (it is the subject of the second and third papers of Yasui’s “The Evolution of Sex

Trilogy”).
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Figure 1. Relationship between genome size
and the number of functional genes (a), and
relationship between the number of
deleterious genes arising per genome per
generation and the presence or absence of
obligate sexual reproduction (b). The
mutation rate across all organisms is on the
order of approximately 10°* to 10-° per base
pair per generation (or replication). In other
words, for the Muller’s ratchet to turn (with
one mutation occurring per generation), a
total functional sequence length of at least
108 to 10° base pairs is required (the
Kondrashov threshold: red line). Beyond the
Kondrashov threshold, obligate sex arises,
and eukaryotes and gametic reproduction

also begin (yeast and E. coli, which are near

Figure 1 shows that, across 21 organisms ranging from human mitochondria to common wheat, genome

size and the number of functional genes are positively correlated; organisms with a higher number of genes

are more prone to deleterious mutations, and once a certain threshold (the Kondrashov threshold) is



exceeded, deleterious genes arise in every generation, causing the “Muller’s ratchet” to inevitably turn. At
the same time, it indicates that a shift from asexuality to obligate sexuality is occurring. This suggests that
the primary function of sex is the removal of deleterious genes, while the “Red Queen” effect is a
secondary function (since some bacteria, despite being parasitized by phages, do not possess obligate

sexuality).

The Origin of Gametic Sexual Reproduction and the Origin of Anisogamy

While there is a wealth of theoretical and empirical research on the benefits of sex, it is still not well
understood how gametic reproduction originated and how it evolved into anisogamy (male-female
dimorphism). Since there is no fossil record of events believed to have occurred in the oceans

approximately 1 billion years ago, the validity of a hypothesis is determined by its logical persuasiveness.

In 2022, Professor Yukio Yasui (Evolutionary Biology and Entomology) of the Faculty of Agriculture at
Kagawa University, together with Associate Professor Eisuke Hasegawa of the Faculty of Agriculture at

Hokkaido University, presented two novel hypotheses that have shaken up this long-standing puzzle.

Hypothesis 1: The Origin of Gametic Reproduction—The “Seesaw Effect”

It is unlikely that, when the first sexual individual underwent meiosis, the same sexual mutation occurred
simultaneously in another individual who was close enough to undergo fusion. Furthermore, the “genome
dilution cost” arises immediately upon meiosis. How was the first sexual individual—which should have
been at a twofold disadvantage—able to survive, increase its frequency within the asexual population, and

become established?

The authors first posited a single-celled, diploid eukaryote as the ancestral type N Y(Figure 2). Through
generations of repeated asexual binary fission, they evolved increasing complexity and expanding genome
size. As a result, the total gene length surpassed the Kondrashov threshold, causing Muller’s ratchet to turn
and accumulate deleterious genes in both genomes. We hypothesize that when the total number of
damaged genes, dms, exceeds the lethal threshold, dmt, the organism dies N°® 2(threshold response). For
example, if dmt = 100, the organism remains normal up to dms = 100 but dies when dms reaches 101.
However, since mutations occur independently in the two genomes, it is unlikely that the deleterious genes
will be distributed evenly, with 50 on Genome 1 and 50 on Genome 2, even if dms = 100. Instead, a
random deviation is expected. For example, if the DMS is divided 60 to 40, the 60 would be called “dirty”

Genome D and the 40 would be called “clean” Genome C.

We hypothesize that the locus determining the mode of reproduction consists of a wild-type allele N,
which governs asexual reproduction, and a sexual mutant S, which governs meiosis and fusion and is

dominant over N Nt 3,



Note 1 The events assumed here occurred in the ocean approximately 1 billion years ago, and there is no
evidence (such as the fossil record) that the ancestral form was diploid. However, for meiosis to
occur, the organism must be diploid (even-ploidy).

Note 2 In other words, the assumption is that “mutation meltdown”—the accumulation of lethal
mutations—is a quantitative trait. At this ancient stage, functional differentiation between loci is
not yet sufficient; rather than a single locus having a strong effect, numerous loci function
complementarily. Consequently, there is no concept of dominance or recessiveness at individual
loci. The Muller’s ratchet and the Kondrashov effect are also based on this assumption.

Note 3 Of course, there are cases where S is recessive; in such cases, NS is selectively neutral, spreading
through genetic drift within the population, and it is necessary to wait for S mutation to reoccur.

This takes a long time. For simplicity, we assume S to be dominant here.
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Figure 2: Seesaw Effect

In a situation where deleterious genes are asymmetrically distributed across two genomes, if a sexual
mutation S occurs in the “clean” genome C, terminal fusion automixis between CS gametes takes place,
simultaneously achieving a reduction in the total number of deleterious genes and the fixation of the sexual

allele S in a single step.

When a sexual mutation S occurs, the probability of it entering genome C and the probability of it entering

genome D are each 50%. If it enters C, two CS (clean and sexual) gametes and two DN (dirty and asexual)



cells are produced (Figure 2a). The very first sexual individual had no mate, but these two CS gametes
were able to fuse. In other words, the first gametic reproduction was self-fertilization. This corresponds to
a process called terminal fusion automixis, which is also observed in modern parthenogenetic organisms.
Although self-fertilization usually has a negative connotation because recessive deleterious genes become
homozygous, in this case, dms = 40 + 40 = 80. This results in fewer deleterious genes than the lethal
threshold of 100. The DN haploid cells produced simultaneously carry the asexual allele N and therefore
lack the ability to fuse; unable to restore diploidy, they simply die. We have named this process the
“seesaw effect,” in which the harmful genes carried by the mother are unevenly distributed across the two
genomes, thereby increasing the genetic burden on one while reducing it on the other. Crucially, during CS
x CS mating, the S allele becomes fixed at the reproductive mode locus. As a result, the offspring
population derived from this individual is established as a sexual species. Even if the fixed SS genotype is
halved to S through meiosis, genome dilution does not occur because the mating partner also carries the S
allele (Figure 3); in other words, there is no cost of meiosis with respect to the reproductive mode locus.
Even if a back mutation from S to N occurs, producing SN heterozygotes, and asexual NN individuals are
restored through mating between SN individuals, these NN individuals do not interbreed with SS sexual
individuals and are thus isolated from the sexual gene pool, thereby maintaining the fixation of S in the
sexual gene pool. Since all loci other than the reproductive mode locus are also fixed through self-
fertilization, genetic variation—and thus the potential for evolution—is greatly reduced; however, this is

preferable to harmful genes exceeding the lethal threshold and causing death.

a Asexual (Thelytoky) b Sexual (Isogamy)
parent @ parents @ @
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Figure 3: At fixed loci, genome dilution does not occur even during meiosis. Since mating occurs only

between individuals carrying the sexual mode gene S, the fixation of S is maintained.

Since the probability of producing CS+CS is 50%, there are cases where the result is DS+DS (dms = 60 +
60 =120 > 100 = dmt), leading to death (Figure 2b); however, if sexual mutation S arises independently on
repeated occasions, then in approximately half of them S will occur in genome C, allowing CS+CS
gametic reproduction to become established. The advantage of the seesaw effect is not only that it avoids
the cost of meiosis but also manifests in terms of reproduction rate (Figure 4). In the first generation, a

single parent produces two CS gametes and two DN gametes; since only one CS+CS individual survives,



the fitness is 1. However, from the second generation onward, four CS gametes are produced, so two
CS+CS individuals survive, bringing the fitness to 2—the same as in asexual binary fission. However,
since asexual lineages retain deleterious genes at levels close to the lethal threshold, the Muller’s ratchet

engages, eventually leading to their extinction. As a result, sexual lineages can replace asexual populations.

Generation 1 Generation 2 asexual

a Gametocytes

- /TN /]
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Figure 4: After the second generation of self-fertilization, sexual reproduction becomes equivalent to
asexual reproduction in terms of growth rate (fitness). Note that since the gametes are isogamous (there are

no males), there is no “male production cost.”

As the number of sexual individuals increases and a sexual population becomes established, individuals
carrying independent mutations at loci other than the reproductive mode locus begin to appear, and
evolutionary potential and the genome dilution costs are reinstated. However, since mating occurs only
among individuals carrying S, the fixation of S within the sexual population remains unaffected. It is
believed that gametic sexual reproduction, which began as self-fertilization, evolved from inbreeding
among relatives to outbreeding among distantly related individuals. Once self-fertilization occurs, all loci
become homozygous, and the number of deleterious genes held by the two genomes becomes equal;
consequently, the seesaw effect does not operate across consecutive generations, and it is necessary to wait
for new deleterious mutations to accumulate asymmetrically. As the mating population grows, independent
mutations lead to recombination between gametes with different numbers of deleterious mutations,
restoring the seesaw effect in the next generation. Furthermore, the evolution of inner-arm recombination
(chromosomal crossover) during the first meiotic metaphase (tetrad stage)—which did not yet exist in the
ancestral meiotic division—creates greater dms asymmetry. While the seesaw effect is based solely on the
randomness of mutations occurring asymmetrically between the two genomes, it is thought to have
evolved into the Kondrashov effect, in which, once recombination becomes possible, deleterious genes are
actively concentrated in one genome, causing the individual to die and thus be removed from the

population. The principle common to both processes is that deleterious mutations are not left evenly



distributed between the two genomes; instead, they are biased toward one genome so that the other is

purified.

The Origin of Gametic Sexual Reproduction: A Summary of the Seesaw Effect

Whereas it has traditionally been thought that sexual mutations arising in asexual populations, for whatever
reason, gain access to mating opportunities and gradually increase in frequency over many generations due
to the benefits of sex, eventually replacing the population, the seesaw effect suggests that automixis—self-
fertilization—eliminates the need for external mates; if a combination of CSs arises after just two or three
trials, gametic sexual reproduction can evolve within a single generation. This provided an answer to the
long-standing puzzle—one that no one had been able to solve—of “how the first sexual individuals, who
should have been at a twofold disadvantage, were able to find mates, survive, increase their frequency, and

become established within an asexual population.”

Hypothesis 2: The Origin of Anisogamy (Inflated Isogamy)

As mentioned earlier, gametic sexual reproduction is thought to have begun with isogamy involving
equal-sized gametes. In isogamy, both parents contribute an equal amount of reproductive resources (a
“split-the-bill” arrangement), so there is no “cost of producing males” (since males “that consume
resources without producing offspring” do not exist). On the other hand, since isogamy retains all the
benefits of sexual reproduction—such as the elimination of harmful genes and resistance to pathogens—it
can be considered an ideal reproductive mode. However, in nature, isogamy is limited to a small number of
single-celled organisms, such as budding yeast, Chlamydomonas, and centric diatoms, while anisogamy is
widely observed in complex multicellular organisms such as vertebrates. The fact that isogamy—which
should be ideal—is evolutionarily unstable, and that anisogamy evolved from it and has been maintained,
suggests that there is a reason to produce males even if it incurs the twofold cost. How did the evolution

from isogametes to the differentiation into eggs and sperm occur?

Figure 5 is a conceptual diagram illustrating the economic conditions of each reproductive mode. Here,
resource investment per gamete is distinguished from the total reproductive investment made by one
parent. Assume that a single parent expends 2R units of resources (equal to the size of the mother cell) on
reproduction, and that the minimum size required for the survival or development of the offspring
(daughter cell or zygote) is R. A unicellular asexual organism (size R immediately after division) takes in
resources from the external environment, grows to size 2R, and then divides by binary fission into two
daughter cells of size R (Fig. 5a). In isogamous reproduction (Fig. 5b), a mature mother cell of size 2R
undergoes the two-step meiotic division to produce four isogametes of size 0.5R, which fuse with another
gamete (0.5R + 0.5R) to form a single zygote of size R. This zygote then grows into a mature cell of size
2R and reproduces again. Hereafter, this reproductive mode will be referred to as “smart isogamy.”

“Smart” refers to the fact that both mating types “split the bill” for the minimum resources (R) necessary



for embryo survival. Since both asexual reproduction (Fig. 5a) and smart isogamy (Fig. 5b) require 2R in
resources to produce an offspring of size R, they are economically equivalent (there is no cost associated
with producing males); furthermore, given the seesaw effect, it seems that the evolution from 5a to 5b was
relatively easy. However, when attempting to evolve from smart isogamy to anisogamy, because males do
not contribute resources, females must instead cover the full cost (with expenditure doubling from 0.5R to

R), resulting in a “twofold cost.” Why was this possible?

a Asexual (binary fission) d Anisogamy
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Figure 5: The Economics of Each Reproductive Mode. The transition from unicellular asexual

reproduction (a) to smart isogamy (b) is relatively straightforward, as it involves either dividing a cell
containing the same 2R of resources into two parts or dividing it into four parts, with two of those parts
fusing (in both cases, the daughter cells possess R resources). The transition from smart isogamy to
anisogamy (d) requires the female to expend twice as much (4R)— the twofold cost of males—since the
male bears no resource burden. As evolution toward multicellular organisms creates a surplus in resource
supply, introducing an intermediate stage of inflated isogamy (c), in which both parents produce twice as
large gametes (R), makes the transition from b to ¢ to d smoother. However, if meiosis is abandoned in
favor of thelytoky (e: female-producing parthenogenesis), both the male production cost and the cost of
meiosis disappear. The question of why costly males have been maintained in so many species is addressed
in Yasui 2026ab, “The Evolution of Sex: Papers 2 and 3.”

Even the great Parker theory has its blind spots
The so-called “PBS model” proposed by Parker, Baker, and Smith (1972) is a well-known theory

explaining the evolution from isogamy to anisogamy (Figure 6).
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Figure 6 Core logic of the PBS model: Size-disassortative Mating

Parker GA, Baker RR, Smith VG. The origin and evolution of gamete dimorphism and the male-female
phenomenon. J Theor Biol. 1972 Sep;36(3):529-53.

https://doi.org/10.1016/0022-5193 (72) 90007-0 PMID: 5080448.

When a gamete population contains variations of different sizes, “small + small” combinations—even if
they have a high probability of meeting—die due to insufficient nutrition, while “large + large”
combinations—though they have more than enough nutrients—have low motility and cannot meet.
Ultimately, only “large + small” combinations possess the necessary nutrients and are able to meet, so they
survive, leading to the evolution of anisogamy. At the same time, the explanation that in isogamous
reproduction, the three or more sexes that originally existed were reduced to just two—male and female—
because only the two size extremes remained, provides one of the most inspiring “aha” moments in the
history of science. However, this model has a flaw that has been overlooked. If size variation ranging from
eggs to sperm exists within a population, such size-disassortative mating would indeed occur. However,
the initial population must have consisted of isogamous gametes (what I call “Smart Isogamy”), so how
did such a large size variation—ranging from egg to sperm—arise within it? The PBS model paper merely
mentions in passing that an increase in size first occurs in isogametes, followed by a corresponding
decrease in size, and that size variation expanded as a result of disruptive selection; it does not describe the
specific mechanisms. In other words, the PBS model explains what happens after disruptive selection has
begun, but it does not explain why the first size deviations capable of initiating disruptive selection should
be advantageous. For disruptive selection to operate, a slight increase and a slight decrease from the mean
gamete size must each be immediately advantageous. However, single-celled organisms do not have
redundant resources. In the “smart isogamy” state of 0.5R + 0.5R = 1R (Figure 7a), if one parent reduces its
investment, the embryo will simply die (Figure 7b). In other words, for one parent to reduce its gamete
size, the other must have already increased its gamete size (from 0.5R to 1R). Is there an advantage for the
other parent to do so? For single-celled organisms, spending time acquiring resources to slightly increase
gamete size does little to improve survival rates. Instead, once 2R of resources has been accumulated,

undergoing meiosis results in a faster rate of reproduction. Therefore, the selective pressure to increase
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gamete size is low, and there appears to be no advantage in voluntarily becoming female. So, is there an
advantage to becoming male? In the ancestral unicellular system assumed here, a single meiotic event
directly produces only four gametes. Slightly reducing gamete size does little to improve fertilization rates,
and at most, only four partner gametes can be fertilized by those four gametes. Since the number of
gametes cannot be increased, reducing their size would only lower the survival rate. Consequently, the
selective pressure to reduce gamete size is also weak. Therefore, it is unlikely that size-disruptive selection,

as posited by the PBS model, would occur.

The Evolution of Anisogamy as a Commensalism

What is needed is some kind of breakthrough that would allow both parents to increase their gamete size in
one fell swoop. My “inflated isogamy” hypothesis posits that the seesaw effect can generate a locally
expanding cluster of genetically nearly identical, self-derived unicellular descendants. In such a high-
relatedness cluster, cell-cell competition is reduced and cooperation and division of labor can evolve more
readily, making cell fusion and the evolution of multicellular organisms more likely (multicellularization).
Because cloned cells (with a relatedness of 1) cooperate and divide labor, multicellular organisms can
achieve more advanced adaptations than unicellular organisms. At the same time, while multicellular
organisms require more resources for embryonic development, they can pool the energy produced by
multiple cells, thereby ensuring a sufficient supply of resources. Therefore, | propose that a state referred
to as “inflated isogamy” (Figure Sc, 7c) arose, in which the parents remained isogamous but increased their
gamete size from 0.5R to 1R, resulting in a 2R zygote through isogamous fusion (1R + 1R = 2R). In this
case, the energy expenditure doubles, but there is no inequality between the parents. Since the survival rate
and the stage of embryonic development are determined by how many resources the zygote possesses, this
can be described not as a “twofold cost” but as a valuable “twofold investment.”

However, in this state, the zygote is larger than necessary (the required size is R), so suppose one sex
commits a form of cheating, without changing its total parental investment, by halving the size of its
gametes (1R — 0.5R) and doubling their number, anticipating that the partner has already expended the
necessary amount. This was made possible by multicellularity, which increased the number of
gametocytes, allowing a single individual to produce five or more gametes. As a result, the “cheating” sex
gained the advantage of fertilizing the gametes of two or more individuals (polygyny) and evolved into the
male. Here, for the first time, the PBS-model selection pressure—*“the smaller the gamete, the more can be
produced”—begins to operate. In other words, males were already polygynous at their origin. The other,
“deceived” sex became the female, and thus the earliest form of anisogamy was established. However, the
female accepted this inequality. This is because the female’s investment remained unchanged from the 1R
level of inflated isogamy. Since only the male reaped the benefits of polygyny—increasing the number of
offspring by reducing investment per offspring—anisogamy evolved as commensalism, an interaction in

which “one party benefits while the other neither gains nor loses.”
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Figure 7: Inflated Isogamy Hypothesis: In the “smart isogamy” state (a: fitness y2), where both mating
types “split the bill” for the required resource amount R, there is no surplus of resources; therefore, if one
sex reduces its investment (becomes male), fitness plummets (b: fitness y1), making a transition to
anisogamy impossible. In “inflated” isogamy (c), where both mating types increased their gamete size in
tandem with multicellularization, fitness is maximized (Ymax), but the gain from smart isogamy is minimal
and does not justify the doubling of investment (0.5R — 1R). Taking advantage of this resource
redundancy, even if one sex reduces its gamete size, fitness hardly decreases (y*). Since smaller gametes
can be produced in greater numbers, the benefits of polygyny arise, and the “cheaters” evolved into males.
The deceived “honest” females, whose investment remains unchanged at 1R, tolerate this arrangement, and
thus anisogamy originated in its earliest stage as a commensalism. Subsequently, the difference in gamete

size widened, leading to the completion of modern anisogamy (the polarization of males and females).

Improvement in Fertilization Rates: From Commensalism to Mutualism

Thus, anisogamy is established by accepting this inequality in resource investment into the zygote. Since
the very definition of male and female is based on differences in gamete size (resource investment), if
equality were achieved, they could no longer be called male and female. However, does the existence of
males merely impose costs on females? A problem inherent to gametic reproduction is that eggs die
unfertilized. Particularly in situations of “inflated isogamy,” where the gametes are large, it seems that a
significant number of isogametes were left unfertilized. Even if the opposite sex provided an equal
nutritional investment, it would be meaningless if the gametes died unfertilized. In this context, the small
gametes (sperm) produced by male “betrayal” may have improved the fertilization rate through their
motility and greater numbers. Yasui and Hasegawa (2022) examined this possibility using computer
simulations (Figure 8).
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Figure 8 Simulation results

a. One egg on a 1x2 lattice

b. Four eggs on a 2x2 lattice

c. Four eggs randomly distributed on a 10x10 lattice. Sperm are randomly scattered over the grid, and
fertilization occurs when a sperm enters the same cell as an egg. If even a single fertilized egg is produced,
the lineage continues to the next generation. The simulations determined the number of sperm required to

sustain the lineage for 100 generations.

The simulation (Figure 8) showed that, in the smallest spatial structure (1x2), four gametes produced by
meiosis from a single mother cell yielded virtually no persistence over 100 generations, whereas
persistence first became possible when multicellularity allowed five or more sperm to be produced. In a
2x2 space, four gametes (equal investment, i.e., isogamy) gave a very low probability of 100-generation
persistence, whereas eight gametes produced from two mother cells (minimal anisogamy) greatly increased
persistence. As the space expanded to 10x10, persistence remained low even with 100 sperm but
approached 100% with 1,000 sperm. Since this simulation examined only the effect of the number of
sperm and did not consider the effect of motility, it is expected that the fertilization rate would actually be
even higher in reality. These results help us understand how anisogamy—which initially began as a
commensalism in which females tolerated male exploitation—evolved into mutualism, bringing the benefit

of improved fertilization rates to the females as well.



Anisogamy: From Parasitism to Symbiosis

Traditionally, anisogamy has been viewed as a form of parasitism by sperm (males) on eggs (females).
However, this perspective focuses solely on resource investment in offspring. The two sexes complement
each other’s weaknesses in different respects. The egg’s weakness is that it is large and immobile, resulting
in a low probability of encountering partners, while the sperm’s weakness is that it is too small to supply
nutrients to the offspring (the fertilized egg). Therefore, the establishment of this symbiosis allowed sperm
to become even smaller and more numerous, while eggs grew larger to provide all necessary nutrients on
their own. This led to the establishment of distinct male and female sexual roles and laid the foundation for

today’s biodiversity.

The Origin of Anisogamy: A Summary of “Inflated Isogamy”

This paper presents a specific scenario in which size variation arises in a population of isogametes—a
phenomenon not explicitly addressed by the PBS model—Ileading to disruptive selection. While females
still bear a twofold cost during the transition from (smart) isogamy to anisogamy, the transition is thought

to be smoother by assuming a buffering process of “inflated isogamy.”

Discussion

Three cautions regarding the cost of sex

1. Meiosis does not always result in genome dilution costs

Through automixis (seesaw effect) between CS (clean and sexual) gametes, the reproductive mode locus is
fixed at S, and dilution does not occur at this fixed locus. Even if heterozygosity arises at other loci due to
mutations and outcrossing, leading to the resumption of genomic dilution, these loci must tolerate the
persistence of sexual reproduction to avoid extinction and ensure evolutionary potential. All loci must

inevitably compromise under the sexual system.

2. Investment and cost must not be confused

As the system evolved from smart isogamy to inflated isogamy to anisogamy, the amount of resources
borne by the female doubled, but this was a profitable investment. Costs should always be minimized, but
investment should be increased as long as it yields a profit. Initially, the partner invested an equal amount;
even after one sex became male and withdrew, resulting in anisogamy, egg investment remains a profitable

venture for the female as long as fertilization is guaranteed by the male.

3. Complex multicellular organisms inevitably require anisogamy (The following discussion partially

overlaps with “The Third Paper on the Evolution of Sex” (Yasui 2026b).)



In single-celled organisms with isogamy, both mating types contributed equal amounts of resources. In
other words, the two mating types were equal in resource investment. As organisms evolve into
multicellular beings, more resources are required for embryonic development (cell division to form a large,
complex body). Therefore, the zygote (fertilized egg) must become larger. However, it is physically
impossible for both mating types to contribute resources equivalent to half the size of a large zygote (they
cannot move, cannot meet, and cytoplasm gets in the way). Try to imagine whether two half-sized ostrich
eggs could fuse together. Consequently, there is no alternative but for one sex to grow larger to provide the
nutrients, while the other remains small enough to pass through its cytoplasm. Therefore, the polarization
into male and female is a mechanical necessity; there is no need to analyze it using mathematical models.
Complex multicellular organisms can exist only with anisogamy—the polarization of gametes into a large
resource-providing type and a small fertilizing type. The supply of nutrients through larger eggs reached its
limit in reptiles (dinosaurs) and birds (ostriches). If eggs were made any 7
larger, they would be unable to withstand gravity in a terrestrial environment.
If the shells were thickened to prevent them from being crushed by gravity, the

eggs would then be unable to hatch. Consequently, mammals transitioned to

viviparity—that is, raising small fertilized eggs by supplying nutrients through
the placenta. Indeed for this very reason, elephants do not hatch from meter-sized eggs. In mammals,
compared to the enormous investment made by the female—namely, nutrient supply via the placenta and
lactation—the difference in gamete size between the sexes no longer represents a cost of sex. The theory of
sexual costs based on gamete size comes to an end here.

However, the cost of producing males does not disappear. No matter how much a large number of highly
motile sperm increase the fertilization rate, if the species shifts to female-only parthenogenesis (thelytoky),
fertilization itself becomes unnecessary, so the benefit of improved fertilization rates disappears.
Furthermore, even in viviparous species, if a mutation arises that causes the production of only females, a
sexual population that produces males and females in a 1:1 ratio would be overtaken due to the twofold
difference in reproduction rates per generation. However, it is necessary to explain why anisogamy
predominates in the world of multicellular organisms and why no mammals capable of asexual

reproduction have been identified to date. (Continued in Papers 2 and 3)



