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EVOLUTION OF THE NUMBER OF SEXES

YoH IwAsA AND AKIRA SASAKI
Department of Biology, Faculty of Science, Kyushu University, Fukuoka 812, Japan

Abstract. —In sexually reproducing isogamous organisms, gametes (or diploid cells in ciliates) are
classified into two or more groups called sexes, and mating occurs only between cells of different
sexes. We have studied the evolutionary stability of the number of sexes maintained in a population
by examining population-genetic models. For models in which the diploid genome determines the
sex of conjugal cells, a one-locus system with three alleles of pecking-order dominance is assumed.
Unlike traditional bisexual models, the genetic dynamics then depend on a rule, called mating
kinetics, which determines the proportion of matings between each pair of sexes for given pro-
portions of cells of the three sexes. The evolutionary consequences greatly depend on the mating
kinetics assumed. Of the four mating kinetics examined, two give a large advantage to rare sexes
whose cells quickly find heterosexual partners, which implies an evolutionary increase in the number
of sexes. In contrast, the other two mating kinetics, in which gametes wait for suitable mates
without being eliminated from the gamete pool during this waiting period, produce neutrally stable
dynamics with curves or a surface of equilibria. Then random drift or differential fitness among
sexes would result in the loss of sex alleles until only two remain in the population. This suggests
a turnover of sexes; a new sex invades and replaces resident sexes after temporary coexistence.

Similar results are obtained in models with haploid sex-determination and with autogamy. These
two processes, however, may help to maintain many sexes indirectly by preventing the accumulation
of recessive lethal mutations on sex chromosomes. The relationship of these models to models of
self-sterility factors in plants and sex factors in honeybees is discussed.

To summarize, the number of sexes should increase when conjugal cells must find mates during
a limited period of time, otherwise a two-sex system should evolve. We conclude that there may
be more isogamous species with three or more sexes than are currently known.
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In the preface to his monumental book,
Fisher (1958) stated, ‘““No practical biologist
interested in sexual reproduction would be
led to work out the detailed consequences
experienced by organisms having three or
more sexes; yet what else should he do if he
wishes to understand why the sexes are, in
fact, always two?”’ Indeed, most diploid or-
ganisms have two sexes, but some have three
or more. For instance, among ciliates in
which mating occurs by the contact of two
diploid cells and the subsequent exchange
of haploid genomes, cells are grouped into
several mating types (or sexes) so that mat-
ing occurs only between cells of different
sexes (Sonneborn, 1939; Preer, 1969). Sty-
lonychia spp. have as many as 48 sexes
(Ammermann, 1965; Nanney, 1980). Other
organisms having three or more sexes in-
clude the fungi, in which mating occurs by
the fusion of isogamous haploid gametes
produced by haploid gametophytes (Raper,
1966; Burnett, 1975).

In this paper we study the evolutionary
stability of the number of sexes in isoga-
mous species by examining population-ge-
netic models. We consider whether a third
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sex invading a bisexual population can in-
crease, and we determine under what con-
ditions many sexes in a population will be
lost until only two remain. The sex of a cell
may be genetically determined either by its
own diploid genome (as in ciliates) or by its
diploid gametophyte (as in higher organ-
isms) (see below). In such diploid sex-de-
termination models, we assume that sex is
controlled by one locus with many alleles
of pecking-order dominance, such as illus-
trated in Table 1. Pecking-order dominance
is an extension of the familiar XY sex-de-
termination system to multiple sexes, and
is reported in ciliates (Heckmann, 1963,
1964; Nobili, 1966; Dini and Luporini,
1985). We also study haploid sex-determi-
nation models, in which the sex of a gamete
is determined by the haploid genome of the
gamete itself or of the haploid gametophyte
(as in some algae).

When three or more sexes exist, the ge-
netic dynamics depend on the mating ki-
netics, the rule of how heterosexual pairs
are formed in the gamete pool. This deter-
mines the proportion of matings that will
occur between a particular pair of sexes giv-
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en the proportion of cells of various sexes.
Note that we don’t need to consider mating
kinetics if only two sexes exist, because all
matings then occur between the two sexes
regardless of their relative abundance. To
model this new element of genetic dynam-
ics, we analyze four mating kinetics. (1) The
mating frequency between two sexes is pro-
portional to the product of their abundance
at the beginning of the mating period. (2) A
fraction of cells first mature and then con-
jugate with a nonmature cell of a different
sex. (3) All cells mature at the onset of the
mating period, and random mating between
cells continues. Unsuccessful cells return to
the mating pool until only cells of one sex
remain. (4) Cells mature during a prolonged
mating period.

In random collision processes, cells of rare
sexes tend to find heterosexual partners more
quickly than do cells of common sexes. If
the period suitable for mating is of limited
duration, rare sexes have an advantage over
common sexes in contributions to the next
generation. The four mating kinetics stud-
ied differ in the degree of rare sex advantage.

In both haploid and diploid sex-deter-
mination models, the evolution of the num-
ber of sexes greatly depends on the mating
kinetics. For kinetics (1) and (2), the rare
sexes have a considerable advantage over
the common ones and frequency-dependent
selection will increase the number of sexes
indefinitely; in contrast, with kinetics (3) and
(4), the genetic dynamics are neutral along
curves or a surface of equilibria, and a slight
differential viability between sexes or ran-
dom drift due to finite population size will
reduce the number of sexes maintained in
the population to two. The model also sug-
gests directional turnover of sexes in which
a new sex gene invades and replaces an old
one after temporary coexistence. Finally, we
discuss how the evolution of the number of
sexes may be affected by: 1) the accumu-
lation of recessive lethal genes on the het-
erogametic sex chromosome, 2) autogamy
observed among ciliates, making the cell
homozygous, and 3) anisogamy (dimor-
phism of gametes).

Sexes in organisms without morphologi-
cal differentiation among gametes are called
“mating types.” However, since the sexual
differentiation of gametes in isogamous
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TaBLE 1. An example of pecking-order dominance in
sex determination. Three alleles (41, A2, A3) that de-
termine sex have the dominance relationship 4; <
Ay < Asz.

Sex 1: 414,
Sex 2: A1 A3, A2A>
Sex 3: A1A3, A2A43, A3A43

species is not fundamentally different from
that in species with gamete dimorphism
(Grell, 1973 p. 161), here we use a broader
definition of “sex” to emphasize aspects
common to different systems of sexual re-
production.

DipLOID SEX DETERMINATION

We first consider models of diploid sex
determination. Among ciliates, sexual re-
production begins with the conjugation of
two diploid cells which then exchange hap-
loid nuclei produced by meiosis. In many
other organisms, however, haploid gametes
produced by meiosis combine with gametes
of different sexes to produce diploid zygotes.
The genetic dynamics of diploid individuals
for such gamete-fusion models are the same
as those for diploid-cell-conjugation models
provided that the sex of gametes is deter-
mined by the diploid genome of their “par-
ent” cells.

One of the reported genetic modes of sex
determination is one locus with many al-
leles of pecking-order dominance (Heck-
mann, 1963, 1964; Nobili, 1966; Dini and
Luporini, 1985) as illustrated in Table 1, in
which # alleles (4,, . .., 4,) are ordered in
a complete dominance relationship, i.e., the
genotype 4,4, (i = j) has sex phenotype j
(the larger of the two suffixes). The pecking-
order dominance system is an extension of
the XY sex-determination system, which
corresponds to the special case of two sexes,
i.e., 4,4, is sex 1, and 4,4, is sex 2.

Here we concentrate on the case of three
sexes (n = 3) for mathematical convenience.
We denote the fractions of diploid cells with
genotype 4,4,, A\ A,, A>A,, AAs, A,A5, and
A3A4; by Xy, Xpp, X3, Xi3, X33, and X,
respectively. Also we denote the total frac-
tions of diploid cells having sex 1, sex 2,
and sex 3 by S, = X,,, S, = X, + X,,, and
S5 = X5 + X553 + Xj;, respectively (see Ta-
ble 1). Since we assume the cells of different
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TABLE 2. Mating table.

A14; A142 Az43 A143 AxA3 A3zA3
A1A; x A14, Mi2(X12/S2) 3 73 0 0 0 0
A1A1 X AxAp M12(X22/82) 0 1 0 0 0 0
A1Ay X A143 M 3(X13/S3) ) 0 0 3 0 0
A1A] X AA3 M13(X23/83) 0 Ya 0 Ya 0 0
A1A] X A3A3 M13(X33/S3) 0 0 0 1 0 0
A1Ar x A1A3 M73(X12/82)(X13/S3) Ya Ya 0 Ya Ya 0
A1Ay X AA3 M73(X12/82)(X23/S3) 0 Ya Ya A Vs 0
AjAy X AzA3 M>3(X12/82)(X33/S3) 0 0 0 73 ) 0
ArAy X A1A3 Mr3(X22/82)(X13/S3) 0 7] 0 0 73 0
ArAy X ArA3 M>3(X22/82)(X23/S53) 0 0 3 0 3 0
ArAy x A3A3 M>3(X22/82)(X33/S3) 0 0 0 0 1 0

genotypes have the same fertility, .S, is the
fraction of gametes having sex 1.

Although we assume that mating occurs
randomly between gametes (or diploid cells
in ciliates) of different sexes, there are sev-
eral equally plausible assumptions about
how these cells of different sexes mate, and
these assumptions imply different relation-
ships between the relative abundances of
the sexes and the frequency with which each
pair of sexes mates. Let M, be the propor-
tion of matings between sexes i and j among
all the matings. By definition, M, = M,
Mating kinetics describe M, as functions of
Sy, ... S,: the fractions of gametes (or dip-
loid cells) of the n sexes.

The genetic dynamics can be calculated
using a mating table (Table 2). For the sake
of convenience, we first explain the table for
diploid-cell-conjugation models. All pairs
of genotypes capable of conjugation are list-
ed at the left of the table and the genotypes
of zygotes produced from these matings are
enumerated across the top. The entries in
the second column of Table 2 are the frac-
tion of matings between cells of genotypes
specified by the leftmost column. For ex-
ample, the fraction of matings between cells
of genotype 4,4, (sex type 2) and those of
genotype 4,4, (sex type 3) is

My (X12/82)(X15/S5), 6]

where M,; is the fraction of matings be-
tween cells of sex 2 and sex 3. This conju-
gation will produce four types of off-
spring” with genotypes, 4,4,, A,A4;, A,A4,,
and A4,4,, in equal proportion, indicated by
Y, in four entries and zeros in others of the
corresponding line. The abundance of off-

spring with genotype ij is calculated from
the table, as
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where p = X,,/S,, 1 — p= X5,/S,, 9= X5/
S5, 1 — g = X,3/S5, and X355 = 0.

For the matings involving the fusion of
haploid gametes instead of diploid cell con-
jugation, the mating table indicates geno-
types of offspring for given parents’ geno-
types listed on the left. Equations (2) can
then be derived for the abundance of zy-
gotes. In the following, we explain the ge-
netic models in terms of gamete fusion.

Zygote formation is followed by a stage



