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ABSTRACT

Evolutionary maintenance of genetic sex-ratio variation is enigmatic since genes for biased sex ratios are
disadvantageous in finite populations (the ‘‘Verner effect’’). However, such variation could be maintained if
a small number of nuclear sex-determining genes were responsible, although this has not been fully
demonstrated experimentally. Brood sex ratios of the freshwater snail Pomacea canaliculata are highly variable
among parents, but population sex ratios are near unity. In this study, the effect of each parent on the brood
sex ratio was investigated by exchanging partners among mating pairs. There were positive correlations
between sex ratios of half-sib broods of the common mother (r¼ 0.42) or of the common father (r¼ 0.47).
Moreover, the correlation between full-sib broods was very high (r ¼ 0.92). Thus, both parents contributed
equally to the sex-ratio variation, which indicates that nuclear genes are involved and their effects are
additive. Since the half-sib correlations were much stronger than the parent–offspring regressions previously
obtained, the variation was caused by zygotic sex-determining genes rather than by parental sex-ratio genes.
The number of relevant genes appears to be small.

THE genetics of sex-ratio variation are important in
considering the adaptive sex ratios of organisms

since they are direct products of sex-ratio evolution
(Bull 1983; Werren and Beukeboom 1998) as well as
possible constraints (West and Sheldon 2002). An
important distinction among the genetic factors pro-
ducing sex-ratio variation is whether they are cytoplas-
mic sex factors, nuclear sex-ratio genes, or nuclear
sex-determining genes (Werren and Beukeboom 1998).
Cytoplasmic sex factors are expressed either in the
parent or in the zygote and are usually inherited only
through the female lineage; this is demonstrated by the
bacterium Wolbachia (Stouthamer et al. 2002). Sex-
ratio genes are those expressed in the parent that affect
offspring sex ratios, such as X chromosome drive genes
in Drosophila spp. (Stouthamer et al. 2002). Sex-
determining genes are those expressed in the zygote
that determine the zygote’s sex.

These genetic factors all affect the brood sex ratios,
but they differ in their actions and responses to natural
selection. Cytoplasmic sex factors often behave selfishly
and distort the sex ratio toward females (Stouthamer

et al. 2002; Dyson and Hurst 2004). Nuclear sex-
ratio genes affect offspring sex ratios with little variance
if not interacting with other genes (Fisher 1930;
Verner 1965; Williams 1979). On the other hand, sex-
determining genes are usually expressed in combina-

tion with other sex-determining genes to designate the
zygote’s sex. For instance, in the platyfish Xiphophorus
spp., the sex is determined by three genetic factors: X, Y,
and W (Bull 1983). Here the sex ratio is a trait of each
brood containing individuals of different sex genotypes.
Mating between a WX female and an XY male produces
XY sons and XX, WX, or WY daughters, and their sex
ratio (proportion of males in the offspring) is 0.25 (Bull

1983). On the other hand, mating between an XX
female and a YY male produces all sons (XY males).
Thus, sex-determining genes may affect brood sex ratios
in a more complicated manner than sex-ratio genes. It is
possible to consider the average brood sex ratio for an X
factor once gene frequencies are given, but in reality the
offspring sex ratio varies greatly among parents with an
X, depending on the other sex-determining genes that
they possess and on the genotypes of their mating part-
ners. Note that this argument applies when the number
of sex-determining genes is small. If the number of
genes is large (i.e., sex-determining polygenes), the ef-
fect of each gene is more predictable under quantitative
genetics for a threshold trait (Falconer 1989).

In infinite populations with evolutionarily stable pop-
ulation sex ratios, genes for any sex ratios are equally
adaptive, which allows sex-ratio variation (Kolman

1960; Williams 1979). However, in finite populations
where the sex ratios will fluctuate, genes for biased sex
ratios are selected against, because individuals with such
genes gain less by becoming members of the minor sex
and lose more in the major sex (the ‘‘Verner effect’’;
Verner 1965; Williams 1979). Thus, the presence of
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large genetic variation in the sex ratio is enigmatic in
organisms with small and/or viscous populations. How-
ever, genetic sex-ratio variation occurs in several animals,
such as the mussel Mytilus galloprovincialis (Saavedra

et al. 1997), the polychaete worm Ophryotrocha labronica
(Premoli et al. 1996), the copepode Tigriopus californicus
(Voordouw and Anholt 2002), and the parasitoid
wasps Nasonia vitripennis (Orzack and Gladstone

1994) and Heterospilus prosopidis (Kobayashi et al. 2003).
Although sex-ratio genes or sex-determining polygenes
have traditionally been thought to be the cause of such
variation (Fisher 1930; Verner 1965; Bulmer and Bull

1982), these genes tend to be selected against by the
Verner effect. Instead, a possible cause of the sex-ratio
variation is a small number of sex-determining genes
(‘‘multiple factors’’ in Bull 1983). This is because, as
already stated, sex-ratio variation is not attributable to
each sex-determining gene but to the combination of
genes, if the number of relevant genes is small. However,
sex-ratio variation caused by a small number of sex-
determining genes has seldom been demonstrated ex-
perimentally, except for some simple systems like the
platyfish’s three-gene system (Bull 1983) or the house-
fly’s multiple-factor system (Bull 1983; Dübendorfer

et al. 2002).
The apple snail Pomacea canaliculata (Ampullariidae)

is a freshwater snail from South America. It has invaded
many Asian countries, North America, and Hawaii
(Cowie 2002) and is a serious pest to rice plants as well
as an influential invasive species (Wada 1997; Cowie

2002; Carlsson et al. 2004). Control methods are in-
sufficient especially outside paddy fields, and hence
genetic control is required (Yusa 2004b, 2007). The
females lay pinkish egg masses above water, and young
snails hatch and fall into the water at 10–14 days. Brood
sex ratios (i.e., proportions of male hatchlings in each
brood) vary greatly among parents from almost all male
to all female (Yusa and Suzuki 2003). Yet the primary
population sex ratios were almost 0.5 in all populations
so far studied (Yusa and Suzuki 2003; Yusa 2004b,
2006, 2007). The variation in the brood sex ratio is
probably genetic, since no environmental factors affect
the sex ratio (Yusa 2004b). However, previous studies
could not eliminate maternal effects on the sex ratio
that may not be genetic (Falconer 1989).

In a recent study (Yusa 2006), brood sex ratios were
regressed on the sex ratios of their parents’ siblings in
P. canaliculata (‘‘parent–offspring regression’’ in sex-ratio
literature; Orzack and Gladstone 1994; Premoli et al.
1996; Voordouw and Anholt 2002). The regression
coefficients were low: 0.28 for mother–offspring regres-
sion (P , 0.05) and 0.10 for father–offspring regression
(P ¼ 0.5). In addition, correlation coefficients in off-
spring sex ratios between two full sibs mated to un-
related partners were different between sexes: r ¼ 0.41
(P , 0.05) for the correlation between sisters and r ¼
�0.13 (P ¼ 0.5) between brothers. Such ‘‘parent–

offspring regressions’’ or ‘‘correlations between siblings’’
are direct ways to analyze the inheritance of sex-ratio
genes since they are expressed in the parents. However,
in the case of sex-determining genes, such analyses are
inconclusive because the phenotypes (sexes) are charac-
teristics of offspring and not of parents. In fact, the in-
consistent results do not support the involvement of
typical sex-ratio genes (Yusa 2006). In the case of sex-
determining genes, a more direct way to study the
genetics is by mating each parent to two or more part-
ners and examining the differences in sex ratios between
half-sib broods. Such an experiment has seldom been
conducted, except in the mussel M. galloprovincialis
(Saavedra et al. 1997).

In this study, the genetics of sex-ratio variation was
investigated by exchanging either the mother or the
father among mating pairs and comparing the sex ratios
of their offspring before and after the exchange. Then,
whenever possible, the parents were returned to the
original pairing. In each case, the paternity was ascer-
tained using genetic markers (Yusa 2004a). If nuclear
sex-determining genes are involved, significant correla-
tions between half-sibs of the common mother or of the
common father would be expected; however, if sex-ratio
genes are involved, the correlations should be as low as
the results of ‘‘parent–offspring regressions’’ in this snail
(Yusa 2006).

MATERIALS AND METHODS

Collection and rearing of snails: Juvenile snails were col-
lected from a field population in Kumamoto City, southern
Japan (32�469 N; 130�369 E), in August and September 2001.
To ensure that females had not copulated, the females ,2.0 g
(shell height of�20 mm) were used, well below the size at first
copulation (on average 6–9 g, depending on food availability;
Estoy et al. 2002). Since it does not matter if males had
copulated or not, larger males were used (up to 2.5 g). Very
small snails were reared in a 155-liter aquarium under labora-
tory conditions (see below) until they reached 0.6 g (14 mm
in shell height), which is when males start developing testis,
making sex identification possible (Yusa 2004a). To utilize body
colors as a genetic marker, all females were selected from yellow
albino snails, which represented �1% of snails in the popula-
tion (Yusa 2004a). Half of the experimental males were yellow
albino snails, and the remaining half were brown wild types. The
body-color genes follow Mendelian inheritance (Yusa 2004a),
which indicates that the genes are not linked with sex genes.
Yellow is recessive to brown.

Each snail of 0.6–2.0 g (or up to 2.5 g for males) was paired
with a heterosexual partner (N¼ 98 pairs). To identify the sex,
the presence or absence of the testis was checked by sight
through the thin shell at the apex. The pairs were reared in
2-liter aquaria under laboratory conditions of 25� with 14:10 hr
light:dark photoperiods. Commercial carp food pellets were fed
as required, and powdered oyster shell was added as a calcium
supply. Water was changed at least once a week. Further details
of rearing conditions are described elsewhere (Yusa and
Suzuki 2003; Yusa 2004b, 2006).

When an egg mass was identified, it was removed after it had
hardened (�2 days), placed in a petri dish, and allowed to
hatch. Up to 40 hatchlings were taken from each brood and
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reared in a 2-liter perforated aquarium placed in a large out-
door tank with running water. Culturing conditions, whether
in the laboratory or outdoors, have no effect on the brood sex
ratio (Yusa 2004b). Once the snails reached 0.6 g or 14 mm in
shell height (which took a minimum of 50 days), their sex was
identified by dissection and checking for the presence or
absence of the testis.

Experimental design: A brood was reared as explained above
from each mating pair with either a yellow male (#1 in Figure 1)
or a brown male (#2) mated to yellow females ($1 and $2,
respectively) to study their brood sex ratios (SR1 and SR2 in
Figure 1). Then, one of the mating partners was exchanged with
that of another pair with a male of a different body color (Figure
1). Partners were exchanged between two pairs in most cases,
but sometimes three pairs were involved. The pairs for ex-
change were randomly chosen without reference to the brood
sex ratio. In fact, the correlation in the brood sex ratio between
these pairs was not significant before exchanging the partners
(N ¼ 47, r ¼ 0.23, P ¼ 0.13, after the data were m-transformed;
see below for statistical method). To test possible effects of
rearing conditions on mating pairs, either male (as shown in
Figure 1) or female partners were exchanged among pairs, and
the partners of the opposite sex were left unchanged.

After exchange, egg masses of each pair were continuously
taken and monitored for the body color of hatchlings, and
when hatchlings sired by the second male appeared (those
with the same body color as the male), up to 40 individuals
were taken and reared in the same way as before to study their
sex ratios (SR3 and SR4 in Figure 1). This procedure enabled
comparisons of sex ratios for half-sib broods (see Figure 1
legend).

Then, whenever possible, partners were exchanged again
and returned to their original pairing (Figure 1). Before re-

exchanging, it was confirmed that the second male for two
consecutive egg masses sired all hatchlings. Although the ex-
act mechanism of sperm mixing in the female’s seminal
receptacle is unknown, this ensures complete sperm displace-
ment by the male (Yusa 2004a). Then partners were ex-
changed again, egg masses were monitored, and up to 40
hatchlings sired by the original male were reared to identify
their sex. This procedure enabled comparisons of sex ratios of
full-sib broods (Figure 1).

In one case, hatchlings sired by a brown male contained
both yellow and brown snails with the probability of �1:1
(yellow:brown¼ 54:46) before exchanging partners. Since the
yellow gene (a) is recessive to the brown gene (A), the brown
male was supposed to have the Aa genotype (Yusa 2004a). In
this case, only brown hatchlings of the putative Aa male were
used for the analysis, although there was no significant dif-
ference in the sex ratio between yellow hatchlings (29 males:1
female) and brown ones (40 males:0 female) before partner
exchange (P ¼ 0.43; Fisher’s exact probability test).

Statistical analyses of sex ratios: The sex ratio was expressed
as the proportion of males in each brood. To minimize sampling
errors, sex-ratio data were analyzed only for broods with at least
20 individuals at sex identification.

To test if the sex-ratio data deviate from the binomial dis-
tribution, a heterogeneity test was conducted. A generalized
linear model with binomial errors was applied to the un-
transformed sex-ratio data to calculate the null deviance, and
it was compared against the x2 distribution (Wilson and
Hardy 2002).

In this study, a threshold model for the sex ratio (Bulmer

and Bull 1982; Voordouw and Anholt 2002; Kobayashi

et al. 2003; Yusa 2006) was applied, in which the sex ratio is the
proportion of individuals that exceed the threshold (individ-
uals over the threshold become male). Then the sex ratio can
be converted to the position of a normally distributed un-
derlying trait (the ‘‘male tendency’’; Voordouw and Anholt

2002) relative to the threshold set at 0. Thus, the sex ratio was
transformed to m-value, which is the mean of the standardized
normal curve of the underlying trait (Falconer 1989; Yusa

2006). For this analysis, the minimum sex ratio was set to
0.0125 (¼ 0.5/40) instead of 0, with the corresponding m-value
being�2.24 (Yusa 2006). Pearson’s r was used to study the cor-
relation between brood sex ratios of full-sibs or half-sibs after
the ratios were m-transformed. For the correlation between the
sex ratio and mortality or hatchability, nonparametric Kendall’s
rank correlation was used because the mortality and hatch-
ability were not normally distributed. In this case, these
variables were not transformed.

RESULTS

Among 98 mating pairs reared, data on brood sex
ratios were obtained for 55 pairs before a parent was
exchanged, 47 pairs after it, and 14 pairs after exchang-
ing the parent again. In all cases, brood sex ratios varied
greatly among pairs (Figure 2). The sex ratio varied
from 0.05 (2 males:37 females) to 1.00 (40 males:0 fe-
males) before exchange, 0.08 (3 males:34 females) to
1.00 (40 males:0 females) after exchange, and 0.18 (7
males:31 females) to 1.00 (40 males:0 females) after re-
exchange. The sex-ratio variations were significantly
greater than expected under binomial distribution in
all three cases (d.f. ¼ 54, x2 ¼ 625.4, P , 0.001 before
exchange; d.f. ¼ 46, x2 ¼ 436.7, P , 0.001 after ex-
change; and d.f. ¼ 13, x2 ¼ 195.4, P , 0.001 after

Figure 1.—Experimental design. See text for details of ex-
perimental procedure. Open circles indicate yellow snails and
solid circles indicate brown snails. Comparison between half-
sib broods of the common mother with different fathers was
made by comparing SR1 and SR3 or SR2 and SR4. For the
common father with different mothers, SR1 and SR4 or
SR2 and SR3 were compared. Comparison was made between
full-sib broods SR1 and SR5 or SR2 and SR6.
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re-exchange). Yet, the average sex ratio was almost 0.5 in
all three cases (untransformed mean 6 SD sex ratios ¼
0.50 6 0.25 before exchange; 0.50 6 0.23 after exchange;
and 0.54 6 0.29 after re-exchange).

When sex ratios were compared between broods
before and after exchanging a parent, there was a
positive correlation between sex ratios of two half-sib
broods of the common mother with different fathers
(Figure 3A). The correlation coefficient was �0.5 (r ¼
0.42). Likewise, there was a positive correlation in the
sex ratio between two half-sib broods of the common
father with different mothers (Figure 3B). The correla-
tion coefficient was also �0.5 (r ¼ 0.47). Moreover, the
correlation in the sex ratio between two full-sib broods
before and after re-exchanging the parent was very high
and almost 1.0 (r ¼ 0.92; Figure 4).

Other factors did not affect the brood sex ratio. First,
the mortality of the hatchlings during experiments was
low in all three experimental series, and the average
ranged from 0.03 (both before and after exchanging a
parent) to 0.06 (after re-exchanging). Thus, variation in
sex-specific mortality among broods did not explain the
variation of brood sex ratios. In fact, the correlations
between mortalities and brood sex ratios were not sig-
nificant in all three experimental series (t ¼ �0.14,
P ¼ 0.2 before exchange; t ¼ �0.16, P ¼ 0.2 after

exchange; and t ¼ �0.08, P ¼ 0.7 after re-exchange;
Kendall’s rank correlation). Second, hatchability was
not high, being 0.72 6 0.20 (untransformed mean 6

SD) before exchanging a partner, 0.70 6 0.22 after
exchange, and 0.66 6 0.19 after re-exchange. However,
correlations between hatchability and brood sex ratios
were not significant in all three cases (t ¼ 0.07, P ¼ 0.4
before exchange; t ¼ 0.03, P ¼ 0.8 after exchange; t ¼
0.26, P ¼ 0.2 after re-exchange). Third, the effect of
rearing conditions on each pair was investigated by ex-
changing either the father (N¼ 35 cases) or the mother
(12 cases) among aquaria, while the other partners
remained in the same aquaria. In accordance with the
previous results, the sex ratio after exchange was posi-
tively related to the sex ratio before exchange in the case
of half-sib broods of the mother (P , 0.01), but it was
not affected by whether the mother was exchanged
(N ¼ 12) or remained (N ¼ 35; P ¼ 0.6; analysis of
covariance). A similar result was obtained for half-sib
broods of the father (regression: P , 0.01; effect of
rearing condition: P ¼ 0.6).

DISCUSSION

The high correlation coefficient between full-sib broods
suggests that most variation in the sex ratio of P.
canaliculata is genetic. Although the partners were not
exchanged, high correlations (Kendall’s t ¼ 0.70–0.81)
between two full-sib broods were also obtained in a
previous study (Yusa and Suzuki 2003). Direct manip-
ulations of various environmental factors did not affect
the brood sex ratio (Yusa 2004b). However, these results
may have contained maternal effects such as various egg
characteristics dependent on the nutritional conditions
of the mother (Yusa and Suzuki 2003). This study
showed that the sex-ratio variation was dependent on
the father as well as the mother. Paternal effects are
usually genetic (Falconer 1989), and hence at least half
the sex-ratio variation is genetic. Additionally, an ex-
change of either the mother or the father among pairs
eliminated the possible effects of rearing conditions.
The high correlations between full-sib broods with no
environmental effects suggest that virtually all sex-ratio
variation is probably genetic.

This study also showed that both parents contributed
equally to the sex-ratio variation. This pattern differs
from results in the mussel M. galloprovincialis in which
brood sex ratios are controlled by the mother and are
almost independent of the father, suggesting that the
genetic factors are cytoplasmic (Saavedra et al. 1997;
Yusa 2007). The equal contribution of both parents in
P. canaliculata indicates that the genetic factors that
influence the sex ratio are nuclear genes inherited
through both parents. The average sex ratio of 0.5 in
this snail also favors the involvement of nuclear sex
genes, as cytoplasmic factors often divert the sex ratio

Figure 2.—Brood sex ratios (proportions of males) of P.
canaliculata (A) before exchanging a parent, (B) after ex-
change, or (C) after re-exchanging to return to the original
pairing. Solid areas denote egg masses with sex ratios signif-
icantly different from 0.5 by binomial test and shaded areas
indicate those that are nonsignificant. Marginal sex-ratio val-
ues are included in the lower categories (e.g., the category
0.1–0.2 includes sex ratios ,0.1 and $0.2).
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toward females (Stouthamer et al. 2002; Dyson and
Hurst 2004).

The correlation coefficients in the sex ratios of half-
sibs were �0.5 for both the common mother (r ¼ 0.42)
and the common father (r¼ 0.47). Such 0.5 coefficients
in half-sib correlations are exactly what are expected
when an individual is mated to two unrelated partners,
and each individual contributes half the genetic sex
factors to the offspring. Moreover, the correlation coef-
ficient between full-sib broods was almost 1.0 (r¼ 0.92),
which was approximately equal to the simple addition

of the coefficients of half-sib correlations (0.89).
This means that the brood sex ratios are determined
by genes from both parents and that the genes act
additively.

On the other hand, parent–offspring regressions in
the sex ratio—i.e., regressions of the brood sex ratios on
the sex ratios of their parents’ siblings—were low in a
previous study (slope ¼ 0.28 for mother–offspring reg-
ression and 0.10 for father–offspring regression; Yusa

2006). A reanalysis of the data revealed that the correla-
tion coefficient between the mother and offspring was
r ¼ 0.23 and that between the father and offspring was
0.07. In this study, the correlation coefficients between
half-sibs were much higher (r ¼ 0.42–0.47). This sug-
gests that the sex-ratio variation depends not primarily
on the parents but on the offspring. Therefore, the
genetic factors are not parental sex-ratio genes but sex-
determining genes expressed in the offspring.

The lower coefficients in parent–offspring regres-
sions (or correlations) than in half-sib correlations also
suggest that the number of sex-determining genes is
small. If genes act additively as shown in this study and
there are no environmental effects (Yusa 2004b), sex-
determining polygenes should have nearly 0.5 coeffi-
cients in parent–offspring regressions (Yusa 2006). On
the other hand, low coefficients in the regressions may
be expected if the number of sex-determining genes
is small, because each gene can produce various brood
sex ratios in combination with other sex-determining
genes.

The large sex-ratio variation in this snail also disfavors
the involvement of sex-ratio genes or sex-determining
polygenes. If such genes are involved, genes for biased
sex ratios are likely to be selected against by the Verner
effect in small populations (see Introduction). This
snail normally inhabits relatively small water bodies
such as ponds, ditches, or paddy fields in both original

Figure 3.—Correlations in brood sex ratios be-
tween two half-sib broods before and after paren-
tal exchange. (A) Half-sibs of the common mother
with different fathers (N ¼ 47; r ¼ 0.42; P , 0.01
after sex ratios were transformed to the underly-
ing m-value). (B) Common father with different
mothers (N ¼ 47; r ¼ 0.47; P , 0.001).

Figure 4.—Correlations in brood sex ratios between two
full-sib broods before and after the re-exchange of a parent
to return to the original pairing (N ¼ 14; r ¼ 0.92; P ,
0.001 after sex ratios were transformed to the m-value).
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(Martin et al. 2001) and introduced areas (Wada

1997), suggesting that the populations are actually small.
In addition, polygenic sex determination is unlikely to
produce highly biased brood sex ratios even under a sim-
ple assumption of binomial distribution of sex pheno-
types. Moreover, polygenic sex determination is often
under environmental effects (Bull 1983), whereas no
such effects have been detected in this snail (Yusa

2004b). These conditions suggest that the number of
sex-determining genes is small.

Although the number of the relevant genes appears
to be small, three genes (see Introduction for an ex-
ample of platyfish) are insufficient to explain the con-
tinuous sex-ratio variation in this snail. Thus, at least
four genes must be involved in sex determination and
sex-ratio variation in P. canaliculata. Further evidence
and the exact genetics of such ‘‘oligogenic’’ sex de-
termination will be explored.

I thank Y. Suzuki and anonymous reviewers for comments on the
manuscript; Y. Suzuki, K. Tanaka, and T. Wada for discussion and
encouragement; and M. Hashimoto for help in rearing snails.
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