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ABSTRACT Ejaculate size in seed beetles (Coleoptera: Bruchidae) is subject to both sexual and
fecundity selection. We examined interpopulation variation and inheritance of ejaculate size in the
seed beetle Callosobruchus maculatus (F.). There was signiÞcant variation among three populations
in both body mass and the proportion of a maleÕs body mass that was transferred to females during
mating. The seed upon which beetles were raised had a small effect on male body size but not the
size of their ejaculates. To investigate the inheritance of ejaculate size, we performed inter- and
intrapopulation crosses with two of these populations. The progeny of interpopulation crosses were
intermediate between the intrapopulation (parental) crosses, suggesting additive genetic autosomal
inheritance. This result differs from an earlier study in which ejaculate size of a different population
was maternally inherited. This study demonstrates that there is indeed genetic variation in ejaculate
size, but that the loci exhibitingwithin-population variationmaybe different than the loci producing
among-population variation.
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IN MANY INSECTS, males produce large ejaculates con-
taining nutrients that females use for reproduction or
somatic maintenance (reviewed in Ridley 1988, Eber-
hard 1996, Vahed 1998). Females obtaining larger
ejaculates can use these nutrients to laymore or larger
eggs, and thus there isdirectnatural selectiononmales
to produce large ejaculates. That is, fecundity selec-
tion is acting directly on male ejaculates (e.g., Savalli
and Fox 1998a). Sexual selection can also favor the
evolution of large ejaculates via sperm competition
(Parker 1970, Smith 1984) or via female preference for
males that provide larger ejaculates (e.g., Eberhard
1996, Savalli and Fox 1998a). For such paternal invest-
ment to evolve, however, there must be heritable
variation in the size or nutrient content of male ejac-
ulates or spermatophores. Although there has been
considerable interest in the genetics of traits involved
in sexual selection, including analyses of female pref-
erences (reviewed in Ritchie 1992, Bakker and Po-
miankowski 1995) and male secondary sexual traits
(e.g., Cade 1984, Houde 1992, Hedrick 1994), few
studies have examined the genetic traits relevant to
paternal investment (see Sakaluk and Smith 1988,
Savalli and Fox 1998b for exceptions).

In addition to the amount of genetic variation, the
location of genes on chromosomes can also affect
responses to selection. For example, recessive alleles
are shielded from selection when heterozygous but
are exposed to selection when hemizygous. Thus, se-
lection acting on the heterogametic sex will lead to
more rapid Þxation of favorable recessive or partially
recessive alleles if they are sex-linked rather than

autosomal (Charlesworth et al. 1987). Sex-linkage can
facilitate the evolution of sexual dimorphism and may
be favored (via the translocation of loci to the sex
chromosomes) if selection on a particular trait differs
between males and females (Charlesworth et al. 1987,
Rice 1984). However, there are few examples of sex-
speciÞc traits that are known to be sex-linked (e.g.,
Bennet-Clark and Ewing 1970, Grula and Taylor 1980,
Kawanishi and Watanabe 1981, Thompson 1988,
Houde 1992).

Ejaculate size has substantial Þtness consequences
for the seed beetle Callosobruchus maculatus (F.).
Females obtaining multiple ejaculates or larger ejac-
ulates (either from larger males or males that had not
previously mated) have higher lifetime fecundity and
lay larger eggs than females mating only once or ob-
taining smaller ejaculates (from small males or males
that had previously mated) (Fox 1993a, 1993b; Savalli
and Fox 1999a, 1999b). Furthermore, females obtain-
ing larger ejaculates are less likely to remate than
females obtaining small ejaculates, thereby reducing
the risk of sperm competition for males that produce
large ejaculates. Thus, both fecundity selection and
sexual selection directly favor the evolution of large
ejaculates in C. maculatus.

Forejaculate size to evolve, itmust exhibit heritable
variation. Previous experiments using traditional half-
sib designs indicated that ejaculate size does exhibit
heritable variation in one population of C. maculatus.
This inheritance was primarily maternal, however
(Savalli and Fox 1998b), indicating either sex-linkage
(seed beetles have XY sex-determination) or a ma-
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ternal effect (Mousseau and Dingle 1991, Mousseau
and Fox 1998). Our experiments could not distinguish
between these hypotheses, although we have argued
that maternal effects are unlikely to account for the
inheritance of ejaculate size (Savalli and Fox 1998b).

In this study we expand our investigation of the
inheritance of paternal investment to comparisons
among populations. Because sex-linked traits can re-
spond more rapidly to selection than autosomal traits
(Charlesworth et al. 1987), population differences in
such traits is likely. Furthermore, there is reason to
suspect population differences in the composition of
ejaculates or how they are used by females. In a pop-
ulation collected from azuki beans in California, mul-
tiply mated females lived longer than singly mated
females (Fox 1993a), but in a population collected
from cowpeas in Niger, multiply mated females had
shorter lives than singly mated females (Savalli and
Fox 1999b). We therefore investigated differences
among populations in ejaculate size, and tested for
genetic differentiation among populations in male pa-
ternal investment in C. maculatus.

Materials and Methods

General Methods. C. maculatus is a cosmopolitan
pest of stored legumes (Fabaceae). Females cement
their eggs to the surface of host seeds (Messina 1991)
and larvae burrow into the seeds. Larval development
and pupation are completed entirely within a single
seed.Emergingadults arewell-adapted to storagecon-
ditions, requiringneither foodnorwater to reproduce.
C.maculatushasninepairs of autosomes andanXY sex
determining mechanism in which males are the het-
erogametic sex (Smith and Brower 1974). We used
beetles from three different populations. Beetleswere
collected from infested pods of cowpea, Vigna un-
guiculata (L.) Walp., at Niamey, Niger (NN popula-
tion) and Ouagadougou, Burkina Faso (BF popula-
tion) in 1989 and from infested pods of mung bean, V.
radiata (L.)Wilczek, fromTirunelveli, southern India
(SI population) in 1979 (details inMessina andMitch-
ell 1989,Messina 1993).All beetlesweremaintained at
268C, 24 h light, on their original host in laboratory
growth chambers at .1,500 adults per generation,
before November 1997, when we began these exper-
iments. Laboratory rearing conditions closely approx-
imate the natural conditions (legume stores) of this
species (Messina 1991), and all populations were
reared on the host on which they were collected.
Population differences are unlikely, therefore, to be
artifacts of laboratory conditions. Voucher specimens
will be submitted to the University of Kentucky Mu-
seum of Entomology.

PopulationComparisons.To test for population dif-
ferences in male ejaculate size, families were initiated
with pairs of virginmales and females collectedwithin
12 h of their adult emergence from haphazardly col-
lected eggs laid in mass cultures. Because the popu-
lations were collected from and reared on different
hosts, we needed to control for possible rearing host
effects. Thus, half of the pairs from each population

were provided with cowpeas and half with mung
beans. We set up 20 pairs for each combination of host
seed and population. Once these pairs mated, the
females were placed on 10 seeds and allowed to lay
eggs for 24 h. These eggs were reared to adults at
densities of one larva per seed (females typically lay
between 15 and 25 eggs under these circumstances;
eggs in excess of one egg per seed were scraped off
before hatching). Thus, each familywas initiated from
10 eggs. We used only beetles reared from eggs laid
during the Þrst 24 h after mating to reduce the po-
tential for maternal effects (because egg size varies
with female age; Fox 1993a).

Virgin males and females emerging from these fam-
ilies were collected within 12 h of their adult emer-
gence. We mated the Þrst two or three males to
emerge from each family to females of the same treat-
ment. Males emerge with only partially Þlled seminal
vesicles,withejaculate size increasingover theÞrst 2d
and then decreasing as males lose mass. As a result,
ejaculate size is largest for males at '2 d old (Fox et
al. 1995a). Thus, all virgin males were isolated in in-
dividual 35-mm petri dishes without seeds for 48 h
before use in experiments, such that all males were of
similar age, between 48 and 60 h old. We used females
that were similar in age to the males, between 36 and
60 h old.

Ejaculate size was estimated by weighing males
before and after mating. Before pairing, beetles were
weighed twice to 0.01-mg precision on an electronic
balance. If the two values differed by .0.03 mg, the
male was weighed a third time. A maleÕs mass was
estimated as the average of these two to three values.
After mating, beetles were reweighed as above. A
maleÕs ejaculate size was estimated as the amount of
mass lost by the male during mating (mass of male
before mating 2 mass of male after mating). In a
previous experiment we demonstrated that female
mass gain duringmating is highly correlatedwithmale
mass loss (r 5 0.625, P , 0.001; Savalli and Fox 1998b)
and that females gain nearly as much (83%) mass as
males lose. Thedifferencebetweenmalemass loss and
female mass gain is likely because of either spillage or
expulsion of some ejaculate by females (Savalli and
Fox1998b), and for this reasonweonlymeasuredmale
mass loss in this study. Mating lasts 5Ð10 min, and
metabolic mass loss is probably negligible over such
brief time periods. Each beetle was mated only once.

Wealso timedcopulationdurationduringeachmat-
ing. Copulation duration was deÞned as the period
starting when a male stops drumming his antennae on
the elytra of the female and stopping when the female
begins kicking themale to removehim(Fox andHick-
man 1994, Savalli and Fox 1998b).

We used analyses of variance (ANOVA) to test for
population differences and rearing host effects on
body size, male ejaculate size, and relative ejaculate
size (proportion of a maleÕs body mass transferred to
the female). Family means were used in the analyses
to control for non-independence among siblings.

Population Crosses. To test if the population dif-
ferences obtained in the previous experiment are ma-
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ternally inherited, we performed reciprocal crosses
between two of the C. maculatus populations. We
selected the two populations that had the largest dif-
ference in relative ejaculate size in the population
comparisons, BF and SI, to maximize our ability to
detect any meaningful patterns.

As in the previous experiment, beetles were col-
lectedwithin 12 hof their adult emergence from seeds
collected from the mass cultures. These beetles were
mated and their progeny were reared at low density
(one egg per seed) before initiating the experiments.
Because there were no large host effects on relative
ejaculate size in the previous experiment, we reared
all beetles on a common host, cowpea.

We set up four types of crosses: two sets of intra-
population crosses (female BF 3 male BF and female
SI 3 male SI) and two sets of interpopulation crosses
(female SI 3 male BF and female BF 3 male SI). If
inheritance is autosomal, we expect that the interpop-
ulation crosses should resemble each other and be
intermediate between the two intrapopulation
crosses. If inheritance is maternal (either because of
sex-linkage or maternal effects), we expect that the
offspring of the interpopulation crosses will most
closely resemble their respectivematernalpopulation.

As in the previous experiment, progeny from the
crosses were reared at one larva per seed from eggs
laid on 10Ð12 seeds during the Þrst 12 h after mating.
We set up 43Ð45 families per cross, but because some
families did not produce any male progeny, we had a
total of 167 families (38Ð45 families per cross).

Virgin male and female offspring were collected
within 12 h of their adult emergence from the seeds.
Asbefore, virginbeetleswere isolated fromeachother
and allowed to mature for 48 h before mating. We
mated the Þrst four males to emerge from each family
(occasionally fewer, if less than four males emerged
from a family) to females of the same cross whenever
possible (in 14 cases, we had no females of the ap-
propriate cross available, so we substituted females
from other crosses; this does not pose any problems
because females do not inßuence ejaculate size
[Savalli andFox 1998b]). As before, ejaculate sizewas
estimated by weighing males two to three times to
0.01-mg precision before and after mating. Because
copulation duration differed only slightly between
these two lines in the previous experiment, we did not
consider copulation duration in our crosses.

Results

Population Comparisons. There was signiÞcant
variation in male body size among the three popula-
tions (Table 1) andbetween the two rearing hosts: the
SI population was largest, whereas the BF and NN
populationswere very similar to eachother, andmales
from the SI population raised on cowpea were larger
thanmales reared onmungbean (mean 6 SE for body
mass in milligrams; cowpea, SI 5.0 6 0.8, NN 3.8 6 0.8,
BF 3.8 6 0.9;mung, SI 4.6 6 1.0, NN3.8 6 0.5, BF 3.7 6
0.8). There was also signiÞcant variation in relative
ejaculate size (the proportion of the maleÕs body mass

transferred to the female) among the populations, but
the pattern was reversed: SI males had the smallest
relative ejaculate size (Fig. 1). As a consequence of
these patterns, the variation in body size and variation
in relative ejaculate size canceled each other, result-
ing in no detectable among-population variation in
absoluteejaculate size. In twoof thepopulations, body
size was positively correlated with absolute ejaculate
size (BF, r 5 0.46, n 5 85, P , 0.001; SI, r 5 0.41, n 5
77, P , 0.001) but not with relative ejaculate size (BF,
r 5 Ð0.096, n 5 85, P 5 0.38; SI, r 5 Ð0.142, n 5 77, P 5
0.22). In the NN population, however, there was a
signiÞcantnegativecorrelationbetweenbody size and
relative ejaculate size (larger males donated a smaller
proportion of their body mass; r 5 Ð0.287, n 5 76, P 5
0.012) but no correlation between body size and ab-
solute ejaculate size (r 5 0.036, n 5 76, P 5 0.76).

There was a signiÞcant effect of rearing host (cow-
pea ormungbean) and a signiÞcant host 3 population
interaction, on male body size, but not on either mea-
sure of ejaculate size (Table 1). The duration of cop-
ulation also varied amongpopulations (longest forNN
and shortest for SI; P , 0.001) and rearing hosts (long-
est for cowpea reared beetles; P , 0.01), but therewas
no host 3 population interaction and no relationship
between a maleÕs ejaculate size and copulation dura-
tion (P . 0.26 for both absolute and relative ejaculate
size, mean copulation duration 6 SE in minutes; cow-
pea, NN 8.21 6 0.61, BF 6.42 6 0.34, SI 5.90 6 0.34;
mung, NN 7.50 6 0.55, BF 5.81 6 0.29, SI 4.72 6 0.25).

Population Crosses. Overall, there were statistically
signiÞcant effects of both the paternal population and

Table 1. ANOVA testing for effects of source population and
rearing host on male body size and ejaculate size in the seed beetle
C. maculatus (n 5 119 families)

Factor df
Male mass

Absolute
ejaculate

size

Relative
ejaculate

size

F P F P F P

Population 2, 113 104.5 ,0.001 2.10 0.13 15.7 ,0.001
Host 1, 113 8.08 0.005 3.68 0.057 0.45 0.51
Population*Host 2, 113 4.07 0.020 0.43 0.65 0.062 0.94

Fig. 1. Mean 6 SE relative ejaculate size (percentage of
body mass) for males of three populations of Callosobruchus
maculatus that were reared on two hosts.
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the maternal population on a maleÕs relative ejaculate
size (maternal population: F 5 26.8; df 5 1, 166; P ,
0.001; paternal population, F 5 25.0; df 5 1, 166; P ,
0.001). The interaction between maternal and pater-
nal population was not statistically signiÞcant (F 5
1.10; df 5 1, 1; P 5 0.30). There was, however, no
evidence of maternal effects or sex linkage, and off-
springof the two interpopulation crosses didnot differ
from each other and were intermediate between the
two parental crosses (Fig. 2).

Discussion

Our results demonstrate that there are population
differences in the proportion of biomass that males
transfer to females duringmating.Weexpected toÞnd
variation in ejaculate size because populations differ
in body size and because ejaculate size and body size
are positively correlated (Savalli and Fox 1998a,
1998b). We were thus surprised not to Þnd any vari-
ation among populations in absolute ejaculate size.
The variation in male size and in the proportion of
their body mass contributed to females in their Þrst
ejaculate appear to have canceled each other out,
resulting in no detectable differences in absolute ejac-
ulate size. Different populations have thus evolved
different degrees of relative ejaculate size. The func-
tional signiÞcanceof this variation is not known.Large
ejaculates are favored by sexual selection (Savalli and
Fox1999a)andby fecundity selection(Savalli andFox
1999b; see also Savalli and Fox 1998a for another seed
beetle). Previous work has suggested that there may
be differences in the composition or use of ejaculates
in C. maculatusÑmultiple mating by females en-
hanced their survival in one population but decreased
it in another (Fox 1993a, Savalli and Fox 1999b)Ñbut
beyond this, interpopulation variation in selection on
paternal investment has not been investigated. We do
not know if there are interpopulation differences in
ejaculate composition. Relatively few studies have in-
vestigated geographic variation in sexually selected
traits (but see Ryan et al. 1992, Houde 1993, Hill 1994,
Savalli 1995 for some exceptions), and we know of no
other study to examine geographic variation in pater-
nal investment.

Crosses among two of the populations did not sup-
port our earlier ÞndingÑbased on a within-popula-
tion design using the NN population (Savalli and Fox
1998b)Ñthat variation in relative ejaculate size is ma-
ternally inherited. Instead, the two interpopulation
crosses were intermediate between the parental
crosses, suggesting additive autosomal inheritance.Al-
ternatively, the crosses would be intermediate in rel-
ative ejaculate size if (1) there is no genetic difference
betweenpopulations inabsoluteejaculate sizeand(2)
ejaculate size segregates independently of body size.
In this case, smaller beetles will produce on average
the same size ejaculates as larger beetles but these
ejaculates will be a larger proportion of their body
mass. That this is not the case is indicated by the fact
that absolute ejaculate size is positively correlated
with body mass, and relative ejaculate size does not
correlate with body mass in the two populations used
for the crosses. Thus, body size differences between
populations are not likely to explain the difference
between populations in relative ejaculate size. It is
more likely that the difference in relative ejaculate
size represents an autosomally inherited difference
between populations.

There are three possible explanations for why we
obtained evidence for autosomal inheritance in this
study while we observed sex-linked variation in our
within-population study. First, there may be detect-
able maternal effects operating within the NN popu-
lation but not among other populations. We have ar-
gued elsewhere (Savalli and Fox 1998b) that maternal
effects were unlikely to account for the pattern of
maternal inheritance observed within the NN popu-
lation. The fact that we did not detect any evidence of
maternal effects among other populations (where dif-
ferences between females should be even greater)
lends further credence to this view. Second, the mode
of inheritance of variation in ejaculate size may differ
among populations, being primarily autosomal in the
BF and SI populations and sex linked in the NN pop-
ulation. Lastly, the populations may be Þxed for dif-
ferent alleles at autosomal loci, so that these loci pro-
duce among-population variation similar to that
observed in this study. However, in these same pop-
ulations ejaculate size may be inßuenced by one or
more sex-linked loci that vary within populations but
not among populations.

There has been substantial interest in the evolution
of male parental investment and sperm competition
(e.g., Clutton-Brock 1991; Birkhead and Møller 1992).
Male ejaculate size can inßuence female fecundity
and egg or offspring size and quality because nutrients
within the ejaculate are used by females during
oogenesis and thus inßuence a maleÕs Þtness via non-
genetic contributions to his offspring (e.g., Thornhill
and Alcock 1983; Ridley 1988; Fox et al. 1995b; Savalli
and Fox 1998a, 1999b). In C. maculatus, females that
receive multiple ejaculates lay more and larger eggs
and in some cases may live longer than once-mated
females (Fox 1993a, 1993b). Ejaculate size may also
affect the outcome of sperm competition by reducing
the likelihood that a female will remate. Female C.

Fig. 2. Mean6SE relative ejaculate (percentageof body
mass) sizes of males from population crosses. Crosses are
depicted as female population 3 male population.
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maculatus mating with previously mated males and
thus receiving small ejaculates remate more readily
than females mating with virgins (Savalli and Fox
1999b). Sperm competition by swamping another
maleÕs sperm (Parker 1970; Smith 1984) may also be
important in C. maculatus (Eady 1995) and could lead
to the evolution of large ejaculates if sperm number
affects ejaculate size. Producing large ejaculates may
also incur costs suchas reduced lifespanor subsequent
sperm depletion that results in few future matings.
Despite such potential costs and beneÞts to producing
large ejaculates, few studies have demonstrated that
there is heritable variation in ejaculate size. Our study
demonstrates that there is genetic variation in male
investment via ejaculates that is independent of body
size. Although the variation in ejaculate size in one
population appears to be sex-linked, the variation
among populations exhibits an autosomal pattern of
inheritance, suggesting that the loci exhibiting within-
population variation are different from the loci that
produce the among-population variation.
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