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Abstract. In the present study the egg dumping behaviour in short (E)- and long (L)-lived lines of the seed beetle Acanthoscelides
obtectus was analyzed. Females of the short-lived E line exhibited substantially higher egg dumping than long-lived L line females.
We hypothesize that, since cessation of egg dumping enhances longevity, non-dumping females were selectively favoured in the L
regime. Our study also produced evidence that the selection regime affected the male’s ability to influence female egg-dumping
behaviour. The females mated to males from the lines that were selected for extended longevity and of which the females exhibited
little egg-dumping dumped fewer eggs. We suggest that in the L selection regime, where offspring produced at the end of the
females’ reproductive period were recruited to the next generation, selection operated against those males that stimulated female ovi-
position in the absence of seeds. This is the first study to provide evidence that selection for long-lived insects results in the reduced

potency of male seminal products to stimulate female oviposition.

INTRODUCTION

Females of many herbivorous and parasitic insects
often display considerable plasticity in their oviposition
behaviour in response to resource quality and/or avail-
ability (Papaj, 2000, 2005; Jervis et al., 2005). For exam-
ple, some insect females respond to host deprivation by
retarding egg maturation (Sadehi & Gilbert, 2000) or
postponing egg laying (Asman & Ekborn, 2006). Moreo-
ver, in many taxa, females deposit eggs on substrates
unsuitable for larval growth (Messina & Slade, 1999; Par-
sons & Credland, 2003; Roberts & Schmidt, 2004; Wang
& Horng, 2004). This form of oviposition behaviour is
termed “egg-dumping” (Engelmann, 1970; Wilson &
Hill, 1989). Because there is a trade-off between present
reproduction and survival or future reproduction (Stearns,
1992), egg-dumping may be a maladaptive involuntary
response of mated females that cannot prevent oocyte
maturation when hosts are absent (the egg-load hypothe-
sis; Wilson & Hill, 1989; Roberts & Schmidt, 2004).
Alternatively, egg-dumping could be an adaptive
response to a shortage of hosts if it increases a female’s
overall efficiency in maturing eggs and ovipositing (the
egg-maturation hypothesis, Wang & Horng, 2004). Papaj
(2000) and Hougardy et al. (2005) argue that if cessation
of oviposition disrupts oocyte maturation, egg-dumping
females may have an advantage over non-dumping ones
since they can immediately lay eggs when hosts become
available.

However, it is noteworthy that egg-dumping varies
within a species. For example, when deprived of a host
females of the bruchid seed beetle Callosobruchus macu-

latus from Africa dumped markedly more eggs than those
from Asia, most of which did not dump eggs. Messina et
al. (2007) suggest that different responses to host avail-
ability might be determined and shaped by larval compe-
tition. According to these authors, in Asian populations
larval competition is minimized by the females laying
equal numbers of eggs on each seed and avoiding those
that already bear eggs or larvae. This is achieved by
reducing oviposition in response to a reduction in the
number and quality of hosts, i.e. “it may be more profit-
able for a female to retain eggs and continue to search for
unoccupied hosts than to lay eggs on occupied seeds”
(Messina et al., 2007. p. 265). In African populations,
however, several adults usually emerge from the same
seed. In such highly competitive conditions the larva that
hatches from the first egg laid is more likely to survive as
the first larva to enter a seed has a competitive advantage
over succeeding larvae (Thanthianga & Michel, 1987).
Females in Africa might have evolved less effective
mechanisms for egg retention and thus be more prone to
dump eggs.

An analogous pattern of inter-population variation with
regard to egg-dumping behaviour is reported in another
bruchid seed beetle — Acanthoscelides obtectus. Huig-
nard & Biemont (1978, 1979) report that females of this
species from high-altitude populations, where the envi-
ronment is more variable and unpredictable, do not lay in
the absence of host seeds. In contrast, at low altitude,
where hosts are continuously available, the presence of
suitable hosts is not essential for inducing oogenesis
although it does stimulate oocyte maturation.
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A number of studies also report high variation in the
number of eggs dumped by host-deprived females within
populations of both these bruchid species (Parsons &
Credland, 2003; Cheng et al., 2008 and references
therein). Messina et al. (2007) carried out bidirectional
selection for high and low egg dumping to determine
whether this trait has an additive genetic component that
can respond to selection within the African population of
C. maculatus. Artificial selection elicited a response in
both directions with deprived females from the dumper
line dumping more than twice as many eggs as females
from the non-dumper line. It is important to note that the
selection for low egg dumping is accompanied by a
longer pre-adult developmental time, which is a potential
cost for females that retain eggs when seeds are absent.
However, because developmental time and longevity are
positively genetically correlated in insects (Sedlija &
Tuci¢, 2003 and references therein), an extended lon-
gevity of the non-dumper lines is an expected response of
selection for low egg dumping.

If the observed association between egg dumping and
longevity really reflect pleiotropic effects of genes, as
suggested by Messina et al. (2007), it may be expected
that selection for longevity will be accompanied by con-
comitant changes in egg dumping. However, we must
keep in mind that “correlated responses to selection
depend on the details of pleiotropic effects rather than on
genetic correlation, and that because of this, correlated
responses to selection can be more variable (and less pre-
dictable) than direct responses to selection” (Gromko,
1995, p. 691). In addition, the trade-off recorded in the
selection for dumping behaviour may also be attributable
to linkage disequilibrium between the genes that affect
pre-adult developmental time and those that affect lon-
gevity. Therefore, it is almost impossible to generalize
about the genetic correlations between traits, except by
selecting for one trait and recording the response in the
other and vice versa (Tuci¢ et al., 1998). In the present
study we test whether selection for altering the age at
physiological maturity, which directly favours short- or
long-lived females, results in the changes in egg-dumping
behaviour predicted by Messina et al. (2007).

Here we used replicated lines of the seed beetle Acan-
thoscelides obtectus selected for reproduction early (E) or
late (L) in life for over 150 generations. In the E selection
regime, offspring were recruited to the next generations
during the first two days of adult life, whereas in the L
selection regime, the recruitment occurred from day 10
until death. Previous studies indicate that relative to the E
lines the L lines have a reduced early fecundity, increased
body weight, elevated late life fecundity and prolonged
life-span (Tuci¢ et al., 1997, 1998). It is important to note
that in the L lines the period between eclosion and the
onset of oviposition is longer than in the E lines (Tuci¢ et
al., 2004), indicating that the traits under selection coin-
cide with the age of female’s physiological maturity.

A major component of this study concerns the experi-
mental test of the relationship between egg dumping and
female longevity in this seed beetle. If there is a causal
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link between female longevity and egg dumping, as indi-
cated by the C. maculatus study (Messina et al., 2007),
females should dump eggs significantly more in the E
than L lines. The results obtained in the present study
accord with this prediction.

A previous study indicates that the males of the seed
beetle A. obtectus play an important role in shaping the
longevity of their mates (Seslija et al., 2008). An analysis
of the effects of males on female longevity in Petri dishes
with no beans revealed that the control females that mated
with E males dumped more eggs relative to those mated
from the long-lived L line. Although it is well-known that
insect male seminal fluids contain gonadotropic sub-
stances that influence the reproductive performance of
females (see e.g. Arnqvist & Rowe, 2005 and reference
therein), their role in egg-dumping is unknown. By using
reciprocal crosses between the L and E lines as well as by
mating E and L males with control females, we have
shown that E line males selected for fast senescence
stimulate higher egg-dumping by females, irrespective of
their origin, relative to males selected for slow
senescence. Therefore, we hypothesize that males that
transfer seminal substances that decrease egg-dumping in
their mates will be favoured by the L selection regime.
The observation of male effects on female egg dumping is
novel and suggests complicated fertility/longevity interac-
tions between the sexes in seed beetles.

MATERIAL AND METHODS

Life history and experimental conditions

The seed beetle, Acanthoscelides obtectus (Coleoptera: Chry-
somelidae: Bruchinae) is a cosmopolitan pest of stored legumes.
The primary host of these weevils is the common bean, Phase-
olus vulgaris. Populations of 4. obtectus are most commonly
detected in stores of dried legumes; their life cycle appears well
adapted for reproduction in a storage environment. Larval
development takes place in plant seeds and adults emerge at the
final moult. A. obtectus males are protandrous. The oviposition
behaviour of A. obtectus differs in a number of ways from that
of other bruchids. At the beginning of adult life, virgin females
produce about 30 mature eggs complete with chorions, which
accumulate in the lateral oviducts, after which oogenesis stops
(Huignard, 1975). Oogenesis only starts again in the presence of
stimulatory factors, such as host plant and mating. A number of
studies record that 4. obtectus females do not lay eggs in the
absence of seeds (Huignard, 1976; Biemont, 1979; Huignard et
al., 1986) or females deposit significantly fewer eggs in the
absence of a host (Sander & Pankanin, 1973; Parsons & Cred-
land, 2003). There are no significant differences in the number
of eggs laid by females either kept alone or in the continued
presence of males (Parsons & Credland, 2003). Females do not
re-mate until a few days after their initial mating (Huignard,
1974). In A. obtectus, as in a number of other insect species,
there is a transfer of male secretions from the spermatophore
into the female haemolymph (Das et al., 1980).

This beetle is aphagous as an adult, and females at emergence
contain sufficient energy to develop and lay eggs without feed-
ing. All experiments reported here were performed in a dark
incubator at about 30°C and 70% relative humidity. All seeds
were brought from one source and were frozen before use in the
experiments. No food or water was offered to experimental
adults.
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Fig. 1. Mean (+ SE) body weight (A) and longevity (B) of A. obtectus females and males of the E and L lines.

Experimental lines

The seed beetles used in this study were obtained from lines
that were selected for reproduction in either early (E) or late-life
(L). There was four replicates of each selection regime. All
selection lines were originally derived from a large base popula-
tion (B) cultured in the laboratory since 1986, which consisted
of about 5,000 individuals in each generation. This population
was produced by mass-mating equal numbers of adults collected
from three local populations of A. obtectus in the vicinity of
Belgrade, Serbia. In the absence of beans B females mated to B
males deposited 3.71 + 0.57 eggs during their entire life-span
(unpubl. data).

The following summarizes the selection procedures used to
maintain the E and L selected lines (details are given in Tuci¢ et
al., 1996).

Through the course of selection for early reproduction
females and males were kept together with beans and allowed to
mate and reproduce freely for 48 h following emergence after
which the adults were removed. In each generation about
300-500 individuals per replicate were used to produce the next
generation. This treatment gave rise to beetles with both
enhanced fitness during early life and a shorter life-span. In the
present study we used beetles from E lines selected for 211 gen-
erations.

L lines were obtained from beetles selected for 150 genera-
tions. Each generation over 1,000 females and males in the L
lines were kept together in about 10 separate vials (i.e. about
100 individuals per vial) without beans and allowed to mate
from emergence until death. Since beans were introduced at day
10, no eggs laid prior to this day contributed to the next genera-
tion (for details see Tuci¢ et al., 1996). Consequently, these
lines underwent selection for late fitness. Adults of both sexes
from the L lines lived longer than E lines. The other life history
traits that differed in the E and L lines were egg-to-adult
viability (L > E), pre-adult developmental time (L > E), body
weight (L > E), early female fecundity (E > L) and late female
fecundity (L > E).

Experimental design

All experiments described below were done using four-way
crosses within each selection regime. These crosses were
obtained by crossing the F;s of different pairs of replicate lines
within each selection regime, that is, for example, (E; x E,) %
(Es x E4), where the subscript number refer to specific replicate
line. The outcrossing of replicate lines should have removed the

effect of inbreeding depression and diminished any epistatic
interaction among genes originating during the long-term selec-
tion due to Wahlund’s effect or mutation pressure. In addition,
the first and second generations of crosses were made from
1-day old beetles allowed to mate and reproduce during their
entire life-span. This procedure ensured that selected lines (i.e.
their crosses) pass two generations under relaxed selection in a
standard rearing regime.

Stock cultures were inspected several times per day and
newly emerged females and males were collected within 2 h.
Beetles were immediately weighed and virgin females without
egg-laying experience and males were placed individually in
empty, 3.5-mm Petri dishes. One hundred beetle pairs were iso-
lated per mating group. We investigated female egg-dumping
behaviour in the following mating groups: E (2) x E (8); E (?)
xL(3);L(2)*xL(3);L(?)*xE(3);B(?)*E(J);andB
(?) x L (). The number of eggs laid and dead females and
males were counted every day. This procedure provided esti-
mates of lifetime realized fecundity, age-specific fecundity and
female longevity in the absence of seeds.

Data analyses

All data analyses were performed using SAS (SAS Institute,
2003). Since body size was positively correlated with both
female fecundity and longevity, the appropriate ANOVA
models (following examination of normality and homogeneity
of variance assumption) were applied after removing the linear
effect of body size on these traits. This was done by using the

Realized fecundity

i

ExL
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Fig. 2. Realized fecundity (mean + SE) of host-deprived
females from the E and L lines which were crossed with males
from either the same or the other line. First letters denote
females. N = 100 females per cross.
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Fig. 3. Frequency distribution of the percentages of females from the E and L lines, which were crossed with males from either the
same or the other line, that dumped different numbers of eggs during the course of their lives when deprived of hosts. First letters

denote females.

residuals from the body weight vs. fecundity or longevity linear
regression analyses. Proportional data (percentages of dumper
females) were compared using a G test (Sokal & Rohlf, 1995).
Because several tests were conducted on these data, probabili-
ties were recalculated using the sequential Bonferroni test to
adjust for multiple comparisons (Rice, 1989).

RESULTS

The mean body weight and longevity of both sexes in
the E and L lines are given in Fig. 1. These results accord
with earlier findings (Tucic et al., 1996, 1997, 1998). As
shown by two-way ANOVA, the wet weight of females
and males was greater in the L than the E lines (Fj39 =
482.90, P <0.001). Males were lighter than females (F; 399
= 482.90, P < 0.001) in both selected lines. We did not
find a significant line x sex interaction (F;30 = 3.49, P >
0.05). A comparison of the lifespan data (Fig. 1) after
removing the effect of body size showed that L beetles
lived longer than E beetles (Fi30s= 1157.90, P < 0.0001)

—t—i

Realized fecundity

BxE
Crosses

BxL

and females outlived males (F;30s = 599.81, P < 0.0001)
in both lines. Interestingly, females in the E lines lived for
about 24% longer than males, whereas the L females out-
lived males from their own experimental lines by about
42%. This pattern in female-male longevity results in a
significant line x sex interaction in a two-way ANOVA
(Fi30s = 198.6390, P < 0.0001). Keeping in mind that A.
obtectus females seem to benefit from water and/or nutri-
ents received from ejaculates (Tucié et al., 1996; Seslija
et al., 2009), it can be argued that L females, which were
not fed during the adult stage, were selected to rely on
male ejaculates to a greater extent than E females. There-
fore, the shorter life-span of males from the L lines com-
pared to the E males may be a consequence of evolution
associated with female exploitation of the male-derived
nuptial gift. This conclusion is in the line with the predic-
tion that when resources are scarce, male reproductive
investment in offspring, together with the associated costs

B
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Percentage of females
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Fig. 4. (A) Fecundity (mean number of eggs + SE) and (B) frequency distribution of the percentage of B females mated with either
E or L males that dumped different numbers of eggs during their lifetime when deprived of hosts. N = 100 females per cross.
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of mating, can exceed the costs experienced by females
(Hall et al., 2009).

When mated with males from their own line, the host-
deprived E females (i.e. E x E) dumped significantly
more eggs over their lifetimes than L females from the L
x L crosses (Fig. 2; Fi199 = 7.25, P < 0.01). Moreover,
67% of these L females and 53% of those from E x E
crosses died without dumping a single egg (Fig. 3), which
indicates that the long-lived L line contained significantly
more non-dumper females than the short-lived E line (G =
4.10; P < 0.05). However, when E females were mated to
L males their lifetime mean fecundity when deprived of
hosts was only about 0.8 eggs (Fig. 2), which was signifi-
cantly less than females in the E x E crosses (mean = 2.8;
Fii99 = 9.58, P < 0.01). Also, the percentage of non-
dumpers in the E x L crosses was substantially greater
(86%) than in the E X E crosses (G = 26.76; P < 0.001).
In contrast, the comparison of the L x L and L x E
crosses showed that mating with E males increased the
mean number of dumped eggs (3.4 vs. 1.6; Fy 10 =4.17, P
< 0.05) and reduced the percentage of non-dumping L
females (52% vs. 67%; G = 4.28, P < 0.05). Female body
weight appears to be unrelated to the egg-dumping ten-
dency, since there were no significant weight differences
between dumpers and non-dumpers within both the E and
L lines (mean body weights for dumpers and non-
dumpers were 6.4 vs. 6.2 and 4.7 vs. 4.3 within the L X L
and E x E crosses, respectively and dumping effect from
two way ANOVA was F1,199 = 167, P> 005)

The E and L males had a similar effect on egg-dumping
when mated with females from the base (B) population
(Fig. 4). Over their lifetime, B females mated with E
males dumped on average 5.5 eggs, whereas those mated
with L males dumped 3.1 eggs per female (Fy107 = 5.29, P
< 0.05). In addition, the percentage of non-dumping B
females was significantly higher in crosses with L than E
males (63% and 48%, respectively; G = 4.57, P < 0. 05).
Thus, the E males relative to the L males significantly
increased the percentage of females dumping eggs. These
results indicate that males can affect egg-dumping by
females, possibly by transferring substances during copu-
lation.

DISCUSSION

In the present study females from the short-lived E lines
exhibited substantially higher egg dumping than the long-
lived L line females. Although female body weight
appears to be unrelated to the egg-dumping tendency
within both lines, the E females were smaller than L
females suggesting that the smaller E females might have
a lower capacity to store oocytes, as suggested by Wilson
& Hill (1989). However, it seems that the changes in egg
dumping recorded result primarily from selection for
short- and long-lived individuals.

In terms of selection among females with respect to
their reproductive behaviour, these selection regimes
differ dramatically. In contrast to E females, which were
selected for early reproduction in the absence of seeds, L
females had to survive in vials for 10 days without host

seeds in order to produce offspring. Having in mind these
differences between selection regimes there are two pos-
sible explanations for the observed levels of egg-dumping
in the E and L lines. First, it can be argued that E females,
which were provided with beans at the very start of their
interaction with males, had little opportunity to dump
eggs and thus did not experience selection against this
maladaptive behaviour. Second, the lines could be dif-
ferent in the egg-dumping levels because non-dumping
females were favoured in the L selection regime. In other
words, females that laid eggs prior to the introduction of
beans had a shorter life, as previously shown for C. macu-
latus (Credland & Wright, 1989; Messina & Fry, 2003).
Also, their egg production after day 10 should be smaller
than that of non-dumping females.

One way to test these two possibilities is to compare the
levels of egg-dumping in the two selected lines with those
recorded in the base population (B). Although the data for
the B x B crosses is not presented in this study, using
unpublished estimates of egg-dumping in the base popu-
lation (see Materials and methods) the following pattern
was revealed (the groups were tested for significance
using the Tukey test): [(B x B; mean = 3.71) = (E x E;
mean = 2.78)] > [(L x L; mean = 1.57)]. Therefore, a
more likely explanation is that non-dumping females
were favoured by the L selection regime, i.e. the increase
in female longevity in the L lines was achieved, at least in
part, by selection for low egg-dumping.

Moreover, an additional factor promoting non-dumping
behaviour in the L line is the requirement of 4. obtectus
females for a host stimulant to achieve maximum
oogenesis (Pouzat, 1978; Huignard et al., 1986). In the
absence of seeds in the L selection regime, as shown in
previous studies (e.g. Tuci¢ et al.,, 2004), the age of
physiological maturity was markedly postponed. If mor-
tality and reproduction patterns are inextricably linked to
rates of adult maturation, as predicted by Williams’
theory of ageing (1957), then an increase in adult lifespan
is an expected outcome (Seslija & Tuci¢, 2008). Although
Williams’ theory of ageing does not predict that the rates
of adult maturation are also linked to the pre-adult devel-
opmental time, it was longer in the L line than in the E
line. Peculiar to bruchid beetles, the divergence in the age
of physiological maturity between L and E lines is also
accompanied by a divergence in egg dumping behaviour.
Even though Messina et al. (2007) did not determine the
age of physiological maturity in their low and high egg
dumping selected lines, the correlated responses recorded
in other two traits paralleled those observed in our L and
E lines. Indeed, as suggested by Messina et al. (2007)
such pleiotropic effects in bruchid insects “may reflect
joint dependence on circadian-clock genes and other
endogenous-timing genes” (p. 265). Besides regulation of
daily rhythmic behaviours, these genes are implicated in
regulation of the timing of non-circadian phenomena,
such as developmental time, the frequency of male court-
ship and duration of copulation in Drosophila (Beaver &
Giebultowitcz, 2004) and, perhaps, as suggested by
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Messina et al. (2007), in dumping behaviour in bruchid
beetles.

The effect of males on the life history traits of females
are well documented in many insect species (reviewed in
Vahed, 2007). In the seed beetles, males can reduce
female longevity, mediated, for instance, through the
seminal compounds with toxic side-effects (Das et al.,
1980), but can also prolong female longevity by pro-
viding them with water and/or nutrients contained in the
male ejaculate (Maklakov et al., 2005; éeélija et al.,
2008). The stimulation of oviposition by proteins trans-
ferred from males has also been recorded (Das et al.,
1980). In the present study we found evidence that male
selection regime significantly affects egg-dumping by
females. Females dumped fewer eggs when mated to
males from lines that were selected for lower rates of
senescence in which the females usually exhibited low
incidence of egg-dumping. These results are the first evi-
dence that selection for long-lived insects could lead to
the reduced potency of male seminal products to stimulate
female oviposition.

Reduced oviposition is adaptive to female in the
absence of host seeds. To refrain from laying eggs could
improve a female’s survival and, if she continues to
search for hosts, the chance of producing progeny. How-
ever, it is less clear what benefits are for males if they
produce seminal products with such physiological activi-
ties. A reduction in female oviposition following copula-
tion does not appear to be advantageous in terms of
male-to-male competition. This holds only if, after suc-
cessful copulation, paternity is certain. However, for
males in the L lines it may not be advantageous for them
to stimulate female oviposition because these females laid
only a few eggs when seeds become available after 10
days and, as a result, “inducing males” would produce
fewer offspring than non inducing males. Thus, it seems
that L regime also selects males that do not stimulate
females to lay eggs immediately after mating. Interest-
ingly, L males enhance female fecundity only if the
females can use oviposition sites immediately after
mating (Seslija et al., 2008). Therefore, it seems that in A.
obtectus the effects of males on female oviposition
behaviour could be changed in accordance with environ-
mental context, i.e. presence or absence of host seeds.
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