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Abstract

The evolution of female multiple mating is best understood from a consideration of male and

female reproductive perspectives. Generally, females should be selected to remate at their

optimal frequencies, whereas males should be selected to manipulate female remating to their

advantage. Therefore, female remating behavior may be changed by variation in male as well

as female traits. In this study, our aim was to separate the effects of female and male strains on

female remating in the adzuki bean beetle, Callosobruchus chinensis, which have the

interstrain variation in the female remating frequency. We found that the interstrain variation in

female remating is primarily attributable to female traits, suggesting genetic variation in

female receptivity to remating in C. chinensis. However, some interstrain variation in female

remating propensity was attributable to an interaction between female and male strains, with

the males of some strains being good at inducing nonreceptivity in females from one

high-remating strain, whereas others were good at inducing copulation in nonvirgin females

from the high-remating strain. Thus, there is interstrain variation in male ability to deter

females from remating and in male ability to mate successfully with nonvirgin females. These

results suggest that mating traits have evolved along different trajectories within different

strains of C. chinensis.
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Introduction

For females of most animal species, a single mating is indispensable to reproduction, but the

fitness advantages of multiple mating are not easily understood. This is because the classic

model of sexual selection predicts that, unlike that of males, female reproductive success does

not increase monotonically with the number of mates (Bateman 1948). Moreover, superfluous

mating may decrease female fitness because mating involves various costs to females

(Thornhill and Alcock 1983; Arnqvist and Nilsson 2000). However, females of the majority of

animal species do mate multiply (Thornhill and Alcock 1983; Ridley 1988; Birkhead and

Mgller 1998; Birkhead 2000). Thus, a variety of the benefits to females of remating have been

proposed to account for the evolution of female multiple mating (Thornhill and Alcock 1983;

Yasui 1998; Arnqvist and Nilsson 2000; Jennions and Petrie 2000; Zeh and Zeh 2003). Many

studies have shown that female fitness increases with mating frequency to some extent (Ridley

1988; Arnqvist and Nilsson 2000). Therefore, the relationship between female mating

frequency and fitness is often more complex than that predicted in the classic model, and

females should be selected to remate at their optimal frequencies (Arnqvist and Nilsson 2000;

Arngvist et al. 2005).

The evolution of female remating behavior cannot be understood only from the perspective of
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female benefits because males may manipulate female remating in favor of them (Parker 1979;

Holland and Rice 1998; Arnqvist and Rowe 2002, 2005; Chapman et al. 2003; Pizzari and

Snook 2003). Under conditions of polyandry, males should benefit through increased

fertilization success by inducing nonreceptivity in females after mating, and they also benefit

from mating with nonvirgin females via sperm mixing in the spermatheca or displacement of

sperm from previous mates. The male manipulation of female remating may coincide with the

interests of females. In this case, coevolution of male traits and female traits may be driven by

selection on males to manipulate female mating behavior and on females to acquire direct or

indirect benefits from preferring the males with manipulative traits (Andersson 1994; Eberhard

1996; Jennions and Petrie 2000; Cordero and Eberhard 2003; Kokko et al. 2003). In contrast,

the male manipulation of female remating may conflict with the interests of females. Thus,

males may induce females to remate less frequently than the optima of females (Pitnick et al.

2001; Montrose et al. 2004), or they may seduce or coerce females to remate more frequently

than the optima of females (Clutton-Block and Parker 1995; Arnqvist 1997; Holland and Rice

1998). It has been suggested that the conflict of interests of a female, her previous mate and

her potential future mates results in the evolution of male manipulation of female remating and

the evolution of female counteradaptation to prevent the manipulation (Holland and Rice 1998;

Rice 1998; Arnqvist and Nilsson 2000; Gavrilets et al. 2001; Arnqvist and Rowe 2002, 2005;
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Chapman et al. 2003; Pizzari and Snook 2003; Hirdling and Kaitala 2005). Both type of

male-female coevolution will affect the evolution of female remating behavior.

In the adzuki bean beetle, Callosobruchus chinensis (Coleoptera: Bruchidae), remating

reduces female fecundity, suggesting that there is sexual conflict between reluctant females

and persistent males over female remating (Harano et al. 2006). This leads us to the prediction

that female remating behavior has been subjected to the selection that stems from sexual

conflict in C. chinensis. Marked variation in female remating frequency has been found

between different strains of C. chinensis (Miyatake and Matsumura 2004; Harano and

Miyatake 2005). This implies that there is genetic variation in female remating, as has been

shown by using artificial selection in a related species, C. maculatus (Eady et al. 2004). The

variation in female remating might be attributable to female genetic traits and/or male genetic

traits affecting female remating. The inheritance of female and male traits related to female

remating behavior has been studied extensively in Drosophila melanogaster. In this species,

artificial selection showed genetic variation in the female traits that control female remating

speed (Gromko and Newport 1988; Sgré et al. 1998). Moreover, there is evidence for genetic

variation in the ability of first males to deter females from remating (Service and Vossbrink

1996; Sgré et al. 1998). Under the removal of sexual selection through experimentally forced

monogamy in D. melanogaster, a naturally promiscuous species, males evolved to have
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reduced deterrence of female remating (Pitnick et al. 2001). When females were prevented

from evolving and males were allowed to adapt to the female phenotype in an experimental

population, the ability of males to increase the rate of female remating evolved within the

population (Rice 1996). These findings suggest that genetic variation in female and/or male

traits potentially causes the difference in female remating behavior.

The interstrain variation for female remating frequency in C. chinensis may be a result of the

difference in (1) female traits, (2) the ability of the first males to inhibit female remating

through their ejaculates and/or the physical effects of copulation or (3) the ability of the second

males to promote female remating through their courtship behavior, or (4) a combination of the

above. To distinguish these different scenarios, we first determined whether the interstrain

variation in female remating behavior is attributable to genetic traits of females, males or both

in C. chinensis. Here, we predict that, if the interstrain variation for female remating depends

entirely on female traits, then female remating behavior should not be influenced by a

difference in the strain of origin of the males that mate with the females, whereas if there is

variation in male traits affecting female remating between strains, then female remating

behavior should be influenced by the strain of origin of the males. Second, we compared the

ability of first males to deter females from remating after copulation and the ability of second

males to mate successfully with already mated females between strains of this species.
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Materials and Methods

Insects and culture

We used four strains of C. chinensis (see Table 1 for detailed information). We classified the

isC and yoCO02 as high female remating strains and the jC-S and rdaCmrkt as low female

remating strains. The classification was done with the help of existing data on the frequency of

female remating of the strains (Harano and Miyatake 2005, T. Harano unpublished). According

to the classification, we refer to the isC, yoC02, jC-S and rdaCmrkt as the High-1, High-2,

Low-1 and Low-2 strains, respectively. Stock cultures of these strains had been maintained as

mass cultures.

All beetles used for this study were reared from eggs laid by parents collected randomly from

stock cultures of each strain. The parent beetles were allowed to lay up to five eggs per adzuki

bean, Vigna angularis in any strain. Virgin adults emerging from these beans were kept in

separate-sex groups of up to 10 adults in plastic cups (2.8 cm high, 7 cm in diameter) and

given water and adult food (1:2 yeast extract:sugar). At the age of 2-5 days, female and male

adults were used for the following experiments. Umeya and Shimizu (1968) have reported that
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mean longevity of female adults equals to 58 days under the rearing condition, which is similar

to this study. Thus, adults were used early in their life for the experiments in this study. All

rearing and subsequent experiments were conducted in a chamber maintained at 25°C and 50%

relative humidity under a photoperiod cycle of 14:10 light: dark.

Experiment 1: effects of female and male strains on female remating

In this experiment, we used the High-1 and Low-1 strains (Table 1). To examine the effects of

female and male strains separately on female remating, we created four treatments of mating

pairs (High-1 female x High-1 male, High-1 female x Low-1 male, Low-1 female x High-1

male and Low-1 female x Low-1 male).

To confirm female first mating, we placed one virgin female and one virgin male in a glass

vial (4.4 cm high, 1.7 cm in diameter), and observed their mating for 1 h. After copulation, the

male was removed, and the female was maintained in groups of up to 10 beetles in plastic cups

and given water and adult food. Female remating was observed on days 1, 3 and 5 after the

first mating. To determine whether the female remates, we placed the female and another

virgin male from the same strain as the first mate in a glass vial, and observed them each day

either until females had remated once or 1 h had passed. Remated females were not observed
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further. For each female, we recorded ‘remated on day 1°, ‘remated on day 3°, ‘remated on day

5’ or ‘not remated at all’ as the score of the tendency of females to remate.

We compared the frequency of female first mating, calculated as the percentage of virgin

females mated with males presented to them, between the treatments. The score of the

tendency of females to remate was ranked in the descending order of ‘remated on day 1°,

‘remated on day 3’°, ‘remated on day 5° and ‘not remated at all’. We assessed the level of

female remating as the ranked score, and compared the level of female remating between the

treatments of mating pairs.

Experiment 2: comparison of the effects of first and second males on female remating between

strains

We examined variation in the ability of first males to deter females from remating and the

ability of second males to promote female remating in the females from the High-1 strain,

remating of which was influenced by the strains of origin of their mates in the experiment 1

(see Results). The abilities of first and second males were separately compared between four

strains: High-1, High-2, Low-1 and Low-2 (Table 1).

10
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Effects of first male

A virgin female from the High-1 strain was mated first with a virgin male from any one of four

strains; then she was given opportunities to remate with a virgin male from the High-1 strain,

and the remating was observed in the same way as the experiment 1. To examine first male

deterrence of female remating, we compared the level of female remating between the strains

of origin of the males that females mated with first.

Effects of second male

A virgin female from the High-1 strain was mated first with a virgin male from the High-1

strain; then she was given opportunities to remate with a virgin male from any one of four

strains, and the remating was observed as described above. To examine the ability of second

males to mate successfully with mated females, we compared the level of female remating

between the strains of origin of the males that the females were paired with at remating.

Statistical analyses

11
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To compare the frequency of female first mating between the treatments of mating pairs in

experiment 1, we applied the G test using Williams’s correction (Sokal and Rohlf 1995) and

corrected the significance level (¢=0.05) by the sequential Bonferroni method (Rice 1989). To

test for the effects of female strain and male strain on the level of female remating in the

experiment 1, we used a non-parametric two-way ANOVA according to Scheirer-Ray Hare

extension of the Kruskal-Wallis test (Sokal and Rohlf 1995). To compare the level of female

remating between male strains in experiment 2, one-way Kruskal-Wallis test was carried out

using SPSS version 11.0 (SPSS Institute 2001). Pairwise comparisons between the treatments

of mating pairs in the experiment 1 and between male strains in the experiment 2 were

performed using the non-parametric multiple comparison, Steel-Dwass method (Dwass 1960;

Steel 1960) if the non-parametric two-way ANOVA showed a significant interaction between

female strain and male strain in the experiment 1 or the Kruskal-Wallis test showed a

significant difference in the experiment 2.

Results

Experiment 1: effects of female and male strains on female remating

12
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Approximately 70% of virgin females from the High-1 strain and more than 80% of virgin

females from the Low-1 strain mated, regardless of the strains of origin of the males that the

females were paired with (Table 2). There were no significant differences between male strains

in the first mating frequency of the High-1 females (G,4=0.16, P>0.05; Table 2) and in that of

the Low-1 females (G,4=5.64, P>0.05; Table 2). The first mating frequency was significantly

higher in the Low-1 females than in the High-1 females when the females were paired with the

High-1 males (G,4=18.88, P<0.05; Table 2), but it did not differ significantly between female

strains when the females were paired with the Low-1 males (G,4=6.05, P>0.05; Table 2).

Overall the level of female remating was significantly affected by female strain (df=1,

$5=673450.40, H=80.37, P<0.001) and male strain (df=1, $S=110776.27, H=13.22, P<0.001),

and there was a significant interaction between female strain and male strain (df=1,

$§=103297.40, H=12.33, P<0.001). Therefore, we performed pairwise comparison between

the treatments of mating pairs. The High-1 females had significantly higher levels of remating

than the Low-1 females when paired with the High-1 males (test statistic=7.78, P<0.01; Table

2), and they also did so when paired with the Low-1 males (test statistic=4.55, P<0.01; Table

2). The effects of male strain on the level of female remating depended on the female strain.

Almost none of the Low-1 females remated either when paired with the High-1 males or when

paired with the Low-1 males, and the remating level of the Low-1 females did not differ

13
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significantly between the male strains (test statistic=0.00, P>0.05; Table 2). On the other hand,

the remating level of the High-1 females paired with the High-1 males was significantly higher

than those paired with the Low-1 males (test statistic=4.60, P<0.01; Table 2).

Experiment 2: comparison of the effects of first and second males on female remating between

strains

Effects of first male

The cumulative remating frequency of the High-1 females ranged from 42.5 to 61.5% during

the 5 days after the first mating among the strains of origin of first males (Table 3). There was

a significant difference in the level of the female remating between the strains of first males

(Hs=11.17, P=0.011). The remating level of the females mated first with the Low-1 males was

significantly lower than that of females mated first with the High-2 males (test statistic=3.06,

P<0.05; Table 3), and it was marginally but not significantly lower than that of females mated

first with the High-1 males (test statistics=2.56, critical value at significance level set to 0.05

=2.57; Table 3).

14
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Effects of second male

The cumulative remating frequency of the High-1 females varied more among the strains of

origin of second males, ranging from 22.4 to 59.2% during the 5 days after the first mating

(Table 4), than among the strains of origin the first males (Table 3). There was a significant

difference in the level of the female remating between the strains of second males (H;=32.84,

P<0.001). The remating level of females given opportunities to remate with the High-1 males

was significantly higher than that of females given opportunities to remate with the High-2

(test statistic=2.97, P<0.05; Table 4), Low-1 (test statistic=5.79, P<0.01; Table 4) and Low-2

(test statistic=2.92, P<0.05; Table 4) males, and the remating level was significantly higher in

females given opportunities to remate with the High-2 and Low-2 males than in females given

opportunities to remate with the Low-1 males (test statistic=2.86, P<0.05 and test

statistic=2.81, P<0.05, respectively; Table 4).

Discussion

The difference in the level of female remating between females derived from strains with high

and low frequencies of female remating, the High-1 and Low-1 strains, was consistently

15
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significant across the strains of origin of the males that females paired with (Table 2). This

indicates that the genetic variation in female remating between strains of C. chinensis is

primarily attributable to the differences in female receptivity to remating (see also Miyatake

and Matsumura 2004; Harano and Miyatake 2005).

The effects of male strain on the level of female remating depended on female strain. Most of

the Low-1 females mated indiscriminately with the first male they encountered and then

became nonreceptive, regardless of the male strain (Table 2). On the other hand, the High-1

females showed some receptivity after their first mating (Table 2). The remating levels of the

High-1 females were influenced by the strain of origin of the first male (Table 3), suggesting

genetic variation in male ability to inhibit female remating through ejaculate or the physical

effects of copulation in C. chinensis. The remating levels of the High-1 females were also

influenced by the strain of origin of the second male (Table 4), suggesting genetic variation in

male ability to mate successfully with mated females through courtship behavior in C.

chinensis.

Studies with population crosses have shown the effects of interaction between male and

female genotypes on male induction of female nonreceptivity to remating in some insect

species (Andrés and Arnqvist 2001; Brown and Eady 2001; Nilsson et al. 2003). These suggest

that female traits may shape the pattern of sexual selection on acting males (Nilsson et al.

16
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2003). The present study also showed significant male-female interaction effects on female

remating behavior in C. chinensis, such that the effects of male strain on female remating

differed between the strains of origin of females. In the C. chinensis populations with high

levels of female remating, the variation in male traits influences the level of female remating,

in other words, whether a female remates (Table 2). Therefore, males that have superior ability

to deter females from remating after copulation or to mate successfully with already mated

females can achieve higher reproductive success in the high-remating populations. In the

populations with low levels of female remating, in contrast, male traits do not influence

whether a female remate (Table 2). Therefore, sexual selection on the male traits affecting

female remating may be strong in the high-remating populations, whereas such selection may

be weak or absent in the low-remating populations.

The remating level of females derived from the High-1 strain mated first with males from one

low-remating population, the Low-1 strain, was lower than that of females mated first with

males from two high-remating populations, the High-2 and High-1 strains, although the

difference with the latter strain was statistically marginal (Table 3). However, the remating

level of females mated first with males from the other low-remating population, the Low-2

strain, do not differ from that of females mated first with males from the High-1 and High-2

strains (Table 3). This result indicates that the males only from the Low-1 strain exert superior

17
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ability to deter females from remating than the males from the High-1 and High-2 strains do.

This is not consistent with the hypothesis that differences in sexual selection generate the

variation in the ability of first males to inhibit female remating between populations. On the

other hand, the level of female remating was highest when females were given opportunities to

remate with the males from the High-1 strain, intermediate when offered the opportunity to

remate with the males from the High-2 and Low-2 strains and lowest with males from the

Low-1 strain (Table 4). This result indicates that the ability of second males to mate

successfully with mated females is most superior in males from one high-remating population

and worst in males from one low-remating population, although this pattern was not entirely

consistent across high- and low-remating populations. Further study using more numerous

populations is needed to confirm the hypothesis that differences in sexual selection generate

the variation in the male ability between populations because we used a small number of

populations in the present study.

Another possible explanation for the interstrain variation in male traits affecting female

remating behavior is differences between strains in rearing periods in the laboratory. Rearing

condition may generate selection on some traits of beetles. If the male traits affecting female

remating are genetically correlated with any other traits, then they may have changed as a

result of inadvertent selection acting on the correlated traits, such as body size or courtship

18
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activity, under the rearing for successive generations (Miyatake 1998). Among strains of C.

chinensis used for the present study, males of the Low-1 strain, which has been maintained in

the laboratory for more than 60 years (Table 1), have a larger body size and a lower courtship

activity (unpublished). In a seed beetle, Stator limbatus, the body size of the first male

influences female remating, such that females mated first with larger males were less likely to

remate (Savalli and Fox 1998). In C. chinensis, larger body size in males from the Low-1

strain may account for the males being good at inducing nonreceptivity in females (Table 3).

Male body size may also influence mating success with reluctant females (Day and Gilburn

1997; Crean and Gilburn 1998; Ortigosa and Rowe 2002; Shuker and Day 2002; Maklakov et

al. 2003). In Drosophila melanogaster, larger males court more often than smaller males, and

females remate more rapidly when courted by larger males (Pitnick 1991; Friberg and Arnqvist

2003). The interstrain variation in the male traits affecting female remating might be generated

as a result of selection acting on male body size and/or courtship activity in C. chinensis.

Moreover, it is also possible that a random genetic drift occurs under the rearing condition.

The genetic drift might have influenced male traits affecting female remating in C. chinensis.

Males and females typically maximize their reproductive success in different ways (Arnqvist

and Rowe 2005). Females should generally be selected to remate at their optimal frequencies

(Arnqvist and Nilsson 2000; Arnqvist et al. 2005), whereas males should generally be selected

19
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to manipulate female remating to their advantage (Parker 1979; Holland and Rice 1998;

Arnqgvist and Rowe 2002, 2005; Chapman et al. 2003; Pizzari and Snook 2003). As an

evolutionary consequence of this, female remating behavior may be affected not only by

female traits but also by male traits: male abilities to inhibit female remating and to mate

successfully with females already mated to other males. The strains of C. chinensis used in this

study have diverged in female receptivity to remating and the male abilities to manipulate

female remating behavior. This suggests that the female and male traits have evolved along

different evolutionary trajectories between strains of C. chinensis. Coevolution of female traits

and male traits affecting female remating would either be driven by selection on individuals of

both sexes to acquire benefits from an interaction with each other (Andersson 1994; Eberhard

1996; Jennions and Petrie 2000; Cordero and Eberhard 2003; Kokko et al. 2003) or by

sexually antagonistic selection that stems from conflict between the interests of the two sexes

(Holland and Rice 1998; Arnqvist and Nilsson 2000; Gavrilets et al. 2001; Arnqvist and Rowe

2002, 2005; Chapman et al. 2003; Pizzari and Snook 2003). The latter selection mechanism is

more likely in the evolution of female traits of resistance to remating and male traits of

persistence in mating in C. chinensis because remating reduces female fecundity, suggesting

that there is sexual conflict over female remating in this species (Harano et al. 2006).

20



347

348

349

350

3561

352

353

354

355

Acknowledgments

We thank M. Shimada (Tokyo University, Tokyo, Japan), N. Kondo (National Institute for

Environmental Studies, Ibaraki, Japan), Y. Toquenaga (Tsukuba University, Ibaraki, Japan), K.

Kohno (National Institute of Vegetable and Tea Science, Mie, Japan) for providing the insect

cultures of the bean beetles. We also thank E. Kasuya (Kyushu University, Fukuoka, Japan) for

statistical advices and anonymous referees for valuable comments. This study was supported

by a grant-in-aid for Scientific Research (KAKENHI 16370013 and 16657009) from the

Ministry of Education, Culture, Sports, Science and Technology of Japan (to T.M.).

21



356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

References

Andersson M (1994) Sexual selection. Princeton University Press, Princeton, New Jersey.

Andrés JA, Arnqvist G (2001) Genetic divergence of the seminal signal-receptor system in

houseflies: the footprints of sexually antagonistic coevolution? Proc R Soc Lond B

268:399-405

Arnqvist G (1997) The evolution of water strider mating systems: causes and consequences of

sexual conflicts. In: Choe JC, Crespi BJ (eds) The Evolution of Mating Systems in Insects

and Arachnids. Cambridge University Press, Cambridge, pp 146—163.

Arngvist G, Nilsson T (2000) The evolution of polyandry: multiple mating and female fitness

in insects. Anim Behav 60:145-164.

Arngvist G, Rowe L (2002) Antagonistic coevolution between the sexes in a group of insects.

Nature 415:787-789.

Arngvist G, Rowe L (2005) Sexual Conflict. Princeton University Press, Princeton and Oxford.

Arnqgvist G, Nilsson T, Katvala M (2005) Mating rate and fitness in female bean weevils.

Behav Ecol 16: 123-127.

Bateman A J (1948) Intra-sexual selection in Drosophila. Heredity 2:349-368.

Birkhead TR (2000) Promiscuity: An Evolutionary History of Sperm Competition and Sexual

22



374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

Conflict. Faber and Faber, London.

Birkhead TR, Mgller AP (1998) Sperm competition and sexual selection. Academic Press, San

Diego.

Brown DV, Eady PE (2001) Functional incompatibility between the fertilization systems of

two allopatric populations of Callosobruchus maculatus (Coleoptera : Bruchidae). Evolution

55:2257-2262

Chapman T, Arnqvist G, Bangham J, Rowe L (2003) Sexual conflict. Trends Ecol Evol

18:41-47.

Clutton-Brock TH, Parker GA (1995) Sexual coercion in animal societies. Anim Behav

49:1345-1365.

Cordero C, Eberhard WG (2003) Female choice of sexually antagonistic male adaptations: a

critical review of some current research. J Evol Biol 16: 1-6.

Crean CS, Gilburn AS (1998) Sexual selection as a side effect of sexual conflict in the seaweed

fly, Coelopa ursina (Diptera: Coelopidae). Anim Behav 56:1405-1410.

Day TH, Gilburn AS (1997) Sexual selection in seaweed flies. Adv Study Behav 26:1-57.

Dwass M (1960) Some k-sample rank-order tests. In: Olkin I (ed) Contributions to Probability

and Statistics. Stanford University Press, California, pp 198-202.

Eady PE, Rugman-Jones P, Brown DV (2004) Prior oviposition, female receptivity and

23



392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

last-male sperm precedence in the cosmopolitan pest Callosobruchus maculatus

(Coleoptera : Bruchidae). Anim Behav 67: 559-565.

Eberhard WG (1996) Female control: sexual selection by cryptic female choice. Princeton

University Press, Princeton, New Jersey.

Friberg U, Arnqvist G (2003) Fitness effects of female mate choice: preferred males are

detrimental for Drosophila melanogaster females. J Evol Biol 16:797-811.

Gavrilets S, Arnqvist G, Friberg U (2001) The evolution of female mate choice by sexual

conflict. Proc R Soc Lond B 268:531-539.

Gromko MH, Newport MEA (1988) Genetic basis for remating in Drosophila melanogaster. 11.

Response to selection based on the behavior of one sex. Behav Genet 18:621-632.

Harano T, Miyatake T (2005) Heritable variation in polyandry in Callosobruchus chinensis.

Anim Behav 70:299-304.

Harano T, Yasui Y, Miyatake T (2006) Direct effects of polyandry on female fitness in

Callosobruchus chinensis. Anim Behav 71:539-548.

Hirdling R, Kaitala A (2005) The evolution of repeated mating under sexual conflict. J Evol

Biol 18:106-115.

Holland B, Rice WR (1998) Chase-away sexual selection: antagonistic seduction versus

resistance. Evolution 52:1-7.

24



410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

Jennions MD, Petrie M (2000) Why do females mate multiply? A review of the genetic

benefits. Biol Rev 75: 21-64.

Kokko H, Brooks R, Jennions MD, Morley J (2003) The evolution of mate choice and mating

biases. Proc R Soc Lond B 270: 653-664.

Maklakov AA, Bilde T, Lubin Y (2003) Vibratory courtship in a web-building spider:

signalling quality or stimulating the female? Anim Behav 66:623-630.

Miyatake T (1998) Genetic changes of life history and behavioral traits during mass-rearing in

the melon fly, Bactrocera cucurbitae (Diptera: Tephritidae). Res Popul Ecol 41: 269-273.

Miyatake T, Matsumura F (2004) Intra-specific variation in female remating in Callosobruchus

chinensis and C. maculatus. J Insect Physiol 50:403-408.

Montrose VT, Harris WE, Moore PJ (2004) Sexual conflict and cooperation under naturally

occurring male enforced monogamy. J Evol Biol 17:443-452.

Nilsson T, Fricke C, Arnqvist G (2003) The effects of male and female genotype on variance in

male fertilization success in the red flour beetle (Tribolium castaneum). Behav Ecol

Sociobiol 53:227-233

Ortigosa A, Rowe L (2002) The effect of hunger on mating behaviour and sexual selection for

male body size in Gerris buenoi. Anim Behav 64:369-375.

Parker GA (1979) Sexual selection and sexual conflict. In: Blum MS, Blum NA (eds) Sexual

25



428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

Selection and Reproductive Competition in Insects. Academic Press, New York, pp123-166.

Pitnick S (1991) Male size influences mate fecundity and remating interval in Drosophila

melanogaster. Anim Behav 41:735-745.

Pitnick S, Brown WD, Miller GT (2001) Evolution of female remating behaviour following

experimental removal of sexual selection. Proc R Soc Lond B 268:557-563.

Pizzari T, Snook RR (2003) Perspective: sexual conflict and sexual selection: chasing away

paradigm shifts. Evolution 57:1223-1236.

Rice WR (1989) Analyzing tables of statistical tests. Evolution 43:223-225.

Rice WR (1996) Sexually antagonistic male adaptation triggered by experimental arrest of

female evolution. Nature 381:232-234.

Rice WR (1998) Intergenomic conflict, interlocus antagonistic coevolution, and the evolution

of reproductive isolation. In: Howard DJ, Berlocher SH (eds) Endless forms: species and

speciation. Oxford University Press, New York, 261-270.

Ridley M (1988) Mating frequency and fecundity in insects. Biol Rev 63:509-549.

Savalli UM, Fox CW (1998) Sexual selection and the fitness consequences of male body size

in the seed beetle Stator limbatus. Anim Behav 55:473-483.

Service PM, Vossbrink RE (1996) Genetic variation in "first" male effects on egg laying and

remating by female Drosophila melanogaster. Behav Genet 26:39-48.

26



446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

Sgr6 CM, Chapman T, Partridge L (1998) Sex-specific selection on time to remate in

Drosophila melanogaster. Anim Behav 56:1267-1278.

Shuker DM, Day TH (2002) Mate sampling and the sexual conflict over mating in seaweed

flies. Behav Ecol 13:83-86.

Sokal RR, Rohlf FJ (1995) Biometry 3rd ed. W. H. Freeman, New York.

SPSS Institute (2001) SPSS for Windows Version 11.0. SPSS Institute Inc, Chicago.

Steel RGD (1960) A rank sum test for comparing all pairs of treatments. Technometrics

2:197-207.

Thornhill R, Alcock J (1983) The evolution of insect mating systems. Harvard University Press,

Cambridge.

Umeya K, Shimizu K (1968) Studies on the comparative ecology of bean weevils. III. Effect of

feeding on the life span and oviposition of the adult of three species of bean weevils.

Research Bulletin of the Plant Protection Service Japan. 5: 39-49. [In Japanese].

Utida S (1941a) Studies on experimental population of the azuki bean weevil Callosobruchus

chinensis (L.). 1. The effect of population density on the progeny population. Memoris

College Agriculture, Kyoto Imperial University 48:1-31.

Utida S (1941b) Studies on experimental population of the azuki bean weevil Callosobruchus

chinensis (L.). IV. Analysis of density effect with respect to fecundity and fertility of eggs.

27



464 Memoris College Agriculture, Kyoto Imperial University 51:1-26.

465  Yanagi S, Miyatake T (2003) Costs of mating and egg production in female Callosobruchus

466 chinensis. J Insect Physiol 49:823-827.

467  Yasui Y (1998) The “genetic benefits' of female multiple mating reconsidered. Trends Ecol

468 Evol 13:246-250.

469  Zeh JA, Zeh DW (2003) Toward a new sexual selection paradigm: polyandry, conflict and

470 incompatibility. Ethology 109:929-950.

28



471

472

Table 1. The rearing history and female remating frequency of each strain of Callosobruchus

chinensis used in this study.

Collection Number of % Female
Strain year Locality of population founder adults  remating ~
High-1 (isC) 1997 Ishigaki, Okinawa, Japan ~ More than 200 384"

High-2 (yoC02) 2002

Low-1 (jC-S) 1936

Low-2 (rdaCmrkt) 1998

Yoshii, Okayama, Japan

Kyoto, Kyoto, Japan

Rajshahi, Bangladesh

sk

26 32.7
No information 8.8
More than 50 75"

Reference to each strain: isC to Yanagi and Miyatake (2003); yoC02 to Harano and Miyatake

(2005); jC-S to Utida (1941a, b); rdaCmrkt to Toquenaga Y. (personal communication).

"The data represents the cumulative frequency of female remating for 5 day after first mating.

“The data from Harano and Miyatake (2005). ™" The data from T. Harano (Unpublished); it

was examined followed by the method of Harano and Miyatake (2005).
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Table 2. Frequency of female first mating, cumulative frequency of female remating after first

mating and the level of female remating in each mating pair.

Remating
% Female remating Rank of the level of
Mating pair First mating Days after first mating female remating
Q d n % n 1 3 5 Mean =+ SE
High-1 High-1 149 705 * 103 31.1 495 563 2843 + 10.69 *°
High-1 Low-1 187 684 * 125 12.8 200 272 2205 + 846 °
Low-1  High-1 109 91.7 ° 100 4.0 4.0 4.0 1729 + 464 °
Low-1  Low-1 121 81.0 *® 98 2.0 2.0 4.1 171.8 + 414 °

The frequency of female first mating was compared by the G-test using Williams’s correction

(Sokal and Rohlf 1995); the significance level was corrected by the sequential Bonferroni method

(Rice 1989). The level of female remating (see Materials and Methods) was compared by

Steel-Dwass method (Dwass 1960; Steel 1960). The different letters indicate significant difference

between mating pairs at P<0.05.
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Table 3. Cumulative remating frequency of the High-1 females after the first mating

and the level of female remating in females that were mated first with males from each

strain. Females received opportunities to remate with the High-1 males.

% Female remating Rank of the level of female
Strain of Days after first mating remating
first males n 1 3 5 Mean =+ SE
High-1 125 32.0 49.6 59.2 2573 £ 11.64 *°
High-2 109 38.5 53.2 61.5 2686 + 1279 °
Low-1 146 24.0 35.6 42.5 2172 + 1064 °°
Low-2 113 33.6 47.8 54.9 2513 + 12.64

The different letters indicate significant difference in the level of female remating (see
Materials and Methods) between male strains at P<0.05 by Steel-Dwass method (Dwass
1960; Steel 1960). "The difference in the remating level between the females mated first
with the Low-1 males and with the High-1 males was statistically marginal (test

statistics=2.56, critical value at significance level set to 0.05 =2.57).
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Table 4. Cumulative remating frequency of the High-1 females after the first mating

and the level of female remating in females that were paired with males from each strain

at remating. The females were mated first with the High-1 males.

% Female remating Rank of the level of
Strain of Days after first mating female remating
second males n 1 3 5 Mean =+ SE
High-1 125 32.0 49.6 59.2 3269 £ 1233 °
High-2 133 24.8 30.8 38.3 2732 + 1196 °
Low-1 107 15.9 18.7 22.4 2293 + 999 ¢
Low-2 153 27.5 32.0 37.3 2739 + 1141 °

The same letters indicate no significant difference in the level of female remating (see

Materials and Methods) between male strains at P<0.05 by Steel-Dwass method (Dwass

1960; Steel 1960).
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