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Introduction

Female insects can determine which males sire their

young even after copulation has occurred by prematurely

terminating copulations, failing to store transferred sperm,

removing or ejecting stored sperm, or delaying oviposition

until after mating with desirable males (Eberhard, 1996).

Such mechanisms represent a form of post-copulatory

female choice because they often lead to differential

fertilization success of males (Thornhill, 1983).

Crickets offer an ideal model with which to examine

the evolution of post-copulatory female choice: the

ejaculate of a male typically remains attached outside

the female’s genital opening after mating in the form of

an externally attached spermatophore, and females are

thus well positioned to influence sperm transfer by

removing the spermatophore before complete sperm

transfer has occurred (Sakaluk, 1984; Simmons, 1986;

Sakaluk & Eggert, 1996; Ivy & Sakaluk, 2007). Premature

removal of the spermatophore has a significant influence

on male fertilization success, with those males trans-

ferring a greater number of sperm siring a higher

proportion of offspring (Sakaluk, 1986; Sakaluk & Eggert,

1996; Calos & Sakaluk, 1998; Eggert et al., 2003; Garcı́a-

González & Simmons, 2005; Bussière et al., 2006).

An underlying assumption of studies of post-copula-

tory mate choice is that females’ preferences vary

primarily according to the perceived quality of their

prospective mates. However, factors intrinsic to females

and unrelated to male phenotype, such as female age,

condition or previous mating history, can affect the costs

of choice and thereby influence females’ preferences

(Prosser et al., 1997; Moore & Moore, 2001; Byers et al.,

2006; Mautz & Sakaluk, 2008). Another largely unex-

plored factor is genetic variation in the actual mecha-

nism(s) mediating the female preference. For example, if

there was genetic variation in the propensity of females

to discard sperm, a common form of post-copulatory

choice (Eberhard, 1996), a female’s decision to use a

male’s sperm in fertilizations might be mediated, in part,

by her own genotype, independent of the male’s

phenotype.
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Abstract

Female crickets can exert post-copulatory mating preferences by prematurely

removing a male’s spermatophore after copulation, which terminates sperm

transfer. Although most models of sexual selection assume that female mating

preferences are heritable, there has been little work addressing genetic

variation underlying post-copulatory mate choice. We used a paternal half-sib

design, in which different males were randomly assigned as mates to several

females to create half-sib families, to determine the heritability of spermato-

phore retention time in female house crickets, Acheta domesticus. There was

significant additive genetic variance in the timing of spermatophore removal

by females [h2 = 0.50 ± 0.19 (± SE)], suggesting that the timing of sperma-

tophore removal is determined, in part, by the female’s own genotype

independent of the quality of her mate. The relatively high heritability of

spermatophore retention time may be reflective of the absence of strong

selection on this trait, consistent with previous work showing no difference in

the fitness of females permitted to freely remove the spermatophore of their

mates and those forced to accept complete ejaculates.
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Here we report the results of a study designed to

determine the heritability of spermatophore retention

time in female house crickets, Acheta domesticus, using a

halfsib design in which different males were randomly

assigned as mates to three different females. We predicted

that if the timing of spermatophore removal was deter-

mined primarily by the quality of a female’s mate, there

should be little resemblance in the timing of spermato-

phore removal across half sib females. However, if the

timing of spermatophore removal is determined, in part,

by the female’s own genotype independent of the quality

of her mate, there should be a significant heritability of

spermatophore retention time reflected in the resem-

blance between female half sibs.

Materials and methods

Experimental design

The parental generation of crickets was obtained as late

instar nymphs purchased from Fluker Farms� (Baton

Rouge, LA, USA), a commercial cricket supplier whose

rearing practices have promoted the maintenance of

genetic variation (Fleischman & Sakaluk, 2004). Crickets

were housed by sex in 55-L (59 · 43 · 30.5 cm2) plastic

storage containers. Unless otherwise noted, crickets were

provisioned ad libitum throughout the experiment with

Fluker’s� cricket chow, water supplied in 40-mL plastic

tissue culture flasks plugged with cotton dental rolls, and

egg carton to increase rearing surface area, and main-

tained on a 16 : 8 light : dark cycle at 32� C. Adults were

removed the day of their eclosion and held for 5 days

until sexual maturity in sex-specific 4.3-L plastic shoebox

containers, provisioned as above.

A paternal half-sib breeding design was used to

partition phenotypic variation into causal components

(Lynch & Walsh, 1998). We chose sires randomly from

the population of crickets that had been obtained for

any given ‘round’ of matings. Because space and time

limitations necessitated the use of sires from different

batches of crickets, it was necessary to include ‘round’ as

a random factor in all subsequent analyses (see below).

A total of thirty sires in the two rounds of matings

produced the half-sib families. Each sire was paired for

24 h with each of three virgin females (dams), a period

of time sufficient to ensure that each female mated with

the sire (Kindle et al., 2006). After mating, each female

was held for 7 days in a separate plastic shoebox and

allowed to oviposit into moistened peat moss. Females

were then discarded and the eggs allowed to hatch.

Newly hatched nymphs from dam families were divided

into two separate plastic shoeboxes of 50 offspring each

to control for common environmental effects, and

reared to sexual maturity. The positions of the boxes

within the environmental chamber were randomized

daily to minimize local environmental effects and variance

between families.

Experimental observations

Two F1 females and two F1 males were randomly

selected from each box within 2 days of adult eclosion,

yielding a total of four females and four males per dam,

and 12 offspring of each sex per sire. All offspring were

weighed using a Mettler� Toledo AG245 electronic

balance to the nearest 0.01 mg. After they had been

weighed, females were held separately in 0.71-L con-

tainers until their use in mating trials. Experimental

mating trials were staged in Plexiglas mating chambers

(10.6 · 3.4 · 8.0 cm) illuminated with red light. Each

female was paired with a randomly selected, sexually

experienced male obtained from the stock colony. Mat-

ing in house crickets is initiated when the female mounts

a courting male, at which time he attempts to transfer

the spermatophore to the female (Khalifa, 1950). We

recorded the spermatophore retention time as the time

from when the female dismounted the male to the time

at which the female removed the spermatophore. If

a male failed to court the female within 10 min of his

introduction to the mating chamber, he was replaced

with a new male because females will not mount males

that do not court (Nelson & Nolen, 1997).

Statistical analysis

Data were analyzed using PROC MIXEDPROC MIXED in SASSAS version 9.1

(SAS Institute Inc., 2002). All variables were log-trans-

formed to meet the assumption of restricted maximum

likelihood (REML). All effects (round, sire, dam, and box)

were treated as random effects using the following

model: Yijk = l + Rm + Sj + Djk + Bjkl + Eijkl. Dam was

nested under sire in the analysis. Variance component

estimates were tested for significance using the v2-

restricted likelihood ratio test between the full statistical

model and a model where the parameter of interest was

constrained to zero (Fry, 2004). The random round effect

(Rm) was significant for both male and female mass

(though not for spermatophore retention time), and

hence, was retained in the analysis. Variance component

parameters were generated using REML by expressing

the covariance between families as a linear function

of the four causal components in the model. Negative

estimates of variance were constrained to be zero.

Narrow-sense heritabilities were calculated following

Lynch & Walsh (1998). To compare sources of pheno-

typic variation within traits, and sources of variation

among different fitness traits, coefficients of variation

(CV) for each parameter estimate were calculated

according to Houle (1992).

Results

Due to the loss of some offspring, the sample size of the

experiment was reduced for each family (Table 1).

Variance due to sires did not contribute to mass of
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offspring of either sex. However, variance due to dams

contributed significantly to mass of offspring of both

sexes, as did box in which the offspring were reared

(Table 2). The confounding box effect should have no

effect on interpretation of results given that full sib

families were separated into two boxes controlling for the

significant box effect in the parameter estimates. Sper-

matophore retention time showed significant variation

due to both sire and dam effects (Table 2). Additionally,

there was a significant phenotypic correlation between

spermatophore retention time and body mass of female

offspring (r = 0.152, P < 0.01).

Heritability of each trait was calculated from the

variance component estimates (Lynch & Walsh, 1998).

Spermatophore retention time was significantly heritable

[h2 = 0.50 ± 0.19 (± SE)], whereas neither male body

mass, nor female body mass, were significantly heritable

(h2 < 0.01 in both cases).

Discussion

A growing number of studies across a diverse array of

taxa, including various insect species (Gray & Cade, 1999;

Jang & Greenfield, 2000; Ritchie, 2000; Iyengar et al.,

2002; Reinhold et al., 2002; Mühlhäuser & Blancken-

horn, 2004), fish (Bakker, 1993; Brooks, 2002) and birds

(Qvarnström et al., 2006), have revealed significant

heritable variation in the mating preferences of females.

However, the overwhelming majority of studies have

focused on the heritability of females’ precopulatory

preferences, and there has been little work addressing the

genetic variation underlying post-copulatory mate

choice. A notable exception is the study by Clark et al.

(1999) on sperm competition in Drosophila, which

revealed that the success of a particular male’s sperm in

securing fertilizations is contingent, in part, on the

genotype of the female. In the present study, we found

significant heritable variation in the timing of spermato-

phore removal by female house crickets, a pervasive

mechanism of post-copulatory female choice in crickets

(Sakaluk, 1984; Simmons, 1986; Bussière et al., 2006).

This result is consistent with a previous study showing

that the timing of spermatophore removal is repeatable

across successive matings in female A. domesticus (Fle-

ischman & Sakaluk, 2004).

Studies of post-copulatory female choice in crickets

have shown that the differential spermatophore

removal behavior of females can promote sexual selec-

tion on males affecting a variety of phenotypic attri-

butes including the size of food gifts synthesized by

males (Fedorka & Mousseau, 2002), body size (Sakaluk,

1985; Simmons, 1986; Bateman et al., 2001), and hind-

wing morphology (Sakaluk, 1997). Models of sexual

selection addressing the coevolution of male traits and

female mating preferences generally assume that there

is heritable variation in both the male trait and the

female preference (reviews in Brooks & Endler, 2001;

Mühlhäuser & Blanckenhorn, 2004). Although the

present results provide some support to this assumption,

the extent to which post-copulatory female mating

Table 1 Mean body mass of male and

female half-sib Acheta domesticus, and mean

spermatophore retention time of mated

female half-sibs. Means and confidence

intervals (CI) were back-transformed from

log-transformed data.

No.

sires

No.

dams

No.

boxes

No.

offspring Mean

CI (lower,

upper)

Female mass (mg) 30 90 175 331 393 (318, 484)

Male mass (mg) 30 90 176 346 351 (297,415)

Spermatophore

retention time (min)

30 90 175 330 22.0 (8.7, 55.3)

Table 2 Parameter estimates of variance components and coefficient of variation for female and male body mass, and the timing of

spermatophore removal by females.

Source

Female mass Male mass Spermatophore retention time

Estimate CV

Proportion

of variation Estimate CV

Proportion

of variation Estimate CV

Proportion

of variation

VA 4.74 · 10)6 0.003 0.01 2.21 · 10)5 0.001 0.03 8.05 · 10)2** 0.90 0.39

VDam 1.58 · 10)3* 0.007 0.21 4.09 · 10)4* 0.006 0.17 5.97 · 10)3* 0.25 0.11

VRound 1.56 · 10)3*** 0.01 0.21 9.94 · 10)4*** 0.009 0.26 – – –

VBox 1.22 · 10)3** 0.009 0.19 6.05 · 10)4** 0.007 0.20 – – –

VE 5.01 · 10)3 0.015 0.38 1.83 · 10)3 0.012 0.34 1.62 · 10)1 1.17 0.50

Parameter estimate values represent the REML estimate of each variance component from analyses using transformed data to meet test

assumptions when necessary (see text).

CV, coefficient of variation based on Houle (1992).

VA, additive genetic variance; VDam, variance due to dam; VRound, variance due to round; VBox, variance due to box; VE, residual environmental

variance. Statistically significant values shown in bold. *P < 0.05; **P < 0.01; ***P < 0.001.
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preferences and target male traits are genetically corre-

lated remains unknown.

Why the heritability of spermatophore removal time

should be so high (�0.50) remains unclear, especially

given that behavioural traits commonly are characterized

by low additive genetic variation (Mousseau & Roff,

1987). It may be that the timing of spermatophore

removal is not under particularly strong selection. In

support of this possibility, Fleischman & Sakaluk (2004)

found no difference in the longevity, reproductive

output, and offspring quality of female A. domesticus

permitted to freely remove the spermatophore of their

mates and those that were forced to accept complete

ejaculates from their mates. These results suggest that

differential spermatophore removal does not provide any

direct or indirect benefits to females (Fleischman &

Sakaluk, 2004). In a related study, Jennions et al. (2004)

found that female field crickets (Teleogryllus commodus),

mated to both an unrelated and a sibling male, accepted

similar amounts of sperm from both, even though

inbreeding leads to decreased fitness; this too suggests

that differential spermatophore removal is not necessar-

ily related to female fitness.

An alternative explanation to account for the high

heritability of spermatophore retention time is that the

scope of post-copulatory female choice was reduced

because females in this experiment were mating for the

first time. It could be argued that in the absence of any

additional mates, females lack a comparative basis

upon which to selectively bias the paternity of their

offspring through differential spermatophore removal.

This, in turn, could eliminate an important residual

source of variation in the timing of spermatophore

removal, leading to an inflated heritability estimate.

However, female crickets typically mate with many

different males, and the vast majority of females mating

for the first time invariably mate with additional males

(review in Sakaluk et al., 2002). Premature removal of

the spermatophore by a female mated to an unattractive

male would, therefore, reduce his relative fertilization

success even if he was the first male to mate with a

female (Sakaluk & Eggert, 1996; Bussière et al., 2006).

Moreover, Fleischman & Sakaluk (2004) showed that the

timing of spermatophore removal was significantly

repeatable for female A. domesticus mated to five different

males, so that the spermatophore retention times of singly

mated females appear to be a reasonable proxy for those

of multiply-mated females.

We found no measurable additive genetic variation

due to sire in mass of offspring of either sex, contrary to

a previous study (Ryder & Siva-Jothy, 2001). There was,

however, significant variation attributable to dam, which

includes additive genetic effects, maternal effects, dom-

inance effects, and shared half-sib environment, among

other sources (Lynch & Walsh, 1998). Although we can

rule out additive genetic variation as a source of variation

in body mass, the half-sib design used in the present

study does not allow us to determine the relative

contribution of each of the remaining sources of varia-

tion.

A recent study of factors influencing the timing of

spermatophore removal in female A. domesticus showed

that it was unrelated to the mass of the male (Mautz &

Sakaluk, 2008). In the present study, however, the time

after mating at which the spermatophore was removed

was positively correlated with the female’s own body

mass. Such a relationship could arise because of a

functional constraint, a selective constraint or both

(Arnold, 1992). First, larger females appear to have

greater difficulty reaching around to remove the sper-

matophore relative to smaller females (B.S. Mautz, pers.

obs.), resulting in increased spermatophore retention

time. Second, a selective constraint could arise as a

consequence of larger females having higher fecundity

(Gray, 1997) and a concomitant demand for larger

quantities of sperm to avoid sperm limitation (Wedell

et al., 2002). Positive selection acting on female body size

could result in a preponderance of females who retain

spermatophores longer, thus limiting females’ options to

discriminate among males through premature spermato-

phore removal.
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