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Abstract

Post-copulatory interactions between males and females involve highly coordinated, complex traits that are often rapidly
evolving and divergent between species. Failure to produce and deposit eggs may be a common post-mating prezygotic
barrier, yet little is known about what prevents the induction of egg-laying between species. The field crickets, Gryllus firmus
and G. pennsylvanicus are isolated by a one-way reproductive incompatibility; G. pennsylvanicus males fail to fertilize G.
firmus eggs or to induce normal egg-laying in G. firmus females. We use experimental crosses to elucidate the role of
accessory gland-derived vs. testis-derived components of the G. firmus male ejaculate on egg-laying in conspecific and
heterospecific crosses. Using surgical castrations to create ‘spermless’ males that transfer only seminal fluid proteins (SFPs)
we test whether G. firmus male SFPs can induce egg-laying in conspecific crosses and rescue egg-laying in crosses between
G. pennsylvanicus males and G. firmus females. We find G. firmus SFPs induce only a small short-term egg-laying response
and that SFPs alone cannot explain the normal induction of egg-laying. Gryllus firmus SFPs also do not rescue the
heterospecific cross. Testis-derived components, such as sperm or prostaglandins, most likely stimulate egg-laying or act as
transporters for SFPs to targets in the female reproductive tract. These results highlight the utility of experimental
approaches for investigating the phenotypes that act as barriers between species and suggest that future work on the
molecular basis of the one-way incompatibility between G. firmus and G. pennsylvanicus should focus on divergent testis-

derived compounds or proteins in addition to SFPs.
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Introduction

Traits that mediate interactions between males and females are
critical for reproduction and yet often evolve rapidly and are
highly divergent between species. Therefore, these traits may be
particularly important in the early divergence of isolated
populations and in speciation [1-6]. Although we are often struck
by the diversity of conspicuous behaviors involved in courtship and
mate recognition, post-copulatory interactions between males and
females are equally diverse and complex [7,8]. As a result,
fertilization in a heterospecific cross can fail at a number of critical
steps, resulting in post-mating prezygotic barriers between species.
These barriers can range from traits that prevent sperm and eggs
from meeting (e.g. sperm transfer, sperm storage, sperm utiliza-
tion, egg-laying, sperm binding) to intracellular traits that prevent
the sperm nucleus and egg nucleus from fusing (e.g. incomplete
sperm entry, sperm folding) [6,9-11].

Egg-laying in insects provides an example of the complexity of
male-female interactions. Egg-laying is a multi-step process that
involves egg production within the ovary (oogenesis), release of the
egg from ovary into the oviducts (ovulation), progression of the egg
down the oviducts, union of the sperm and egg within the genital
chamber (fertilization) and the deposition of the egg into a
particular substrate (oviposition). These steps are tightly linked to
the proper transfer and storage of the male ejaculate. Oogenesis is
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increased when sperm is stored within the female storage organ,
and ovulation interacts with sperm storage and sperm release from
storage to facilitate successful fertilization (Fig. 1, reviewed in [12]).
A reduction in the efficiency or a failure at any of these steps can
lead to reproductive incompatibilities in insects.

The failure of the male ejaculate to stimulate egg-laying
between species has been observed in fruit flies [13,14], beetles
[15], katydids [16], lacewings [17] and ground crickets [18]. A
similar phenomenon is sometimes observed between populations
within a single species [19,20]. Failure to produce and deposit eggs
may be a common post-mating prezygotic barrier, yet little is
known about what prevents the induction of egg-laying between
species. We do know which components of the male ejaculate
(testis-derived vs. accessory gland- derived) induce intraspecific
egg-laying in a variety of insect species [21], and the molecular
interactions of the male ejaculate and female reproductive tract
that induce egg-laying in Drosophila melanogaster are now well
understood [7,8,12,22]. By characterizing the intraspecific mech-
anisms that result in egg-laying, we can begin to make inferences
about how egg-laying breaks down between species. Here, we use
experimental crosses both within and between species to test the
influence of components of the male ejaculate on egg-laying and
fertilization between two closely related species of field cricket.
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Figure 1. Egg-laying in female insects. Diagram showing the steps
involved in egg-laying in female insects (solid lines) and the interactions
that may stimulate increased egg-laying (dashed lines). In boxes are
steps that may be mediated by seminal fluid proteins. The interaction
between sperm storage and ovulation is hypothesized based on the
observation that sperm transfer may increase ovulation and sperm
depletion, thereby affecting the number of eggs laid. The figure is re-
drawn from Bloch Qazi et al. (2003).
doi:10.1371/journal.pone.0046202.g001

Post-mating prezygotic barriers in field crickets

The field crickets, Gryllus firmus and G. pennsylvanicus, are recently
diverged species (<0.5% mtDNA divergence [23]) that interact in
a hybrid zone in the northeastern United States, extending from
Massachusetts south into Virginia [24]. The cricket species have
diverged both ecologically [25-28] and behaviorally [29-31], but
an important barrier between these species is a one-way
incompatibility between G. fimus females and G. pennsylvanicus
males [32]. Despite normal sperm transfer and storage, G. firmus
females mated with G. pennsylvanicus males do not produce fertilized
eggs [11,33]. Fertilization appears to break down in this cross
somewhere between the release of sperm from storage and the
sperm entering the egg [11]. There is an equally striking reduction
in egg-laying for these females. A G. firmus female mated with
conspecifics will lay approximately 700 eggs over her lifetime,
while a virgin female will produce less than 50 eggs and typically
only late in life. Gryllus firmus females mated with G. pennsylvanicus
males will lay about twice the number of eggs as virgin females, but
significantly fewer eggs than a female mated to a conspecific [31].
In contrast, the reciprocal cross produces viable, fertile offspring in
numbers indistinguishable from conspecific matings [31,32].

Seminal fluid proteins (SFPs), which are synthesized and
secreted from the male accessory gland and transferred to females
during copulation, are known to play a role in many of the
processes that may underlie a breakdown in egg-laying and
fertilization, including ovulation, sperm storage, and sperm release
(Fig. 1). Accessory gland genes from G. firmus and G. pennsylvanicus
have been characterized through transcriptome sequencing
[34,35] and proteomics of the seminal fluid [36]. Many of the
SFPs are found to be rapidly evolving under positive selection.
However, there is currently no direct functional link between the
divergence we observe in Gpyllus SFPs and the post-mating
prezygotic barriers that isolate these taxa. One step towards
exploring this connection is to characterize the intraspecific and
interspecific mechanism(s) that induce egg-laying and fertilization.

We attempt to elucidate the roles of accessory gland-derived vs.
testis-derived components of the male ejaculate on these two
barriers by asking whether G. firmus male SFPs induce egg-laying
in G. firmus females and can “rescue” the cross between G. firmus
females and G. pennsylvanicus males. We test the influence of G.
Jfirmus SFPs by mating females to surgically castrated (“‘spermless”)
conspecific males that transfer only SFPs. We find that SFPs
induce only a modest short-term egg-laying response and that
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SFPs alone cannot explain the normal induction of egg-laying. We
also try to rescue the incompatibility by mating G. firmus females to
males of both species. Again, we find no evidence that G. firmus
SFPs can rescue the one-way incompatibility.

Materials and Methods

Cricket Collections

We collected crickets in August of 2006, 2009 and 2011 from
pure populations of G. firmus in Guilford, CT, USA (N 41°16'9";
W 72°39'59"); near Hammonasset Beach State Park, CT, USA (N
41°16'4"; W 72°34'14"); and Milford, CT, USA (N 41°11'48"; W
73°4'30") and G. pennsplvanicus in Ithaca, NY, USA (42°24'35";
—76°32'46"). Crickets were collected as late instar nymphs,
separated by sex and maintained in large laboratory colonies with
food (cat and rabbit food), water vials and egg flats for shelter,
under a 12:12 h light/dark cycle at 28°C. Every two days we
isolated crickets that had become adults and maintained them in
same-sex groups of 6-8 crickets in plastic containers
(30x16x9 cm). No specific permits were required for the
described collections because the study organisms are not
endangered or protected species and the collection locations are
not privately own or protected.

Matings

For each experiment, virgin adult crickets between 6-10 days
post-eclosion were randomly assigned to treatment (described
below). We abbreviate treatments to indicate species (F = G. firmus,
P=G. pennsylvanicus) and the order females were mated, with the
first letter representing the female and subsequent letters
representing the males with which she mated (e.g., FFP represents
a G. firmus female that mated with a G. firmus male followed by a G.
pennsylvanicus male). Subscripts represent specific manipulations of
male crickets described in the following section (e.g. FF¢ represents
a G. firmus female mated with a G. firmus male that was surgically
castrated).

For each cross, cricket pairs were placed in petri dishes (9 cm)
lined with moistened filter paper to provide traction. We
considered matings complete when the male was observed to
successfully transfer and properly attach the spermatophore to the
female genital opening. To standardize the spermatophore
attachment time and allow the spermatophore contents to be
transferred completely, we left mated pairs undisturbed, allowing
males to guard females and prevent early spermatophore removal.
After males reinitiated courtship (approximately 45 min) we
removed males from the mating chamber and females were either
presented with a second male or were isolated in individual
chambers depending on the experiment. Females that did not
mate within 60 minutes of adding either a first or second male to
the mating chamber were removed from the experiment.

Following matings, females were isolated in individual contain-
ers (30x16x9 cm) and provided with food, water, shelter and a
petri dish (9 cm) filled with a mixture of moistened sand and soil as
oviposition substrate. Food and water were replaced twice a week,
oviposition substrate was periodically moistened, and mortality
was scored every two days.

Surgical Castrations

To isolate the roles of testis-derived and accessory gland-derived
components of the male ejaculate, we created spermless males
using surgical castrations. Surgeries were performed on adult
males 5-6 days post-eclosion, after the cuticle had hardened
(surgeries performed too soon after eclosion result in high
mortality rates). Males were divided into two categories: males
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that would be surgically castrated (F¢) and males that would
undergo a sham castration (Fg) to serve as a control for effects of
surgery on the male ejaculate production or content. Prior to
surgery, males were anesthetized by chilling at 4°C for at least
30 minutes. Using fine forceps, we made an incision across the
dorsal side through the intersegmental membrane between the
2nd and 3rd abdominal segments and gently teased open the
wound. For Fg males we completely removed each testis and
severed the vas deferens (Fig. 2), while for Fg males we probed the
wound and body cavity to try to mimic testis removal. We then
sealed the wound with Vetbond ™ Tissue Adhesive (3 M, St. Paul,
MN, USA), which polymerizes after contact with tissue and body
fluids, binding the wound edges together. Following surgery, males
were placed in a sterile petri dish with moistened cotton for water,
and allowed two days to recover. Males in both categories had a
high survival rate following surgery (Fq N =283, 86.7% survived;
Fs =169, 89.8% survived). After the recovery period males resumed
normal mate calling and courtship behaviors. Males were then
transferred to individual containers and provided with food,
shelter and water and the containers were cleaned every day.
Following the recovery period, males that were surgically
castrated were placed in a petri dish with a single virgin G. firmus
female, and allowed to mate repeatedly in order to deplete stores
of mature sperm from the seminal vesicles. After two days of
repeated matings, we checked males for remaining stored sperm
by removing his spermatophore immediately after attachment to
the female and examining the spermatophore contents under a
compound light microscope (400 ). Spermatophores were gently
removed so that all components of the spermatophore remained
intact, placed on a microscope slide in a drop of phosphate
buffered saline (PBS), and then gently squashed with a coverslip.
When normal spermatophores were observed in this manner, a
viscous liquid could be observed evacuating the spermatophore
tube, followed immediately by long, thread-like sperm. If sperm
were observed, males were allowed to mate repeatedly for another
eight hours and were checked again the following day. If males
were depleted of stored sperm, the viscous seminal fluid was still
observed evacuating the spermatophore tube. If no sperm were
observed in a male’s spermatophore for three consecutive days, we
considered the male spermless. Males were kept a minimum of 4
days during which they mated only once a day; this treatment
allowed full recovery from repeated matings. Of the 72 males that
survived surgical castrations, 57 were successfully cleared of sperm.

Figure 2. Gryllus firmus male undergoing a surgical castration.
The incision is made between the dorsal 2" and 3™ segments, and
each testis (arrow) is gently removed.
doi:10.1371/journal.pone.0046202.g002
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To validate that surgically castrated males still transferred SFPs
we used two-dimensional electrophoresis (2D-E) to visualize the
protein content of the spermless ejaculates. We collected two
independent samples of both spermless spermatophores and
normal spermatophores in liquid nitrogen, for a total of 4 samples
(N=25 males per sample). We homogenized each sample in
100 ul of ice-cold PBS and centrifuged (14,000 rpm for 1 min at
4°C) to separate the ejaculate from most sperm and spermato-
phore debris. The 2D-E analysis, including sample preparation
and quantification, first and second dimension separations using
isoelectric  focusing and Tris-SDS-PAGE  electrophoresis, gel
staining, image capture and analysis were carried out by the
Cornell Core Laboratories Center for Proteomics and Mass
Spectrometry.

Influence of the G. firmus ejaculate on egg-laying and
longevity

To test the effects of seminal fluids on egg-laying in G. fumus
females, we measured the total number of eggs produced by G.
firmus females that 1) remained unmated (F = 57), 2) were mated to
G. firmus males that were surgically castrated (FF¢ = 56), 3) G. firmus
males that underwent a sham castration (FFs =61), and 4) normal
G. firmus males (FF=60). By surgically castrating the G. firmus
males, we could compare the effects on egg-laying of SFPs alone
with the effects of the complete male ejaculate.

In other insects (including crickets) components of the male
ejaculate typically elicit a short-term egg-laying response within
24 h of mating. To estimate both the initial egg-laying response
and a female’s lifetime fecundity, we collected oviposition
substrates at both 48 h following mating and at the end of the
female’s lifespan. We collected substrates at 48 h to allow each
female time to adjust following transfer to a new container and
provide sufficient time for egg-laying; G. firmus females that are
frequently disturbed are less inclined to oviposit (EL Larson
personal observation). Eggs were separated from the oviposition
substrate using a series of sieves and we counted the total number
of eggs for each time point (within 48 h and after 48 h).

Influence of the G. firmus ejaculate on the one-way
incompatibility

We performed two experiments to test whether the presence of
a G. firmus male’s ejaculate within the female reproductive tract
could “rescue” the incompatibility (reduced egg-laying, no
fertilization) between G. firmus females and G. pennsylvanicus males.
For the first experiment G. firmus females were either mated to a
normal G. firmus male immediately followed by a G. pennsylvanicus
male (FFP=9) or were mated first to a G. pennsylvanicus male
followed by a normal G. fimus male (FPF=11). Females were
provided with oviposition substrate immediately after mating, and
then allowed to oviposit for three weeks. Eggs were incubated at
28°C for 21 days and then at 4°C for 102 days to break diapause
conditions and ensure synchronous hatching [32]. Eggs were then
removed from chilled conditions and incubated at 28°C until
hatching (approximately 17 days). We collected all hatchlings (1%
instar nymphs) each morning until all eggs hatched and stored
nymphs at —80°C for paternity analysis. We randomly selected 20
nymphs per cross for genotyping.

For paternity analysis, we used highly polymorphic microsatel-
lite markers (PGI, Gr143, G3 and G28). Two of these loci were
developed from G. pennsylvanicus, and have been previously
described [11]. The remaining two loci were developed from G.
firmus using methods described in Hamilton et al. [37] and Larson
et al. [11] with the addition of an enrichment by hybridization

October 2012 | Volume 7 | Issue 10 | e46202



with biotinylated dimeric, trimeric and tetrameric nucleotide
repeats. We quantified genetic variation for these new loci in one
population of each species (G. pennsylvanicus: Ithaca, NY, USA; G.
Sirmus: Guilford, C'T', USA) (Table 1). Tests for linkage disequi-
librium and deviation from Hardy-Weinberg equilibrium were
performed using Genepop v. 4.1 [38] and we adjusted significance
thresholds using the false discovery rate procedure [39]. Cervus v
3.0 [40] was used to test parentage exclusion probabilities,
estimate null alleles and the polymorphic information content of
the markers.

Parental genomic DNA extractions from single femurs were
performed using the DNeasy Blood and Tissue Kit (QIAGEN
Inc., Valencia, CA, USA); offspring genomic DNA was extracted
from entire nymphs using the DNAdvance Genomic DNA
Isolation Kit (Agencourt, Beverly, MA, USA). The forward
primer of each primer pair was labeled with a 5’ fluorescent tag
(6-FAM, PET, NED, or VIC). We amplified these microsatellite
loci using the Type-it Micosatellite PCR Kit (QIAGEN) following
manufacturer’s protocol with the addition of a touchdown
protocol of 28 cycles of 95°C for 30 s, 59-53°C for 90 s (the
annealing temperature decreased by 1°C each cycle for the first 6
cycles and remained at 53°C for the remaining 22 cycles) and
72°C for 30 s. Fluorescent PCR products were diluted 1:15 in
water, mixed with formamide and GeNEscaN LIZ-500 size
standard (Applied Biosystems Inc. Foster City, CA, USA) and
run on an ABI Automated 3730 DNA Analyzer at the Cornell
University Life Sciences Core Laboratories Center (CLC). Alleles
were called using GENEMAPPER (Applied Biosystems) and then
verified by eye. The high level of polymorphism in our markers
allowed us to assign paternity by eye.

For the second experiment G. firmus females were either mated
to a surgically castrated male G. firmus male immediately followed
by a G. pennsylvanicus male (FFcP=3), a G. pennsylvanicus male
immediately followed by a surgically castrated G. firmus male
(FPF¢=12), or a normal G. pennsylvanicus male (FP=10). After
mating, females were provided with oviposition substrate and
allowed to oviposit for 48 h. We then counted the total number of
eggs laid by each female.

Statistics

To investigate the influence of G. firmus SFPs on G. firmus female
egg-laying within 48 h of mating and after 48 h of mating, we
constructed generalized linear mixed model (GLMM) contrasts to
test the following hypotheses: Model 1: females mated with normal
males (FF) will lay more eggs than females mated with males that
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that underwent sham castration (FFg); Model 2: females mated
with surgically castrated males (FF¢) will lay more eggs than
unmated females (F); and Model 3: females in treatments without
sperm (F, FF¢) will lay fewer eggs than females in treatments with
sperm (FF, FFs). Differences between collecting locations were
controlled by including a random effect of population identity.
Using the R package Ime4’ [41], we modeled the proportion of
females that laid eggs within 48 h with GLMMs fitted with a
binomial error structure and a logit link function and the male
treatment as the predictor. The egg-count data were highly over-
dispersed; therefore, we modeled the total number of eggs laid by
G. fimus females after 48 h using GLMMs with a Poisson
distribution, individual-level random effects [42], and male
treatment as the predictor. To compare longevity of females
between mating treatments we estimated survival curves using the
Kaplan-Meier method and compared differences between treat-
ments using the log-rank test in the R package ‘survival’ [42].

To test the influence of the G. firmus ejaculate on the one-way
incompatibility, we modeled the effect of male species on the
proportion of offspring sired by the second male (Py) for G. firmus
females mated sequentially to both G. firmus and G. pennsylvanicus
males. We constructed a GLM with binomial error structure and a
logit link function using Py as the response variable and the male
species as the predictor. For the second experiment involving G.
Sfirmus females mated with surgically castrated G. firmus males and
G. pennsylvanicus males no statistics were required to interpret the
results. Figures were constructed using the R packages ‘plotrix’
[43] and ‘gplots’ [44]. All analyses were performed using the
statistical package R version 2.12.0 [45].

Results

Seminal fluid protein content of spermless

spermatophores

Representative examples of the 2D-E gels for the normal
ejaculates (with sperm removed via centrifugation) and a spermless
ejaculates are presented in Figure 3. Each spot represents a protein
isoform. Overall, we estimate that there are about 630 protein
spots present in all four samples. The patterns seen for normal and
spermless spermatophore are very similar. Extra spots seen in the
normal spermatophore extracts are presumably due to contami-
nation from residual sperm.

Table 1. Primer sequences and amplification conditions for Gryllus microsatellite loci used in paternity analysis.

Locus Primer sequence (5'-3’) Ta Size Sp N N, Ho He PIC Null GenBank
PGI GAATGCATACATCAGTGTCATGAACA 56 220- Gf 27 21 0741 0.930 0.907 0.101 JN379460
(ATT;5) TGACTCAAAATAAGCATTATTTCAGC 334 Gp 14 15 0.929 0.939 0.898 0.011

Gri143 CTGCCGCATTCACCAATCATTCAACTAT 58 150- Gf 27 13 0.852 0.898 0.870 0.019 JN375328
(TGyq) CAACCAAGGGGCAAAATGAGTCAAACTT 204 Gp 14 9 0857 0.820 0.763 0.038

Gr3 GCGCGGCGACCGACTATTG 65- 153- Gf 27 17 0.889 0.933 0.909 0.015 JX050157
(TGre) CTCGCACCCTGTTAACAGTACTATCAAAAC 55 208 Gp 14 14 1.000 0.931 0.889 0.056

Gr28 GCACCGCCCTAAACCCACGAC 65— 360- Gf 27 6 0.667 0.648 0.762 0.046 JX050156
(TGq4) GGCACGGCAGCTTAAGGACATCAA 55 399 Gp 14 8 0.500 0.728 0.657 0.190

doi:10.1371/journal.pone.0046202.t001
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T.=annealing temperature (°C); Size =allele size range in base pairs; Sp =species; N =number of individuals scored; N,=number of alleles; Ho = observed
heterozygosity; He = expected heterozygosity; PIC = polymorphic information content; Null =frequency of null alleles.
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Figure 3. Two-dimensional gel electrophoresis of male ejaculates. Protein gels of a normal male ejaculate (left) and a spermless male
ejaculate (right). Spermatophore samples were ground and centrifuged to remove spermatophore debris and sperm. Proteins were separated based
on their isoelectric point in the first dimension and molecular weight in the second.

doi:10.1371/journal.pone.0046202.g003

Influence of the G. firmus ejaculate on egg-laying

When sperm are transferred to females (FF vs FFg), there is no
effect of sham castration on either the proportion of females that
laid eggs within 48 h (Fig. 4, GLMM: z=—-0451, df=6,
p=0.652) or the number of eggs laid after 48 h (Iig. 5, GLMM:
z=—1.12, df=6, p=0.263). A greater proportion of females
mated with surgically castrated males (IFF¢) laid eggs in 48 h
compared to females that remained unmated (F) (GLMM:
z=2.442, df=6, p=0.015); however, there was no significant
difference in the number of eggs laid after 48 h (GLMM:
z=—1.38,df=6, p=0.167). Comparisons between females mated
with males that transferred sperm (FF, II's) and females that did
not receive sperm (FF¢, F) revealed that in the former group there
was both a greater proportion of females that laid eggs within 48 h
(GLMM: z=17.155, df=6, p=<0.001) and females laid more
eggs after 48 h (GLMM: z= —10.15, df=6, p=<0.001).

Influence of the G. firmus ejaculate on female longevity

Female life span ranged from 7-84 days following mating (FI:
7-71; FFs: 17-84; FF¢: 17-69; F: 17-73) with an average lifespan
of 44 days (FF: 45.8; FFs: 41.8; FFq: 42.7; 47.6). There was no
difference in lifespan among the four mating treatments (Fig. 6,
log-rank: 3?=0.2, df=3, p=0.972).

Influence of the G. firmus ejaculate on one-way
incompatibility

None of the microsatellite loci used in this study deviated from
Hardy-Weinberg equilibrium following false discovery rate cor-
rection and there was no evidence of linkage disequilibrium
between any pair of loci (Table 1). Despite the presence of null
alleles in two of these loci (PGl and G28), the combined
nonexclusion probability of the second parent across all four loci
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was 0.004 and 0.006 for G. firmus and G. pennsylvanicus, respectively,
indicating that these markers are appropriate for assigning
paternity. Of the 474 nymphs selected for genotyping, 98.9%
were genotyped and assigned paternity successfully. The remain-
ing 1.1% had poor microsatellite amplification, most likely due to
low quantities of DNA as a result of little starting material. We did
not observe any non-parental alleles in the offspring. Gryllus firmus
females mated sequentially to G. firmus and G. pennsylvanicus males
(FFP, FPF) produced offspring that were sired only by G. firmus
males regardless of mating order (t=—8.05x10", df=1,
p = <<0.001). Grpllus firmus females mated sequentially to surgically
castrated G. firmus males and G. pennsylvanicus males (FFP, FPF()
and G. firmus females mated only to G. pennsylvanicus males (FP) laid
no eggs within a 48 h period.

Discussion

Gryllus firmus seminal fluid proteins induce only a
marginal egg-laying response

Following mating, female insects undergo numerous physiolog-
ical and behavioral changes. Pre-mating courtship or the
mechanical stimulus of copulation can cause these changes, but
the majority of changes are induced by components of the male
ejaculate. In insects, sperm clearly play a critical role in
fertilization, but many aspects of sperm function (viability, storage,
activation, competition) and female response to mating (mating
refractoriness, oogenesis, sperm utilization, ovulation, oviposition)
are mediated by SFPs secreted from the male accessory glands or
ejaculatory duct [7,8,21,46,47]. Seminal fluid proteins were first
linked to these post-mating changes via whole tissue transplanta-
tion experiments in Drosophila melanogaster, where portions of the
male accessory glands or testes were transplanted into the
abdomens of virgin females [48,49]. Subsequently, methods to
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Figure 4. Proportion of G. firmus females that laid eggs within 48 h of mating. Females were mated with (1) a normal G. firmus male (FF), (2)
a G. firmus male that underwent sham testes removal surgery (FFs), (3) a G. firmus male surgically castrated (FF¢) or (4) remained unmated (F).

doi:10.1371/journal.pone.0046202.9g004

1solate the roles of SFPs in fertilization have ranged from simple
injections of SFP extracts into virgin females to the creation of
“spermless” or “accessory glandless” males and the targeted
knockdown of specific SFPs using RNAi [7,8,47].

Much of this effort has focused on how components of the male
ejaculate elevate egg-laying in mated females. In Drosophila, where
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egg-laying is best understood, the male ejaculate alters a female’s
reproductive physiology over different timescales. Initially, there is
a short-term increase in the number of eggs laid within the first
24 h of mating [50,51]. This short-term response is induced by the
presence of at least three SFPs in the female reproductive tract, sex
peptide (SP, Acp70A), the prohormone ovulin (Acp26Aa) and
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Figure 5. Gryllus firmus female egg production. Box plot of egg production A) 48 h following mating and B) total lifetime for G. firmus females
that (1) mated with a normal G. firmus male (FF), (2) mated with a G. firmus male that underwent sham testes removal surgery (FFs), (3) mated with a

G. firmus male surgically castrated (FF¢) or (4) remained unmated (F).
doi:10.1371/journal.pone.0046202.g005
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CG33943 [51-55]. However, this response is transient, and the
presence of both sperm and SFPs in the sperm storage organ is
required to maintain elevated levels of egg-laying [56,57]. This so-
called sperm effect or long-term post-mating response was thought
to be induced by sperm-binding receptors or stretch receptors
within the female sperm storage organ [56]. It is now clear that the
sperm effect, at least in Drosophila, is actually an SFP effect,
mediated in part by the SFP sex peptide [53,54]. Sex peptide binds
to the tails of sperm and is slowly released from sperm within the
female storage organ [22,58,59]. It appears that sperm may act as
both carriers and reservoirs for SFPs, enabling sperm to reach
target cells within the female reproductive tract and maintaining
their effects on female reproduction over an extended period. At
least four other SFPs have been identified that act in concert with
sex peptide to sustain the long-term post-mating response, and at
least one of these proteins also binds to sperm [55,60].

Drosophila has been a model for understanding post-mating male
and female interactions, and from this work it has become clear
that seminal fluid proteins stimulate egg-laying in mated females
but that to do so they must interact with sperm. However, this
picture of reproduction appears to vary greatly across taxa. In
other Dipterans there is evidence that SFPs alone can induce egg-
laying in mated females [61,62], whereas in Lepidoptera egg-
laying is often triggered by the presence of eupyrene sperm in the
spermatheca [63-65], but there is at least one case of SFPs
inducing partial egg-laying [66]. There are few examples from the
Coleoptera, but in at least two species both components of the
testis/seminal vesicle and the accessory gland induce egg-laying,
although the accessory gland extracts had a minimal influence

[67].
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In Orthoptera, the picture is even less clear. Egg-laying is
stimulated by SFPs in some grasshoppers [68-72] and in ground
crickets [73], while in at least one grasshopper the combination of
mechanical stimulus and testis derived components can induce
egeg-laying [74]. In the field crickets, Acheta domesticus and
Teleogryllus commodus egg-laying is initially induced by prostaglan-
dins, autocrine hormones transferred to females as part of the
seminal fluid [75-79], but the presence of sperm in the
spermatheca is required to maintain long term egg-laying (similar
to Drosophila) [80,81]. Prostaglandins or prostaglandin precursors
have been found to be synthesized in both the testes (7. commodus
and A. domesticus) and the accessory glands (4. domesticus and Locusta
mugratoria) of Orthoptera, although the prostaglandins found in L.
migratoria do not appear to be involved in egg-laying [82]. The only
study to attempt to induce egg-laying in field crickets using whole
ejaculatory-fluid extracts failed to see a response [83]. However, in
that study ejaculate extracts were injected into the abdominal
cavity and may have failed to elicit an egg-laying response because
SFPs did not reach target receptors within the female reproductive
tract.

Our use of castrated males to transfer SFPs to virgin females is a
more effective way of delivering SFPs directly into the female
reproductive tract while controlling for any effects of mating. Still,
we found that SFPs without the presence of sperm or other testis-
derived compounds induced only a modest short-term egg-laying
response in the field cricket G. firmus. This response is small
compared to egg-laying in normally mated females, a result in
stark contrast to the induction of egg-laying seen in other taxa. In
the long-term, there was no difference in the fecundity of virgin
females and those that received SFPs. This suggests that SFPs
indeed play some role in eliciting egg-laying behavior over the
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short term, but that testis derived factors are required for both the
short and long term post-mating egg-laying response in G. firmus.

It might be argued that the “effectors” of egg-laying did not
reach their targets in the female reproductive tract. However, we
know that spermatophores of surgically castrated males transfer
seminal fluid. Seminal fluid can be directly observed evacuating
the spermatophore tube of spermless spermatophores (see Meth-
ods). Furthermore, analysis of this fluid using 2-D gel electropho-
resis clearly reveals the same pattern of protein spots that are seen
in extracts from normal spermatophores (Fig. 3).

There is also no reason to believe that the multiple matings
required to create the spermless males adversely affect SFP volume
or content. Field crickets are highly promiscuous and males mate
repeatedly both in the wild and the laboratory [84—92]. Males will
only re-mate when a fully formed spermatophore is present in
their spermatophore pouch [93,94]. As a result, both the timing
and the frequency of matings in field crickets are dependent on
spermatophore production, which in Gpllus firmus males is
approximately every 45 minutes throughout the day [31,84]. Both
the spermatophore and the seminal fluid are composed of proteins
secreted by the male accessory gland [95,96] and it is unlikely that
a male would have sufficient accessory gland function to produce a
spermatophore, but not the seminal fluid proteins. There is also
evidence that male insect ejaculate content is consistent across
repeated matings [97] and throughout their lifetime [98,99]. In
our protocol, castrated males were mated repeatedly only during
the first two days following surgery recovery. Subsequently, they
only mated once a day for a minimum of four days, well below the
expected number of matings for a male field cricket. Thus, our
treatment should not compromise SFP production.

Given our observation of SFPs in the seminal fluid of spermless
spermatophores and our delivery method of SFPs directly into the
female reproductive tract (as opposed to abdominal injections), our
failure to find any large or long term egg-laying response induced
by SFPs suggests that SFPs alone are not sufficient to stimulate
egg-laying in G. firmus. This is consistent with a similar failure of
SFPs to induce egg-laying in G. bimaculatus [83]. It is possible, even
very likely, that we see a failure of SFPs to induce egg-laying in
field crickets because key SFPs bind to the sperm for transport into
the female reproductive tract as has been demonstrated in
Drosophila [22,53,54,58,60,100].

The question of what components of the male ejaculate
stimulate egg-laying is an important one, not simply for a better
understanding of insect reproduction, but because these compo-
nents, if diverged, may constitute a barrier to gene exchange
between closely related taxa. To our knowledge, only one study, in
Drosophila pulchrella and D. suzuki, has attempted to differentiate
between the components of the male ejaculate that induce egg-
laying in heterospecific crosses. In that case, a one-way incom-
patibility between D. pulchrella females and D. suzukii males is a
result of both low sperm storage and severely reduced egg-laying.
When D. pulchrella females are implanted with accessory gland
tissue from conspecifics they have an ovulation rate that is 75% of
a normally mated female, whereas females implanted with
heterospecific accessory glands have an ovulation rate of only
54% [13,101].

Gryllus firmus seminal fluids do not affect female lifespan

Mating is often costly to females and results in decreased
lifespan due to SFPs that are toxic to females. For example in
Drosophila, females that receive SFPs during mating have a reduced
lifespan [102], but these SFPs serve to increase male mating
success [103]. In species, such as crickets, that are promiscuous
and mate more often than is required for fertilization of their eggs,
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the male ejaculate may actually increase female lifespan [92], or
have no effect [104]. In one case, female lifespan in the cricket G.
bimaculatus was reduced as a result of the injection of SFPs into the
female abdomen, but it is difficult to determine whether this is a
normal effect of SFPs or a result of SFPs present in the body cavity
where they may be toxic [83]. We found no effect of SFPs on
female lifespan. This is consistent with similar studies in Gryllus
Sirmus and G. pennsylvanicus that found no difference in the lifespan
of singly mated, doubly mated and virgin females [31], despite the
fact that virgin females and females mated with surgically castrated
males are often ‘bursting’ with eggs (EL Larson personal
observation). It is possible that there are lifespan benefits or costs
to mating, but that a greater number of matings is required to see
an effect in G. firmus.

Gryllus firmus seminal fluid proteins alone do not rescue
the one-way incompatibility

In Drosophila, sperm function is dependent on the presence of
SIPs, and males that transfer only sperm (prd males) are
completely sterile. However, females mated to prd males and
subsequently mated to males transferring only SFPs (tud males) can
occasionally lay fertile eggs [105]. The number of rescued crosses
is very low (less than 1%). Nonetheless, this suggests that SFPs
from one male can facilitate fertilization by the sperm of a second
male. Alternatively, SFPs could act as a specific stimulus, only
affecting sperm from the same male, or complementation may
only be possible within species and SFPs may not interact with
heterospecific sperm.

Our results suggest that in G. firmus, the latter is the case. The G.
firmus male ecjaculate was unable to facilitate fertilization for
heterospecific sperm and G. firmus males sired all offspring in
females mated sequentially with both species. Similar results have
been observed in double matings of the lacewing species Chrysopa
quadripunctata and C. slossonae, but in these taxa, there are fewer
heterospecific sperm stored [17]. Gryllus firmus male SFPs also
failed to induce egg-laying when G. pennsylvanicus sperm were
present in the spermatheca. Therefore, failure of G. firmus SFPs
alone to stimulate normal egg-laying in G. firmus females is not
simply a result of mechanical stimulus (e.g., stretch receptors in the
spermatheca). SFPs may need to act in concert with sperm to
induce egg-laying in G. firmus females. Unfortunately, we are not
able to test whether testis-derived compounds alone can induce
oviposition. Surgical removal of accessory glands would prevent
the formation of the spermatophore necessary to transfer sperm to
a female.

Conclusions

Our results highlight the utility of experimental approaches for
investigating the phenotypes that act as barriers between species
and provide new directions for investigating the molecular changes
that lead to these barriers. The nature of the one-way incompat-
ibility between G. firmus females and G. pennsylvanicus males suggests
arole for SIPs, and both egg-laying and fertilization are traits that
are often mediated by SFPs in other taxa. In addition, many SFPs
are highly divergent between G. firmus and G. pennsylvanicus and
appear to be evolving as a result of positive selection [34,36].
Although the results of this study do not exclude a role for SFPs in
these barriers, they do suggest that SFPs are not solely responsible
for successful egg-laying. In particular, testis derived components,
such as sperm or prostaglandins, either stimulate egg-laying or act
as transporters for SFPs to targets in the female reproductive tract.
Future work on the molecular basis of the one-way incompatibility
between G. firmus and G. pennsylvanicus should focus on divergent
testis-derived compounds or proteins.
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A great deal of research on post-mating prezygotic barriers in
internal fertilizers has concentrated on the role of SFPs [106-108],
but our results suggest that focusing on SFPs alone is too narrow.
Although there are now numerous examples of rapid divergence in
SFPs between closely related species across diverse taxonomic
groups [108] and there is some evidence of post-mating prezygotic
barriers between several of these species [36,109], there are few
studies that provide a functional link between the rapid evolution
of SFPs and post-mating prezygotic barriers. While documenting
patterns of divergence between species is an important step,
functional studies through experimental crosses are needed to
determine whether divergent genes play a role in reproductive
barriers between species.

References

1. West-Eberhard MJ (1983) Sexual selection, social competition, and speciation.
Q Rev Biol 58: 155-183.

2. Andersson M (1994) Sexual selection. Princeton: Princeton University Press.
588 p.

3. Civetta A, Singh RS (1998) Sex-related genes, directional sexual selection, and
speciation. Mol Biol Evol 15: 901-909.

4. Panhuis TM, Butlin R, Zuk M, Tregenza T (2001) Sexual selection and
speciation. Trends Ecol Evol 16: 364-371.

5. Ritchie MG (2007) Sexual selection and speciation. Annu Rev Ecol Syst 38:
79-102.

6. Snook R, Chapman T, Moore P, Wedell N, Crudgington H (2009) Interactions
between the sexes: new perspectives on sexual selection and reproductive
isolation. Evol Ecol 23: 71-91.

7. Wolfner MF (1997) Tokens of love: functions and regulation of Drosophila male
accessory gland products. Insect Biochem Mol Biol 27: 179-192.

8. Wolfner MF (2009) Battle and ballet: molecular interactions between the sexes
in Drosophila. ] Hered 100: 399-410.

9. Howard DJ (1999) Conspecific sperm and pollen precedence and speciation.
Annu Rev Ecol Syst 30: 109-132.

10. Howard DJ, Palumbi SR, Birge LM, Manier MK (2009) Sperm and speciation.
In: Birkhead TR, Hosken DJ, Pitnick S, editors. Sperm Biology: An
Evolutionary Perspective. Burlington, MA, USA: Academic Press. pp. 267
403.

11. Larson EL, Hume GL, Andrés JA, Harrison RG (2012) Post-mating prezygotic
barriers to gene exchange between hybridizing field crickets. J Evol Biol 25:
174-186.

12. Bloch Qazi M, Heifetz Y, Wolfner MF (2003) The developments between
gametogenesis and fertilization: ovulation and female sperm storage in
Drosophila melanogaster. Dev Biol 256: 195-211.

13. Fuyama Y (1983) Species-specificity of paragonial substances as an isolating
mechanism in Drosophila. Experientia 39: 190-192.

14. Price CSC, Kim CH, Gronlund CJ, Coyne JA (2001) Cryptic reproductive
isolation in the Drosophila simulans species complex. Evolution 55: 81-92.

15. Wade M], Patterson H, Chang NW, Johnson NA (1994) Postcopulatory,
prezygotic isolation in flour beetles. Heredity 72: 163-167.

16. Shapiro LH (2000) Reproductive costs to heterospecific mating between two
hybridizing katydids (Orthoptera: Tettigoniidae). Ann Entomol Soc Am 93:
440-446.

17. Albuquerque G, Tauber C, Tauber M (1996) Postmating reproductive isolation
between Chrysopa quadripunctata and  Chrysopa  slossonae: Mechanisms and
geographic variation. Evolution 50: 1598-1606.

18. Gregory PG, Howard DJ (1993) Laboratory hybridization studies of
Allonemobius fasciatus and A. socius (Orthoptera, Gryllidae). Ann Entomol Soc
Am 86: 694-701.

19. Brown DV, Eady PE (2001) Functional incompatibility between the
fertilization systems of two allopatric populations of Callosobruchus maculatus
(Coleoptera: Bruchidae). Evolution 55: 2257-2262.

20. Messina IJ, Bloxham AJ, Seargent AJ (2007) Mating compatibility between
geographic populations of the seed beetle Callosobruchus maculatus. ] Insect Behav
20: 489-501.

21. Leopold RA (1976) Role of male accessory glands in insect reproduction. Annu
Rev Entomol 21: 199-221.

22. Kubli E (2003) Sex-peptides: seminal peptides of the Drosophila male. Cell Mol
Life Sci 60: 1689-1704.

23. Willett CS, Ford MJ, Harrison RG (1997) Inferences about the origin of a field
cricket hybrid zone from a mitochondrial DNA phylogeny. Heredity 79: 484—
494.

24. Harrison R, Arnold SJ (1982) A narrow hybrid zone between closely related
cricket species. Evolution 36: 535-552.

25. Harrison RG (1985) Barriers to gene exchange between closely related cricket
species. IL life-cycle variation and temporal isolation. Evolution 39: 244-259.

PLOS ONE | www.plosone.org

Influence of the Male Ejaculate on Egg-Laying

Acknowledgments

We thank Nicholas Saleh and Eliana Bondra for assistance with data
collection, Joseph Simonis for assistance with statistical analyses and
members of the Harrison laboratory for thoughtful comments on the
manuscript.

Author Contributions

Conceived and designed the experiments: ELL JAA RGH. Performed the
experiments: ELL. Analyzed the data: ELL JAA. Contributed reagents/
materials/analysis tools: ELL JAA RGH. Wrote the paper: ELL JAA
RGH.

26. Rand DM, Harrison RG (1989) Ecological genetics of a mosaic hybrid zone -
mitochondrial, nuclear, and reproductive differentiation of crickets by soil type.
Evolution 43: 432-449.

27. Ross CL, Harrison RG (2002) A fine-scale spatial analysis of the mosaic hybrid
zone between Gryllus firmus and Gryllus pennsylvanicus. Evolution 56: 2296-2312.

28. Ross CL, Harrison RG (2006) Viability selection on overwintering eggs in a
field cricket mosaic hybrid zone. Oikos 115: 53-68.

29. Harrison RG, Rand DM (1989) Mosaic hybrid zones and the nature of species
boundaries. In: Otte D, Endler JA, editors. Speciation and its Consequences.
Sunderland, MA: Sinauer. pp. 111-133.

30. Doherty JA, Storz MM (1992) Calling song and selective phonotaxis in the field
crickets, Gmllus firmus and G. pennsylvanicus (Orthoptera, Gryllidae). J Insect
Behav 5: 555-569.

31. Maroja LS, Andrés JA, Walters JR, Harrison RG (2009) Multiple barriers to
gene exchange in a field cricket hybrid zone. Biol J Linn Soc 97: 390-402.

32. Harrison RG (1983) Barriers to gene exchange between closely related cricket
species. I. laboratory hybridization studies. Evolution 37: 245-251.

33. Maroja LS, Clark ME, Harrison RG (2008) Wolbachia plays no role in the one-
way reproductive incompatibility between the hybridizing field crickets Gryllus
Sirmus and G. pennsylvanicus. Heredity 101: 435-444.

34. Andrés JA, Maroja LS, Bogdanowicz SM, Swanson WJ, Harrison RG (2006)
Molecular evolution of seminal proteins in field crickets. Mol Biol Evol 23:
1574-1584.

35. Braswell WE, Andres JA, Maroja LS, Harrison RG, Howard DJ, et al. (2006)
Identification and comparative analysis of accessory gland proteins in
Orthoptera. Genome 49: 1069-1080.

36. Andrés JA, Maroja LS, Harrison RG (2008) Searching for candidate speciation
genes using a proteomic approach: seminal proteins in field crickets. Proc R Soc
Lond, Ser B: Biol Sci 275: 1975-1983.

37. Hamilton MB, Pincus EL, Di Fiore A, Fleischer RC (1999) Universal linker
and ligation procedures for construction of genomic DNA libraries enriched for
microsatellites. BioTechniques 27: 500-507.

38. Raymond M, Rousset I (1995) Genepop (version-1.2) - population-genetics
software for exact tests and ecumenicism. ] Hered 86: 248-249.

39. Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a
practical and powerful approach to multiple testing. ] Roy Stat Soc Ser B (Stat
Method) 57: 289-300.

40. Kalinowski ST, Taper ML, Marshall TC (2007) Revising how the computer
program cervus accommodates genotyping error increases success in paternity
assignment. Mol Ecol 16: 1099-1106.

41. Bates D, Maechler M, Bolker B (2011) Ime4: Linear mixed-effects models using
S4 classes. Vienna, Austria: R Foundation for Statistical Computing.

42. Therneau T (2011) survival: Survival analysis, including penalised likelihood.
Vienna, Austria: R Foundation for Statistical Computing.

43. Lemon ] (2006) Plotrix: a package in the red light district of R. R-News 6: 8-12.

44. Warnes GR (2010) gplots: Various R programming tools for plotting data.
Vienna, Austria: R Foundation for Statistical Computing.

45. R Core Development Team (2010) R: A language and environment for
statistical computing. 2.12.0 ed. Vienna, Austria: R Foundation for Statistical
Computing.

46. Engelmann I (1970) The physiology of insect reproduction: Pergamon Press.
307 p.

47. Gillott C (2003) Male accessory gland secretions: modulators of female
reproductive physiology and behavior. Annu Rev Entomol 48: 163-184.

48. Garcia-Bellido A (1964) Das sckret der paragonien als stimulus der fekunditat
bei weibchen von Drosophila melanogaster. Zeitschrift Fur Naturforschung Part B-
Chemie Biochemie Biophysik Biologiec Und Verwandten Gebiete B 19: 491—
495.

49. Merle J (1968) Ovarian functioning and sexual receptiveness of Drosophila
melanogaster after implantation of male genital fragments. J Insect Physiol 14:
1159-1168.

October 2012 | Volume 7 | Issue 10 | e46202



50.

51,

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

77.

78.

Kalb JM, Dibenedetto AJ, Wolfner MF (1993) Probing the function of
Drosophila melanogaster accessory glands by directed cell ablation. Proc Natl Acad
Sci U S A 90: 8093-8097.

Herndon LA, Wolfner MF (1995) A Drosophila seminal fluid protein, Acp26Aa,
stimulate egg-laying in females for one day after mating. Proc Natl Acad
Sci U S A 92: 10114-10118.

Heifetz Y, Lung O, Frongillo Jr EA, Wolfner MF (2000) The Drosophila seminal
fluid protein Acp26Aa stimulates release of oocytes by the ovary. Curr Biol 10:
99-102.

Chapman T, Bangham J, Vinti G, Seifried B, Lung O, et al. (2003) The sex
peptide of Drosophila melanogaster: female post-mating responses analyzed by
using RNA interference. Proc Natl Acad Sci U S A 100: 9923-9928.

. Liu HF, Kubli E (2003) Sex-peptide is the molecular basis of the sperm effect in

Drosophila melanogaster. Proc Natl Acad Sci U S A 100: 9929-9933.

Ram KR, Wolfner MF (2007) Sustained post-mating response in Drosophila
melanogaster requires multiple seminal fluid proteins. PLoS Genet 3: 2428-2438.
Manning A (1962) Sperm factor affecting receptivity of Drosophila melanogaster
females. Nature 194: 252-253.

Manning A (1967) Control of sexual receptivity in female Drosophila. Anim
Behav 15: 239-250.

Kubli E (1992) My favorite molecule. The sex-peptide. Bioessays 14: 779-784.
Peng J, Chen S, Biisser S, Liu H, Honegger T, et al. (2005) Gradual release of
sperm bound sex-peptide controls female postmating behavior in Drosophila.
Curr Biol 15: 207-213.

Ram KR, Wolfher MF (2009) A network of interactions among seminal
proteins underlies the long-term postmating response in Drosophila. Proc Natl
Acad Sci U S A 106: 15384-15389.

Leahy MG, Craig GB (1965) Accessory gland substance as a stimulant for
oviposition in Aedes aegypti and Aedes albopictus. Mosq News 25: 448-452.
Thailayil J, Magnusson K, Godfray HCJ, Crisanti A, Catteruccia F (2011)
Spermless males elicit large-scale female responses to mating in the malaria
mosquito Anopheles gambiae. Proc Natl Acad Sci U S A 108: 13677-13681.
Thibout E (1979) Stimulation of reproductive activity of females of Acrolepiosis
assectella (Lepidoptera, Hyponomeutoidea) by the presence of eupyrene
spermatozoa in the spermatheca. Entomol Exp Appl 26: 279-290.

Karube F, Kobayashi M (1999) Presence of eupyrene spermatozoa in
vestibulum accelerates oviposition in the silkworm moth, Bombyx mori. J Insect
Physiol 45: 947-957.

Xu J, Wang Q (2011) Seminal fluid reduces female longevity and stimulates egg
production and sperm trigger oviposition in a moth. J Insect Physiol 57: 385
390.

Jin Z-Y, Gong H (2001) Male accessory gland derived factors can stimulate
oogenesis and enhance oviposition in Helicoverpa armigera (Lepidoptera:
Noctuidae). Arch Insect Biochem Physiol 46: 175-185.

Yamane T, Miyatake T (2010) Induction of oviposition by injection of male-
derived extracts in two Callosobruchus species. J Insect Physiol 56: 1783-1788.
Pickford R, Ewen AB, Gillott C (1969) Male accessory gland substance: an egg-
laying stimulant in Melanoplus sanguinipes (F)(Orthoptera, Acrididae). Can J Zool
47: 1199-1203.

Leahy MG (1973) Oviposition of virgin Schistocerca gregaria (Forskal) (Orthoptera,
Acrididae) after implant of male accessory gland complex. ] Entomol
Ser A Physiol Behav 48: 69-78.

Friedel T, Gillott C (1976) Male accessory gland substance of Melanoplus
sanguinipes: ovipostion stimulant under control of corpus allatum. J Insect
Physiol 22: 489-&.

Lange AB, Loughton BG (1985) An oviposition-stimulating factor in the male
accessory reproductive gland of the locust, Locusta migratoria. Gen Comp
Endocrinol 57: 208-215.

Yi SX, Gillott C (1999) Purification and characterization of an oviposition-
stimulating protein of the long hyaline tubules in the male migratory
grasshopper, Melanoplus sanguinipes. J Insect Physiol 45: 143-150.

Marshall JL, Huestis DL, Hiromasa Y, Wheeler S, Oppert C, et al. (2009)
Identification, RNAi knockdown, and functional analysis of an ejaculate
protein that mediates a postmating, prezygotic phenotype in a cricket. PLoS
ONE 4: e7537.

. Quo F (1959) Studies on the reproduction of the Oriental migratory locust: The

physiological effects of castration and copulation. Acta Ent Sinica 9: 464-476.

. Destephano DB, Brady UE (1977) Prostaglandin and prostaglandin synthetase

in the cricket, Acheta domesticus. ] Insect Physiol 23: 905-911.

. Loher W (1979) The influence of prostaglandin E2 on oviposition in Teleogryllus

commodus. Entomol Exp Appl 25: 107-109.

Loher W, Ganjian I, Kubo I, Stanleysamuelson D, Tobe SS (1981)
Prostaglandins - their role in egg-laying of the cricket Teleogryllus commodus.
Proc Natl Acad Sci U S A 78: 7835-7838.

Lange AB (1984) The transfer of prostaglandin-synthesizing activity during
mating in Locusta migratoria. Insect Biochem 14: 551-556.

Stanley-Samuelson DW, Peloquin JJ (1986) Egg-laying in response to
prostaglandid injections in the Australian field cricket, Telelgryllus commodus.
Physiol Entomol 11: 213-219.

PLOS ONE | www.plosone.org

10

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Influence of the Male Ejaculate on Egg-Laying

. Murtaugh MP, Denlinger DL (1985) Physiological regulation of long-term

oviposition in the house cricket, Acheta domesticus. J Insect Physiol 31: 611-617.
Murtaugh MP, Denlinger DL (1987) Regulation of long-term oviposition in the
house cricket, Acheta domesticus: roles of prostaglandin and factors associated with
sperm. Arch Insect Biochem Physiol 6: 59-72.

Stanley D, Kim Y (2011) Prostaglandins and their receptors in insect biology.
Front Endocrinol 2: 1-11.

Green K, Tregenza T (2009) The influence of male ejaculates on female mate
search behaviour, oviposition and longevity in crickets. Anim Behav 77: 887—
892.

Alexander R, Otte D (1967) The evolution of genitalia and mating behavior in
crickets (Gryllidae) and other Orthoptera. Misc Publ Mus Zool Univ Mich 133:
1-62

Bretman A, Tregenza T (2005) Measuring polyandry in wild populations: a
case study using promiscuous crickets. Mol Ecol 14: 2169-2179.
Rodriguez-Munoz R, Bretman A, Slate J, Walling CA, Tregenza T (2010)
Natural and sexual selection in a wild insect population. Science 328: 1269
1272.

Sakaluk SK (1987) Reproductive-behavior of the decorated cricket, Gryllodes
supplicans (Orthoptera, Gryllidae)- calling schedules, spatial-distribution, and
mating. Behaviour 100: 202-225.

Sakaluk SK, Schaus JM, Eggert AK, Snedden WA, Brady PL (2002) Polyandry
and fitness of offspring reared under varying nutritional stress in decorated
crickets. Evolution 56: 1999-2007.

Simmons LW (1988) Male size, mating potential and lifetime reproductive
success in the field cricket, Gryllus bimaculatus (Degeer). Anim Behav 36: 372—
379.

Tregenza T, Wedell N (1998) Benefits of multiple mates in the cricket Gryllus
bimaculatus. Evolution 52: 1726-1730.

Wagner WE, Harper CJ (2003) Female life span and fertility are increased by
the ejaculates of preferred males. Evolution 57: 2054-2066.

Wagner WE, Kelley RJ, Tucker KR, Harper CJ (2001) Females receive a life-
span benefit from male ejaculates in a field cricket. Evolution 55: 994-1001.
Loher W, Dambach M (1989) Reproductive Behavior. In: Huber F, Moore
TE, Loher W, editors. Cricket Behavior and Neurobiology. Ithaca, NY:
Cornell University Press. pp. 43-82.

Zuk M, Simmons L (1997) Reproductive strategies of the crickets (Orthoptera:
Gryllidae). In: Choe J, Crespi B, editors. The Evolution of Mating Systems in
Insects and Arachnids. Cambridge: Cambridge University Press. pp. 89-109.
Chapman RIF (1998) The Insects: Structure and Function. New York:
Cambridge University Press. 819 p.

Heller KG, Faltin S, Fleischmann P, von Helversen O (1998) The chemical
composition of the spermatophore in some species of phaneropterid
bushcrickets (Orthoptera: Tettigonioidea). J Insect Physiol 44: 1001-1008.
Schaus JM, Sakaluk SK (2002) Repeatability of sperm number across multiple
matings in three cricket species, Gryllodes sigillatus, Gryllus veletis, and Gryllus
texensis (Orthoptera: Gryllidae). Can J Zool 80: 582-585.

Monsma SA, Harada HA, Wolfner MF (1990) Synthesis of two Drosophila male
accessory gland proteins and their fate after transfer to the female during
mating. Dev Biol 142: 465-475.

Chapman KB, Wolfner MF (1988) Determination of male-specific gene
expression in Drosophila accessory glands. Dev Biol 126: 195-202.

Neubaum DM, Wolfner MF (1999) Mated Drosophila melanogaster females
require a seminal fluid protein, Acp36DE, to store sperm efficiently. Genetics
153: 845-857.

Ohashi YY, Hainofukushima K, Fuyama Y (1991) Purification and
characterization of an ovulation stimulating substance from the male accessory
glands of Drosophila suzukir. Insect Biochem 21: 413-419.

Chapman T, Liddle LF, Kalb JM, Wolfner MF, Partridge L (1995) Cost of
mating in Drosophila melanogaster females is mediated by male accessory gland
products. Nature 373: 241-244.

Clark AG, Aguade M, Prout T, Harshman LG, Langley CH (1995) Variation
in sperm displacement and its association with accessory-gland protein loci in
Drosophila-melanogaster. Genetics 139: 189-201.

Bateman PW, Ferguson JWH, Yetman CA (2006) Courtship and copulation,
but not ejaculates, reduce the longevity of female field crickets (Gryllus
bimaculatus). ] Zool 268: 341-346.

Xue L, Noll M (2000) Drosophila female sexual behavior induced by sterile males
showing copulation complementation. Proc Natl Acad Sci U S A 97: 3272~
3275.

Swanson W]J, Vacquier VD (2002) Reproductive protein evolution. Annu Rev
Ecol Syst 33: 161-179.

Clark NL, Aagaard JE, Swanson WJ (2006) Evolution of reproductive proteins
from animals and plants. Reproduction 131: 11-22.

Turner LM, Hoekstra HE (2008) Causes and consequences of the evolution of
reproductive proteins. Int J Dev Biol 52: 769-780.

Marshall JL, Huestis DL, Garcia C, Hiromasa Y, Wheeler S, et al. (2011)
Comparative proteomics uncovers the signature of natural selection acting on
the ejaculate proteomes of two cricket species isolated by postmating,
prezygotic phenotypes. Mol Biol Evol 28: 423-435.

October 2012 | Volume 7 | Issue 10 | e46202



