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Figure 2. Protein X"’ and the effects of male age. The decrease in abundance of protein “X” in a male’s ejaculate is associated with increased
male age (A; each lane represents the protein from a single spermatophore), while (B) demonstrates the statistical significance of this relationship
(each point represents the data from a single spermatophore). (C) The association between male age and a male’s ability to induce a female to lay
eggs - suggesting that the relative abundance of protein “X” may be linked to a male’s ability to induce a female to lay eggs.

doi:10.1371/journal.pone.0007537.g002
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protein contains the catalytic triad His!'%°, Asp15 , and Ser
characteristic of serine proteases in the S1 family (numbering
based on the uncleaved protein; Fig. 3). These catalytic residues
were found in the highly conserved motifs TAGHC, DIAL, and
GDSGGP, respectively (Fig. 3; [38]). Based on the above features,
we propose that this protein is a functional trypsin-like serine
protease.

Given that this transcript appears to be a trypsin-like serine
protease and such proteases are common in many tissues, we
evaluated the tissue-and sex-specificity of this and other trypsin-
like serine proteases. To accomplish this, we developed conserved
primers in the IVGG and DIAL amino acid regions (see Methods
below). These primers amplified trypsin-like serine proteases from
the following tissues: male accessory gland, male testis, male
thorax, male digestive tract, female spermatheca, female ovaries,
female thorax, and female digestive tract. Next, we conducted
5'RACE using primers in the IVGG and DIAL regions as the

inner and outer primers respectively (see Methods below), and
found considerable variation between different tissues and males
and females (Table 2). Specifically, from a total of 137 sequenced
clones, we identified 19 unique trypsin-like serine protease
sequences, and significantly, the male accessory gland yielded a
single transcript that was not found in the other male tissues nor in
any tissue from females (sequence #5, Table 2). This particular
transcript also has not been found in our testis and female
reproductive tract EST libraries, which consist of >30,000 EST
generated with 454 sequencing (unpubl. data). Although this
particular trypsin-like serine protease appears unique to the male
accessory gland, it is still possible that it is a rare transcript in these
other tissues and within females. Therefore, we suggest that this
transcript is at least male- and accessory gland-biased and
potentially uniquely expressed in this tissue.

As for amino-acid sequence similarity to proteins from other
organisms, our BLASTP search found a nearly identical transcript

@ PLoS ONE | www.plosone.org

Table 1. Peptides generated with MS/MS analyses and their percent match to an EST contig from the male reproductive accessory
gland.
No. of % Match toEST MASCOTMS/ Accession #s
Peptide # Peptide Sequence amino acids contig MS score containing this peptide
1 KEDLTVVLGLHDR 13 100% 58 EG018587, EG018935, EG018803
2 GQDIYADQVAFVTGWGR 17 100% 150 EG018599, EG018669, EG018819
3 VEQIGVVSWGIGCAR 15 100% 70 EG018591, EG018669, EG018819
4 PGMPGVYTTVSYYLDWIR 18 100% 20 EG018591, EG018669
Note: Individual ion scores from the MS/MS analysis that are >56 indicate significant homology (P<<0.05).
doi:10.1371/journal.pone.0007537.t001
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Figure 3. Amino acid sequence of protein /X", The features of the protein “X"” sequence include a predicted signal peptide (the sequence 5’ of
the arrow) and cleavage site (at the arrow), a trypsin-like N-terminal motif (open box around IVGG), the three catalytic residues (white letters) in the
three conserved motifs (gray boxes) of a serine protease, and the four peptides recovered from MS/MS analysis (labeled 1-4 and highlighted in bold

and underlined).
doi:10.1371/journal.pone.0007537.g003

in the field cricket (Gryllus firmus) EST library from the male
reproductive accessory gland (le”'**; Table 3). In G. finnus, this
appears to be a male-biased transcript (e.g., AG-0308F; Fig. 2 in
ref. [39]) that, like in Allonemobius, is produced in the male
reproductive accessory gland. This 4. socius transcript also is
similar to S1 family serine proteases in other insects (Table 3).
Given the male-biased expression of this transcript in the accessory
gland and its presence in the male ejaculate, we name the gene
encoding this transcript gaculate serine protease — with the protein and
gene being abbreviated EJAC-SP and ¢ac-sp, respectively.

RNAi knockdown and functional analysis of ejac-sp
We developed gac-sp specific primers to amplify a 99 bp region
that is 5" to the conserved IVGG site (Fig. 3) and unique to this

transcript (see Methods below). We made ¢gacsp-dsRNA, following
standard protocols, and injected it into the abdomen of adult male
crickets (see below). We found that males injected with ¢acsp-
dsRNA produced spermatophores with significantly reduced levels
of the EJAC-SP protein in their ejaculates, relative to the saline
controls (F 45 =22.1, P<0.00001; Fig. 4A&B). Significant knock-
down was seen 3 days post-injection and was still evident 6 days
post-injection (additional experiments, data not shown, suggest
that RNAi knockdown is effective for 12 days post-injection and
can last the entire reproductive life of the male). At 6 days post-
mjection, ,79% (15 of 19 individuals) of saline-injected males
produced spermatophores with an EJAC-SP relative abundance of
1.1, while none (0 of 16 individuals) of the ¢acsp-dsRNA injected
males produced spermatophores with relative abundances this

Table 2. BLASTP analysis of the full length transcript underlying protein “X".

Scientific Name Common Name GenBank accession # E-value Gene Identity

Gryllus firmus sand field cricket ABG75840 1e-142 hypotheical Acp

Gryllus pennsylvanicus fall field cricket ACD69515 8e-117 trypsin-like serine protease

Nasonia vitripennis jewel wasp XP_001606267 8e-76 hypotheical protein

Bombyx mori domestic silkworm NP_001153675 8e-76 male reproductive organ serine protease 2
Tribolium castaneum red flour beetle XP_974113 5e-50 similar to oviductin

Drosophila melanogaster fruit fly NP652645 2e-46 CG18735

doi:10.1371/journal.pone.0007537.t002
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Table 3. The occurrence of specific sequences encoding putative trypsin-like serine protease in various male and female cricket

tissues.

Male Tissues Female Tissues

ACG Testes Thorax Dig. Track Spmthca. Ovaries Thorax Dig. Track

# Sequence (20 bp 5’ of IVGG) N (%) N (%) N (%) N (%) N (%) N (%) N (%) N (%)
1 GAAGACATCGCCCTCATCCG 5 385 1 67 9 40.9 3 188 1 6.3
2 TGTATTCCCCGATGTGTCTT 2 133
3  TAATGCTGGCGGCTGAATCG 2 13.3
4 CGAGATAATGATTAATGGGG 3 300 7 53.8 10 66.7 7 31.8
5 CTGACGGTGTCTCAACACGT 29  100.0
6 CCCTCAGCCCGTTGACCGGT 1 7.7
7  AGAAGAATAGGGTGGGTGAC 3 30.0
8  CCTAAGATTTTATTTTGAAC 4 40.0
9  ACATTGAGGGAAAATTGAGA 15 93.7
10 CCGGCAGCCTCAGCAGCCGC 16 100.0
11 GGTCTGTACGATTTGGTTTC 5 313
12 CGTTTGCTGGCTTTGATGAA 1 63
13 ACGAGGGGAAGAGGAGTATA 1 63
14 TATCTTCAACGTAAGCTGAT 4 250
15 TAATTGATTATATTGAAGAC 1 63
16 CAGGACGTGGACCAACCCAC 1 63
17 GTTCATTCATCGCCATCAGC 1 45
18  GCGCGCGTGCGGCCCAGAAC 1 45
19 CCCGAGCCGTCTTCCCCTCC 4 18.3

doi:10.1371/journal.pone.0007537.t003

high (Fig. 4A). Conversely, , 56% (9 of 16 males) of gacsp-dsRNA
injected males produced spermatophores with EJAC-SP relative
abundances of less than one, while none of the saline-injected
males had abundances this low (0 of 19 males; Iig. 4A).

The above data suggest that our RNAi approach was successful
in knocking down the abundance of EJAC-SP protein in the male
ejaculate. To evaluate knockdown in the male accessory gland,
testes, digestive tract, and thorax, we conducted quantitative real-
time PCR (qPCR) using conserved trypsin-like serine protease
primers for the target gene and actin primers for the housekeeping
gene (see Methods below). We found significant knockdown of
trypsin-like serine proteases in the male accessory gland of ¢gacsp-
dsRNA injected males (1=3.52, P=0.0022, n=11 per treatment
for all tissues; Fig. 5A). This significant difference translated into a
63-fold average difference between the gacsp-dsRNA and saline
injected treatments. However, there were no significant differences
between the gacsp-dsRNA- and saline-injected treatments for the
remaining three tissues (Fig. 5B-D; testis: ¢t=1.44, P=0.1643;
digestive tract: t=1.63, P=0.1184; thorax: t=1.84, P=0.0810).

The phenotypic effect of knocking down ¢ac-sp expression,
yielding reduced amounts of EJAC-SP protein in the male
ejaculate, was a significantly reduced ability to induce a female
to lay eggs [number of eggs laid per day: Myyn. = 16.93 (n=10),
Myaesp-dsRna = 12.73 (n=11); tm>np=1.925, P=0.0346; Fig. 6].
This knockdown represented an approximately 25% reduction in
egg-laying rates relative to the saline control. Overall, there was a
significant, linear relationship between the relative abundance of
EJAC-SP in the male ejaculate and the number of eggs laid per
day by females (19 =13.06, P=0.0018; r=0.638; Fig. 6). These
results are consistent with the hypothesis that the abundance of

@ PLoS ONE | www.plosone.org

ACG = reproductive accessory gland; Dig. Tract = digestive tract; Spmthca. = spermatheca.

protein “X” (identified here as EJAC-SP) mediates a male’s ability
to induce a female to lay eggs.

Discussion

Our primary goals for conducting this research were to identify
protein “X”, which we now refer to as EJAC-SP (a product of the
gene gaculate serine protease), and determine if the correlation
between decreased levels of EJAC-SP in the male ejaculate and
decreased ability of males to induce females to lay eggs are causally
linked or each independently related to male age (Fig. 2). With
regard to protein identity, we found that EJAC-SP has molecular
characteristics of a trypsin-like serine protease and that the ¢gac-sp
transcript exhibits a male, reproductive accessory gland-biased
pattern of expression (Table 3). Indeed, ¢gac-sp appears to be
exclusively expressed in the accessory gland of males, but further
rescarch 1s needed to distinguish between “biased”- and
“exclusive”- expression. Such sex-biased expression is not
uncommon, especially for reproductive tract genes [e.g., 40—42].

To address the question of ¢gac-sp function, we evaluated the
utility of a common RNAI protocol. We found that injecting gene-
specific dsRINA (i.e., gacsp-dsRNA) into the abdomen of adult male
crickets resulted in a significant, 63-fold decrease in transcript
abundance of trypsin-like serine proteases in the male accessory
gland, but no significant knockdown in other male tissues (Fig. 5).
This significant knockdown of transcript expression resulted in a
significant decrease of EJAC-SP protein levels in the male
ejaculate (Fig. 4) — even though all males in the saline and ¢acsp-
dsRNA treatments were between 14 and 22 days post-eclosion
(i.e., reproductively young males given sexual maturity is usually
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Figure 4. RNAi and the knockdown of EJAC-SP protein in the
male ejaculate. The relative abundance of EJAC-SP protein in saline-
and ejacsp-dsRNA-injected males at three and/or six days post-injection
(A; a and b refer to statistically different groups based on post-hoc tests,
P<<0.00001). The gel (B) is a representative 1D-SDS PAGE gel of proteins
from individual spermatophores from males in both the saline- and
ejacsp-dsRNA treatments at =6 days post-injection. The EJAC-SP
protein and the protein used as a control are outlined in boxes.
doi:10.1371/journal.pone.0007537.g004

reached 10 to 14 days post-eclosion). In terms of RNAi
effectiveness, at least 56% of dsRNA-injected males exhibited
significant knockdown of EJAC-SP, as these males had EJAC-SP
relative abundances lower than any saline-injected male. Togeth-
er, these results suggest that injecting gene-specific dsSRNA into the
abdomen of adult Allonemobius crickets can knockdown the
abundance of a targeted transcript within a specific tissue,
indicting the occurrence of a systemic RNAi pathway. Once
again, this is not unexpected given that a systemic RNAIi response
has been found in other Orthopterans [e.g., crickets [21] and
grasshoppers [23]] and basal insects [e.g., cockroaches [20] and
termites [26]].

As for phenotype, we found a significant, linear relationship
between EJAC-SP abundance in a male’s ejaculate and a male’s
ability to induce a female to lay eggs (Fig. 6). This relationship
parallels the hypothesized relationship derived from naturally-
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Figure 5. Real-time PCR of trypsin-like serine protease in each
tissue for each injection treatment. The expression, as quantified
by DCt via qPCR, of trypsin-like serine protease relative to $-actin (the
control gene) in the saline- and ejacsp-dsRNA-injected males (gray and
open bars, respectively) for the male reproductive accessory gland (A),
testis (B), digestive tract (C), and thorax (D). Significant knockdown only
occurred in the male accessory gland. Sample size equals 11 in both
treatments for all tissue types.

doi:10.1371/journal.pone.0007537.g005

occurring variation linked to male age (Fig. 2). Moreover, RNAi
knockdown of ¢ac-sp expression, and the resulting reduction in
EJAC-SP protein, yields the predicted decrease in a male’s ability
to induce a female to lay eggs (Fig. 6). These results support a
causal link between EJAC-SP abundance in the male ejaculate and
a male’s ability to induce a female to lay eggs.

The occurrence of “egg-laying induction” proteins in the
ejaculate of male insects is expected, as several have been
identified in Drosophila [reviewed in 43]. The fact that a serine
protease was identified as an important part of the male’s egg-
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Figure 6. Phenotypic effects of gjac-sp knockdown. The abundance of EJAC-SP protein in a spermatophore (taken from a male just prior to
being allowed to copulate successfully with a virgin female) predicts a male’s ability to induce a female to lay eggs. The difference between saline-

and ejacsp-dsRNA injected males was also significant (P =0.0346).
doi:10.1371/journal.pone.0007537.9g006

laying induction pathway is also consistent with previous research,
as serine proteases and serine protease inhibitors play critical roles
in many postmating, prezygotic phenotypes [reviewed in 44].
Although more work is needed to identify the function and
biochemical target of EJAC-SP, we hypothesize that its function is
to cleave a specific protein in the female reproductive tract that
initiates the egg-laying pathway; we are currently working to assess
the function and biochemical target of EJAC-SP.

The natural decrease in EJAC-SP abundance as males get older
not only helped identify this protein as an egg-laying induction
candidate, but also represents a form of reproductive senescence.
Such senescence is widespread among animals and typically results
in decreased fitness of older males [e.g., 45-47]. The form of
reproductive senescence seen in Allonemobius, that of a changing in
the quality or size of ejaculate as males age, can be found in animals
ranging from insects [e.g., 48,49] to mammals [e.g., 50,51] and
would appear to be a common form of male reproductive
senescence. Unfortunately, except for the literature on the genetic
basis of reproductive senescence in human males [e.g., 51], relatively
few genes and proteins that underlie male reproductive senescence
have been identified and functionally evaluated. Therefore, to our
knowledge, EJAC-SP is one of the first non-mammalian proteins to
be directly linked with male reproductive senescence.

The link between EJAC-SP abundance to a male’s ability to
induce a female to lay eggs provides the first insight into the genes,
and resulting proteins, that mediate one of the main postmating,
prezygotic phenotypes that reproductively isolate species in the
Allonemobius  socius complex of crickets. The proposed serine
protease activity of EJAC-SP may or may not contribute to the
species-specific ability of conspecific males to induce females to lay
eggs — although we are currently evaluating this possibility. As
stated above, we are in the process of identifying the function and
target of EJAC-SP and once identified, we will be in a position to
evaluate the degree to which species-specificity of this postmating,
prezygotic phenotype is controlled by structural variation in the
EJAC-SP protein. However, regardless the role played by EJAC-
SP in reproductively isolating species, it does play a role in this
postmating, prezygotic phenotype and is a part of the molecular
pathway that underlies a component of reproductive isolation — a
pathway that through the “magic” of biochemistry we will be able
to identify the species-specific components.

In conclusion, the above results indicate that RNAi can be a
useful technique to manipulate the ejaculate proteins of adult male

@ PLoS ONE | www.plosone.org

crickets. This tool enables researchers to assess the function and
importance of individual ejaculate proteins in determining
fertilization success, the outcome of sperm competition, and the
genes that underlie postmating, prezygotic isolation. Moreover,
given that non-genetic model insects, particularly crickets,
butterflies, and water striders [reviewed in 52&53], are key model
systems for addressing questions about sexual selection and sexual
conflict, the success of this technique demonstrates the power of
combining proteomic/biochemical techniques and RNAI technol-
ogy to address these types of questions in systems that have been
studied for decades, yet currently lack a sequenced genome.

Materials and Methods

Spermatophores: sample preparation, SDS-PAGE, and
estimates of abundance

Spermatophores were collected from males (both A. socius and A.
sp. nov. Tex were used for all analyses) non-destructively, thus
allowing multiple spermatophores to be collected from individual
males throughout their reproductive lives. Specifically, a single
male was paired with a single female and allowed to proceed
through the normal courtship ritual [outlined in 54]. During this
courtship ritual, males produce a spermatophore and hold it
externally with their genitalia (Fig. 1). Once produced, it takes
approximately 12 minutes for the outer protein coat of the
spermatophore to harden and become structurally sufficient for
successful ejaculate transfer. Following this time period, males will
initiate copulation via a ritualized calling song and copulation
dance. Just prior to copulation, we would disturb the courtship,
anesthetize the male with COy, remove the spermatophore, and
store it at —80°C until used for protein analysis.

Prior to gel electrophoresis, spermatophores were ground and
sonicated in 15-20 uL of purified water and then centrifuged for
30 sec at 12,000 rpm. The protein content of the resulting
supernate was quantified with a ND-1000 (NanoDrop Industries,
Wilmington, DE) spectrophotometer by Aggo. A typical spermato-
phore contained 30-80 pg of water-soluble protein.

For protein quantification, 25 ug of spermatophore proteins
were separated on 4-12% Bis-Tris SDS-PAGE (using an
Invitrogen NuPAGE system) following manufacturer’s protocols
(Fig. 2A). After staining with Coomassie Blue and de-staining with
water, gel images were digitized with a Kodak Gel Logic 200. The
amount of EJAC-SP (Fig. 4B) was compared to a control protein
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The Ambion T7 MEGAscript kit was used to generate ¢acsp-
dsRNA via RNA transcription. We followed the specified
manufacturer’s protocol, except that we increased reactions to
30 uL for a higher yield of dsRINA. We also used 1 pg of template
DNA (i.e., our concentrated PCR product). The RNA transcrip-
tion reaction was incubated at 37°C for 14-16 h. Following
incubation, the reaction was subjected to DNase treatment
following T7 MEGAscript kit guidelines. The dsRNA was then
cleaned using Ambion’s MEGAclear Kit, resulting in a ready-to-
inject dsRNA solution. The concentration of dsRNA was checked
with a ND-1000 spectrophotometer and the volume adjusted to a
final concentration of 1 pg/uL.

For injections, we used a manual injection system consisting of a
syringe and disposable glass needles. We injected adult males in
the abdomen with 1 uL of either ¢gacsp-dsRNA or saline depending
on the experimental treatment. To accomplish the injections, we
anesthetized adult males with COy and performed the injections
under a dissection microscope. After injection, males were placed
in individual cages with ample water, food, and cover. No increase
in mortality was observed following injection of saline or dsRNA.

Experimental design

To determine if gene-specific dsRNNA could knockdown the
abundance of our target protein (EJAC-SP) in the spermatophore, we
mjected males (from a Texas population of 4. sp. nov. Tex) with either
gacsp-dsRINA or saline (all males were 14 and 22 post-eclosion). Three
days post-injection, we began collecting spermatophores from each
male (as outlined above). Between days six and eight we allowed both
gacsp-dsRINA- and saline-injected males to mate once with a virgin
female (as above; all females were 17 to 27 days post-eclosion). Males
were frozen at —80C following a successful copulation. Females were
given seven days to lay eggs before being scored for possible female
sterility (i.e., females were considered sterile if the total number of eggs
in her abdomens and those laid was less than 20; most females have
>80 eggs). Sterile females were removed from all analyses. Based on
the number of eggs laid, we scored females as either having been
induced to lay eggs or not. Many times a successful copulation and
ejaculate transfer does not result in a female laying any eggs (i.e., a
successful copulation with the female having laid few eggs despite
many in her abdomen). To remove the effects of these females from
our analyses, females had to lay more than 5 eggs per day — which is
about the maximum number of unfertilized eggs a virgin female will
lay per day.

Protein from each spermatophore for males from each treatment
was run on a SDS-PAGE gel and scored for the relative abundance of
EJAC-SP (as described above). The relative abundance of EJAC-SP
between the saline and ¢acsp-dsRINA treatments was evaluated with
an ANOVA. Also, quantitative real-time PCR (qPCR) was used to
evaluate the degree of trypsin-like serine protease knockdown in the
accessory gland, testis, digestive tract, and thorax (see below). Finally,
we analyzed the relationship between relative expression of EJAC-SP
in the ejaculate and the age-specific egg-laying rate for each treatment
(i.e., the number of eggs laid per day by females). The difference in
egg-laying rates between treatments were analyzed with a one-tailed
ttest, as we were specifically interested in the question: does
knockdown of EJAC-SP protein levels in the male ejaculate result
in females laying fewer eggs than expected from matings with saline-
injected males? The overall relationship between the relative amount
of EJAC-SP and egg-laying rate was assessed with a regression
analysis.

Real-time quantitative PCR (qPCR)

Males were frozen immediately at —80°C after obtaining the final
spermatophore. Accessory glands, testes, the digestive tract, and the
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thorax were dissected from individual males (i.e., the males that
induced females to lay eggs and were used in the phenotype analysis)
and total RNA was isolated using the RNAqueous 4-PCR kit from
Ambion. Kit manual instructions were followed; including the DNase
I treatment to remove any DNA from the sample, and final RNA
volume was 75 uL.. cDNA synthesis was performed on each sample
using standard protocols (see above). The concentration of cDNA
resulting from these reactions was measured using a NanoDrop ND-
1000. Nuclease-free water was added to obtain a concentration of
» 800 ng/uL. qPCR reactions were carried out using a BioRad
iCycler i1Q multicolor Real-Time PCR detection system using
standard protocols, including three technical replicates per reaction.

To determine the correct dilution of cDNA for each tissue type for
qPCR a dilution series of 1:10, 1:50, and 1:250 was conducted. The
test-gene primers used for this test and the subsequent qPCR were the
conserved ovi I 230con and ovi R 500con mentioned above (gene
abbreviated as SP in subsequent analyses). These conserved primers
were used because they amplify trypsin-like serine proteases in all
tissue types, not just the male accessory gland. Moreover, given ¢gac-sp
is a male accessory gland biased transcript, primers specific to this
transcript would not amplify products in the other tissues, thus
eliminating our ability to test if gacsp-dsRNA’s effect was specific to
the trypsin-like serine proteases in the male accessory gland or all
tissues. We found that a dilution of 1:10 worked for all tissue types
except the male accessory gland where a dilution of 1:250 was used.
This was repeated for the control gene, f-actin (sense primer,
AACTGGGACGACATGGAGAAGAT; anti-sense primer, GCC-
AAGTCCAGACGC AGGAT), and similar dilutions were used for
each gene in each tissue type. Primer efficiencies were acceptable with
values between 90 and 103% for both genes in all tissues except for
the serine protease primer in the digestive tract (efficiency =115.8%).

As for analyses, we conducted qPCR on each of the four tissues
from 11 individuals in each of the two treatments (22 individuals in
total; saline- and gacsp-dsRNA-injected males at =6 days post-
mjection). A Ct value (ie., the PCR cycle number where
amplification causes the amount of product to cross a set threshold)
was calculated for each gene and tissue for each individual
(important note: a higher Ct value means a lower amount of gene
product in the sample). A DCt was calculated as Ctsp — Ctaegns
resulting in trypsin-like serine protease values being corrected for by
the amount of f-actin in the sample. Positive values mean the Ct
value was higher for the trypsin-like serine protease and thus less
transcript than f-actin in the sample; the converse is the case if the
value was negative. A two-tailed #test was used to compare this
metric between the treatments for each tissue type, as any potential
bias in protocol or primer efficiencies would be similar within each
tissue type. For significant differences, the formula 2", where n is the
average number of cycles different between treatments, was used to
estimate the fold difference between treatments.
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