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Abstract

The Asian tiger mosquito (Aedes albopictus) is an important vector for pathogens that affect human health, including the
viruses that cause dengue and Chikungunya fevers. It is also one of the world's fastest-spreading invasive species. For these
reasons, it is crucial to identify strategies for controlling the reproduction and spread of this mosquito. During mating,
seminal fluid proteins (Sfps) are transferred from male mosquitoes to females, and these Sfps modulate female behavior and
physiology in ways that influence reproduction. Despite the importance of Sfps on female reproductive behavior in
mosquitoes and other insects, the identity of Sfps in Ae. albopictus has not previously been reported. We used
transcriptomics and proteomics to identify 198 Sfps in Ae. albopictus. We discuss possible functions of these Sfps in relation
to Ae. albopictus reproduction-related biology. We additionally compare the sequences of these Sfps with proteins
(including reported Sfps) in several other species, including Ae. aegypti. While only 72 (36.4%) of Ae. albopictus Sfps have
putative orthologs in Ae. aegypti, suggesting low conservation of the complement of Sfps in these species, we find no
evidence for an elevated rate of evolution or positive selection in the Sfps that are shared between the two Aedes species,
suggesting high sequence conservation of those shared Sfps. Our results provide a foundation for future studies to
investigate the roles of individual Sfps on feeding and reproduction in this mosquito. Functional analysis of these Sfps could
inform strategies for managing the rate of pathogen transmission by Ae. albopictus.
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Introduction

Aedes albopuctus, the Asian tiger mosquito, is an important species
from both an epidemiological and an ecological perspective.
Epidemiologically, it has the potential ability to transmit over 20
viruses [1,2], and it plays a significant and growing role across the
world as an important vector of several pathogens including those
that cause dengue and Chikungunya fevers [2-5]. Ecologically, Ae.
albopictus is considered to be one of the world’s fastest-spreading
invasive animal species [6]. While native to East Asia, it has
recently colonized every continent except Antarctica (most
recently reviewed by [5]), and its range is expected to grow in
the future [2,7,8]. The impact of this range expansion on disease
spread is difficult to predict [9,10], but it will likely pose additional
threats to public health [5]. Consequently, there is an urgent need
to develop effective strategies for controlling the reproduction and
spread of Ae. albopictus [11].
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One step toward managing the reproduction of Ae. albopictus is to
mvestigate seminal fluid proteins (Sfps), which are proteins that
males transfer to females during mating. Sfps in insects are
crucially important for male reproductive success, and they
modulate several aspects of female post-mating behavior and
physiology [12,13]. In Ae. albopictus, receipt of Sfps bolsters egg
development under poor blood feeding conditions [14], increases
egg laying [15], and inhibits female remating [16,17]. Interest-
ingly, some of these Sfp-induced effects can last throughout the life
of the female, even when she receives a only a very small dose of
Stps [17]. Since Sfps modify female behavior so drastically, their
identification and functional characterization may provide prom-
ising targets for the control of insects that transmit disease-causing
organisms [18-20].

Stps have been identified for a number of insects, including
Drosophila melanogaster [21-23], medflies [24,25], and species of
sand flies [26], honey bees [27], butterflies [28,29], flour beetles
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Author Summary

The highly invasive Asian tiger mosquito (Aedes albopictus)
transmits several pathogens that cause disease in humans
and other animals. Therefore, Ae. albopictus poses a large
and growing threat to public health across the world. One
step toward managing the reproduction and threat of this
species is to determine factors that influence its repro-
ductive biology. Seminal fluid proteins (Sfps) are trans-
ferred from male mosquitoes to females during mating,
and receipt of Sfps changes female reproductive behavior
and physiology. Here we report the identity of 198 Ae.
albopictus Sfps. We discuss the potential roles and impacts
of these Sfps on reproduction. In addition, we compare Ae.
albopictus Sfps with proteins (including reported Sfps)
from other species, including two other important mos-
quito vectors of pathogens that cause human diseases.
Our results provide a foundation for future studies to
investigate the roles of individual Sfps on Ae. albopictus
reproduction.

[30], and crickets [31-34]. Stps have recently been identified in
two mosquito species, the malaria vector Anopheles gambiae
[19,20,35] and the yellow fever mosquito Aedes aegypti [36].
Identifying the Sfps found in particular mosquito species can pave
the way for investigations of reproduction-related roles played by
individual Sfps [19]. This knowledge, together with comparisons
of Sfps across species, might lead to novel or improved control
strategies for these mosquitoes [20], including Ae. albopictus.

Here we use transcriptomic and proteomic approaches to
identify and characterize Ae. albopictus Stps. We used an isotope
labeling technique from Findlay et al. [22] and adapted by Sirot
et al. [36] for mosquitoes to identify male proteins in mated
females after copulation. We identified the transferred proteins by
comparing the mass spectra of proteins in our samples against the
spectra from a predicted protein database. This predicted protein
database was generated from sequenced transcriptomes of the
male and female reproductive tract. Using this technique, we
identified 198 Ae. albopictus putative Stps.

Methods

Overview

Our methods are very similar to those of our recent study in Ae.
aegypti [36]. We therefore note methodological similarities where
appropriate and focus primarily on differences in our methodol-
ogy. We describe the methods we used to sequence the
transcriptomes of the male and female reproductive tract and
generate the predicted protein database in the supporting
information (Text S1).

Mosquito rearing and mating

As in our study of Ae. aegypte [36], to distinguish male-derived
proteins from the female proteins in the reproductive tract of
mated females, we adapted a stable-isotope labeling method
originally used for D. melanogaster Sfp identification [22]. Stable-
isotope labeling of proteins shifts the mass to charge ratio of the
peptides such that they are unidentifiable by mass spectrometry
because the observed spectra do not match predicted spectra
generated from a protein database. Therefore, to identify only the
male-derived proteins in mated females, we mated males reared on
a standard diet to females reared on stable-isotope labeled yeast
diet ("°N-labeled yeast). To verify the effectiveness of the labeling,
we reared as controls two groups of females: virgin females reared
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on the stable-isotope labeled yeast diet, and virgin females reared
on an unlabeled diet.

Aedes albopictus (New Jersey strain) were used for our study and
were reared as described previously [36]. Pupae were placed into
individual vials until they emerged as adults to ensure the virgin
mating status of all individuals used in the experiment. Adult
females were housed in 5 L bucket cages containing of up to 70
females from the same treatment (15N-labeled or unlabeled diet),
and adult males were housed in 5 L bucket cages of up to 50
males. All adults were given free access to a 20% sucrose solution.

For mating, cach ""N-labeled female (46 days post-eclosion)
was transferred into a cage containing 40-50 unlabeled males (4-5
days post-eclosion). Matings lasted for no longer than three
minutes, and when the pair began to separate at the end of mating,
the female was collected and placed on ice (for no more than 10
minutes) until dissection.

Dissections to obtain protein samples

To obtain "’N-labeled mated female tissue samples, the
reproductive tract below the ovaries was dissected out in 20 ul
Dulbecco’s PBS (DPBS) with protease inhibitors (Roche Complete
Protease Inhibitor Tablets, Indianapolis, IN). Two sample types
were collected (supernatant and pellet), each of which was
obtained using two independent biological replicates that consisted
of tissues from 17 to 20 mated females. To verify the effectiveness
of our labeling technique, the reproductive tract below the ovaries
was dissected from 20 '°N-labeled virgin females and 24 unlabeled
virgin females (3-5 days post-eclosion). Samples were prepared
and stored as in [36].

To distinguish Sfps from sperm proteins, we obtained sperm-
enriched samples from the testes and seminal vesicles (where
sperm are stored) for proteomic analyses following the methods
described in [36]. Testes were dissected out from 40 virgin males
(3-8 days post-eclosion), and seminal vesicles were dissected from
an independent set of 30 virgin males (3-8 days post-eclosion). It is
important to note that our transcriptome did not include testes
tissues, so the proteins we identify in the testes samples are ones
that are present both in the testes as well as the seminal vesicles
and/or accessory glands.

Proteins from the samples were separated using gel electropho-
resis on one-dimensional 4-20% polyacrylamide Mini-Protean
TGX precast gels (Bio-Rad Laboratories, Hercules, CA), and gels
were stained using SimplyBlue SafeStain (Invitrogen, Carlsbad,
CA). Each gel lane was then divided into several bands (six to
eight) in order to maximize sensitivity of protein identification
using mass spectrometry, and to facilitate estimation of the
molecular weights of the identified proteins. All bands (i.e. the
entire lane for each sample) were submitted for analysis.

Protein identification by nanoLC-MS/MS analyses,
verification and selection

Proteins were identified through nanoLC-MS/MS analysis
followed by comparison of the observed spectra to those generated
from our transcriptome-based Ae. albopictus predicted protein
database (see Text Sl for information on the methods used to
develop this predicted protein database). These analyses were
performed at the Cornell University Proteomics and Mass
Spectrometry Core facility. 1D gel bands were subjected to in-
gel trypsin digestion/extraction and lyophilized. Tryptic peptides
were reconstituted in 2% ACN with 0.5% FA for nanoL.C-ESI-
MS/MS analysis on an LTQ-Orbitrap Velos Mass Spectrometer
(Thermo-Fisher Scientific, San Jose, CA) equipped with a
“CorConneX” nano ion source device (CorSolutions LLC, Ithaca,
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NY) and coupled to an UltiMate3000 RSLCnano chromatograph
(Thermo).

All MS and MS/MS spectra were processed using Proteome
Discoverer 1.3 (Thermo) and the raw data were exported as MGF
files for subsequent database searching using Mascot Daemon
(version 2.3.02, Matrix Science, Boston, MA). The acquired
spectra were searched against our custom Ae. albopictus transcrip-
tome-based database containing 29,503 protein sequence entries
with one missed trypsin cleavage allowed. Peptide mass tolerance
was set to 20 ppm and MS/MS mass tolerance was set to 0.8 Da.
Carbamidomethylation of cysteine was set as a fixed modification,
oxidation of methionine as well as deamidation of asparagine and
glutamine were set as variable modifications. A false discovery rate
was estimated as described previously [36]. A peptide was
considered to be a high quality peptide only if it met all of the
following criteria: at or above the 99% confidence threshold,
peptide score =31 that was also at or above the identity threshold
level, expectation value =0.001, and delta mass score =5 ppm.

The mass spectrometry results were screened against our
predicted protein database to identify proteins of high confidence
of being transferred from males to females during mating. For the
mated female samples (supernatant and pellet samples), an
identified protein was considered as “high confidence” if it had
hits to the predicted spectra from either two high quality peptides
in the same sample or one high quality peptide in two independent
biological replicates. For proteins found in male samples (seminal
vesicles and testes samples), a protein was considered a high
confidence protein if it had a hit from one high quality peptide,
since only one biological replicate was analyzed for each of these
two tissue types.

To verify that our labeling technique was effective, the number
of proteins identified in the reproductive tracts of unlabeled virgin
females was compared with the number identified in labeled virgin
females [36]. Using the criteria of one high quality peptide hit (see
above) for a high confidence protein, 573 proteins were identified
in the unlabeled virgin females but only six proteins (Aa-3848, Aa-
15006, Aa-35743, Aa-38093, Aa-63600, Aa-136683) in the labeled
virgin females. Since our labeling technique was 99% effective in
masking proteins from labeled females, proteins we identified from
the labeled mated females are most likely male-derived.

Any high confidence hit proteins in the mated female samples
were then classified as being putative sperm proteins or Sfps based
on which male samples they were also found in. Specifically,
proteins identified in sperm-enriched samples from both the testes
and seminal vesicle samples were classified as putative sperm
proteins. Otherwise, proteins were classified as Sfps. Three
proteins in the mated female samples were found in both the
sperm-enriched testes and the seminal vesicle samples but were
also identified in the labeled virgin female samples (see above; Aa-
35743, Aa-38093, Aa-136683), so were not classified as putative
sperm proteins.

Several of the high confidence proteins had very similar
sequences and therefore likely represent products of either
different alleles of a single gene or conserved gene duplicates.
Since our intention is only to report Sfps that are likely to be
functionally unique, similar protein sequences were grouped into
clusters using BLASTp. Proteins were placed into the same cluster
if: a) they were within a minimum of 50% of the length of each
other, b) they had a degree of similarity equal or larger than 91 %,
and c¢) if the extent of the match was at least 80% of the size of the
smaller sequence. Only one protein from each cluster was
reported, which was the protein that was most abundant in our
proteomics study had the highest number of total peptide hits
across all of our samples. If two proteins within a cluster had an
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equal number of hits, we reported the protein whose sequence
began with methionine, and secondarily the protein with the
highest number of reads in our transcriptome data. In all but two
cases, all proteins within the same cluster had the same
classification as being a sperm protein or Sfp in our study. For
the two cases where proteins within a cluster were classified as
sperm proteins and Sfps, the reported proteins were classified as
“unknown Sfp.”

In order to identify other candidate Ae. albopictus Stps, we also
searched our mass spectra against the predicted protein
database based on the Ae. aegypti genome. The methods and
results of this search are presented in the supporting information

(Text S2).

Functional annotation of Ae. albopictus seminal fluid
proteins

Functional characterization of the proteins was performed by a
program taking a vocabulary of ~250 words and comparing it to
matches on several databases, as previously described [37]. Based
on these matches, proteins were classified into one of the
following categories: cytoskeletal, extracellular matrix, metabo-
lism (including oxidant and detoxification), immunity, hormones,
proteolysis regulators (includes proteases and protease inhibitors),
signal transduction, transporters and protein export machinery,
RNA and protein synthesis (includes transcription factors,
transcription machinery, and protein synthesis). Proteins that
were classified in a different category were classified as “other”
(includes bacterial product, nuclear export, nuclear regulation,
protein modification, proteasome machinery, transposable ele-
ment, salivary, storage, viral product). Proteins that were not
assigned to a function were classified as “unknown.” Annotations
of these categories and of protein classes were reviewed manually

by JM.C.R.

Determining sequence similarity with proteins from
other species

Putative orthologs of the Ae. albopictus Sfps were identified by
comparing sequence similarity to proteins from full predicted
protein sets from seven species: Ae. aegypti (Vectorbase Aaegl.1.4),
Anopheles  gambiae (Vectorbase AgamP3.7), Culex quinquefasciatus
(Vectorbase CpipJ1.3), Drosophila melanogaster (NCBI), Apis mellifera
(NCBI), Mus musculus (Ensembl), and Homo sapiens (Uniprot). A
reference predicted protein set for Ae. albopictus was created by
combining several available transcriptomes for the species: the
reproductive tract transcriptome (reported in this paper), the
sialome [38], and the oocyte/embryo/pharate larval transcrip-
tome [39]. To account for potentially high redundancy across
transcripts with different lengths, the transcripts in this combined
database were clustered at the 99% identity level using the
standalone version of the program CDHit [40,41]. Protein
sequences were defined as orthologs if they were reciprocal-best
BLASTp hits (at the CDHit cluster level for Ae. albopictus) having
an E-value<<0.001.

To determine whether the predicted orthologs were previously
reported as Sfps or sperm proteins, the orthologs were cross-
referenced with published lists of Sfps and sperm proteins in their
respective species: Ae. aegypti (Stps and sperm: [36]), An. gambiae
(Stps: [19,20,35]), D. melanogaster (Sfps: [21-23]; sperm: [42,43]),
A. mellifera (Stps: [27]; sperm: [44]), M. musculus (Stps: [45,46]
sperm: [42]), and H. sapiens (Stps: [47]; sperm: [48]). We were
unable to classify any orthologs in Cx. quinquefasciatus as Sfps or
sperm proteins, and any orthologs in An. gambiae as sperm proteins,
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since lists of those proteins have not yet been published for those
species.

Assessing evolutionary change in Ae. albopictus and Ae.
aegypti seminal fluid proteins

A dN/dS analysis was performed to estimate and compare rates
of evolutionary change in putative housekeeping genes and in
seminal fluid proteins in Ae. albopictus and Ae. aegyptr.

Selection of housekeeping
Albopictus. Putative housekeeping genes were selected from
our Ae. albopictus transcriptome sequences by using genes that were
expressed in both males and females, within the range of sequence
length of the Sfps (57 to 2088 amino acids), and excluding genes
whose products were detected as transferred to the females during
mating. To avoid redundancy, that set of genes was clustered at
the 91% identity level (see methods above), and the longest gene
was selected as a representative housekeeping gene. If two genes
within a cluster were the same length, then the gene with the
highest total EST's was selected as a housekeeping gene; otherwise
a random gene from the cluster was selected. This method resulted
in the identification of 13,903 non-redundant putative housekeep-
ing genes, of which 3498 had a putative ortholog in the full
proteome of Ae. aegypti. Orthology was determined as described
above in the section “Determining sequence similarity with
proteins from other species.”

Alignment and dN/dS estimation. Pairwise sequence
alignments and estimates of dN/dS were conducted for all 72
Sfps having orthologs in Ae. aegypti (see above for orthology criteria)
and 3495 of the 3498 control genes (with three control genes left
out due to unreliable alignments). PRANK [49] was used to
generate codon alignments for putative orthologs, since PRANK
outperformed other alignhment methods in a recent simulation
study [50]. Maximum-likelihood estimates of pairwise dN, dS, and
dN/dS were obtained using yn00, included in the PAML package
[51].

Inferences of positive selection. For inferences of positive
selection using codeml [51], PRANK was used to generate codon
alignments for all 46 Ae. albopictus Stp genes for which putative
orthologs could be found in Ae. aegypti, Cx. quinquefasciatus, and An.
gambiae. Molecular evolutionary parameters were estimated using
codeml under four models: MO, M7, M8a, and M8 [51], where
the “neutral” M7 and M8a models are nulls for the “selection”
M8 model.

genes in Ae.

Seminal Fluid Proteins of Aedes albopictus

Results and Discussion

Summary of transcriptome

We identified 881,128 expressed-sequence tags (ESTs), which
were assembled into 29,503 contigs (hereafter “transcripts”)
representing possible gene products (Table 1). Of the tissues we
sequenced transcripts from, 13.5% of the transcripts are found
exclusively in the male reproductive tract (hereafter males), 25.7%
are found exclusively in the female reproductive tract (hereafter
females), and 60.8% have ESTs in the reproductive tracts of both
males and females (hereafter males and females).

The transcripts encode proteins that represent a wide array of
functional categories (Figure 1A-C). The largest single group of
transcripts found in the male, the female, and in both males and
females could not be assigned any particular category (“‘un-
known”). Other abundant functional categories included metab-
olism, proteolysis regulators, RNA and protein synthesis, signal
transduction, and transporters and protein export machinery.
Some of the less abundant functional categories included
cytoskeletal, extracellular matrix, hormones, and immunity.

The distributions of transcripts across the functional classes are
strikingly similar between the male-specific and female-specific
sequences (Figure 1A & B). These distributions stand in marked
contrast to that of the transcripts found in both males and females
(Figure 1C). This difference is primarily due to the approximately
halved proportion of transcripts encoding proteins with an
unknown function in both male and female tissues compared to
that of male-specific and female-specific tissues.

Overall, 3,693 (12.5%) of the transcripts are classified as
encoding secreted proteins. Interestingly, sex-specific transcripts
(those expressed only in males or only in females) are significantly
more likely to encode secreted proteins than are transcripts found
in both sexes (x?=1,143.0, df= 1, p<<0.001).

Proteins transferred to females during mating: Overview

We identified a total of 314 proteins that are made in male Ae.
albopictus and are transferred to females during mating. Of these,
198 are putative seminal fluid proteins (Figure 1D; Table S1),
based on the criteria that they were not found in both the testes
and the seminal vesicles. The remaining 116 transferred proteins
are putative sperm proteins (Table S2), based on the criteria that
they were found in both the testes and seminal vesicles. These
putative sperm proteins likely are a very limited subset of all sperm

Table 1. Summary of transcriptome sequence datasets of Ae. albopictus reproductive tissues.

Number (%) of Number of
transcripts that ESTs per
Number of encode secreted Number number of % total
Reproductive tract® transcripts peptides of ESTs transcripts transcripts % total ESTs
Male only 3,980 938 (23.6%) 139,310 35.0 13.5% 15.8%
Female only 7,576 1,447 (19.1%) 37,835 5.0 25.7% 4.3%
Both male and female 17,947 1,308 (7.3%) 703,301 (288,306 39.2 60.8% 79.8%
reads in males;
414,995 reads in
females)
Total 29,503 3,693 880,446

both the male and female reproductive tissues.
doi:10.1371/journal.pntd.0002946.t001
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“Male: transcripts from virgin male accessory glands and seminal vesicles; Female: transcripts from virgin female reproductive tract below ovaries; Both: transcripts from
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Figure 1. Functional categories of Aedes albopictus lower reproductive tract transcripts and seminal fluid proteins. Numbers indicate
the percent of transcripts associated with the functional category. A. Transcripts found only in males (accessory glands and seminal vesicles; 3,980
total); B. Transcripts found only in females (lower reproductive tract; 7,576 total); C. Transcripts found in both males and females (17,947 total); D.

Seminal fluid proteins (198 total).
doi:10.1371/journal.pntd.0002946.9g001

proteins in Ae. albopictus, as our predicted protein database was
derived from the male accessory gland and seminal vesicles, and
did not include transcripts from the testes. We therefore focus our
paper on the 198 putative seminal fluid proteins. The amino acid
sequences for all proteins reported in this paper are in Table S3,
Table S4, and Table S5.

It is interesting to note that the majority of the Ae. albopictus Stps
(134, or 67.7%) are derived from transcripts found in both the
male and female reproductive tracts, whereas the remaining one-
third (64, or 32.3%) are derived from transcripts found exclusively
in males (Table S1). This finding highlights the benefit of using a
proteomics approach to identify Sfps rather than relying on the
criteria of highly male-biased or male-specific expression. It further
highlights the potential existence of proteins that might function in
the reproductive tract of virgin females but are additionally
transferred by males as Sfps during mating (see [52]).

Proteolysis regulators (proteases and protease inhibitors) com-
monly comprise a large subset of the Sfps in other insects and in
mammals (reviewed by [53]). In Ae. albopictus, 48 of the 198 Sfps
(24%) are predicted proteolysis regulators, which is similar to the
percentage reported in other species (for example, 20% of D.
melanogaster Sfps and 14% of Ae. aegypti Stps are predicted
proteolysis regulators [22,36]). Proteolysis regulators generally
play roles in activating and regulating proteins, and potentially
coordinate actions of multiple Sfps [20,53]. Studies of proteolysis
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regulators in the Sfps of other species have revealed important
functions related to reproduction, including roles in egg produc-
tion, semen coagulation, sperm storage and activation, fertility,
and protecting the female against infections, and pathogen
transmission (reviewed in [53,54]).

In the following sections we discuss the sequence similarity of
the Ae. albopictus Sfps with proteins (including reported Sfps)
from other species, highlight potential functions of Sfps
relevant to Ae. albopictus reproductive biology, and compare
the evolutionary rates of the Sfps with those of housekeeping
genes.

Seminal fluid proteins: Sequence comparisons with
proteins in other species

To identify orthologs to the Ae. albopictus Sfps, we compared
each Sfp to proteins in the full proteomes of seven species: the
mosquitoes Ae. aegypti, Cx. quinguefasciatus, and An. gambiae, the
pomace fly D. melanogaster, the honey bee A. mellifera, the mouse M.
musculus, and humans (. sapiens). The summary of orthology
information is presented in Table 2. Of the 198 Ae. albopictus Stps,
93 (47.0%) have a putative ortholog in the full proteome of at least
one of these species (Table S1). There is some conservation in
protein sequences across these seven species. Specifically, 72 Ae.
albopictus Stps (36.4%) are conserved in Ae. aegypti, 46 (23.2%) are
conserved in all three mosquito species, 43 (21.7%) are conserved
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comparisons.

Seminal Fluid Proteins of Aedes albopictus

Table 2. Number of Ae. albopictus Sfps having putative orthologs in each of the seven species used for sequence similarity

Species

Number (%) of Ae. albopictus
Sfps with ortholog in full
proteome of species

Number (%) of Ae. albopictus
Sfps having an ortholog
that is a reported Sfp

for species

Number (%) of Ae. albopictus
Sfps having an ortholog that is a
reported sperm protein for species

Aedes aegypti

Culex quinquefasciatus
Anopheles gambiae
Drosophila melanogaster
Apis mellifera

Mus musculus

Homo sapiens

72 (36.4%)
61 (30.8%)
59 (29.8%)
53 (26.8%)
50 (25.3%)
39 (19.7%)
42 (21.2%)

18 (9.1%)
N/A

5 (2.5%)
2 (1.0%)
4 (2.0%)
1(0.5%)
9 (4.6%)

1 (0.5%)
N/A
N/A

4 (2.0%)
3 (1.5%)
0

1 (0.5%)

doi:10.1371/journal.pntd.0002946.t002

in Dipteran species, 37 (18.7%) are conserved in insects, and 30
(15.2%) are conserved in all seven species examined (Table S1).

To determine whether these putative orthologs are known Sfps
or sperm proteins in their respective species, we cross-referenced
the putative orthologs to published lists (if available) of Sfps and
sperm proteins. It is important to note that any relative
percentages of orthology involving Sfps of other species should
be interpreted cautiously. This is because the studies of Sfps in
other species have used a variety of methods, some of which are
more exhaustive than others. With that caveat, comparisons of Ae.
albopictus Sfps with those reported in the other seven species
demonstrate limited conservation in the complement of Sfps.
Specifically, only 34 (17.2%) of the Sfps from Ae. albopictus have a
putative ortholog to a reported Sfp in at least one other species
(Table S1). Of those, 18 have a putative ortholog that was reported
as a Stp in Ae. aegypti. This was more than the number of Sfp
orthologs in any of the other species in our comparison (Table 2),
and was expected based on species relatedness and similarity in
methodology. Notably, only four of the Ade. albopictus Stps have a
putative Sfp ortholog in more than one species (Table SI).
Specifically, three Sfps (Aa-8246, Aa-24416, Aa-45626; see Table
S1) have an ortholog to a Sfp in two other species. Information
about the predicted protein classes to which two of them (Aa-8246;
Aa-24416; a putative angiotensin-converting enzyme and a
putative serpin) belong is included in Table 3; the third is a
predicted aspartic/aspartate aminotransferase which, to our
knowledge, have not been reported to have a direct role in post-
mating responses or fertility. A fourth Sfp (Aa-14624, a predicted
heat shock protein) has an ortholog to a Sfp in three other species,
and is discussed in Table 3 and in the text below.

Seminal fluid proteins: Functional categories and
proteins of interest

The 198 putative Sfps together have a variety of predicted
functions (Figure 1D), and likely play diverse roles that are relevant
to the reproductive biology of Ae. albopictus. In Table 3, we propose
several possible reproductive and post-mating related roles of
selected Ae. albopictus Stp protein classes based on the demonstrated
or predicted roles of putative orthologs or protein classes.

In the following sections we limit our discussion to potential
intriguing roles of selected Ae. albopictus Sfps in relation to
two facets of reproductive biology of this species: processes
affecting fertilization (sperm protection and function) and
processes affecting fecundity (egg development and feeding
behavior).
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Sperm protection and function. The reproductive success
of males and females hinges on the ability of sperm to fertilize eggs.
Here we highlight three Ae. albopictus Sfps that we predict are
involved in sperm protection or function: a putative adipokinetic
hormone, a putative glutathione S-transferase, and a putative
tetraspanin.

Sperm are particularly susceptible to oxidative stress, which can
damage the paternal genome [55,56]. At least two Sfps we
identified might play a role in counteracting oxidative stress. One
is a putative adipokinetic hormone (Aa-134956; AKH). This Sfp
has a putative ortholog in the full genome of all three mosquito
species we queried and in D. melanogaster, but was not a reported
Sfp in any of these species (although it was weakly detected in the
seminal fluid proteome of Ae. aegypti [57]; Table S1). AKH can
function as a stress responsive protective hormone [58] and can
combat oxidative stress by counteracting damage from hydrogen
peroxide [59]. It is interesting to note that the D. melanogaster Stp
known as sex peptide (Acp70A) has a region with similarities to the
adipokinetic hormone of Locusta migratoria [60].

The other Sfp whose sequence suggests a role in reducing
oxidative stress is a putative glutathione S-transferase (Aa-23220).
In insects, glutathione S-transferase has been implicated in
combating oxidative stress by targeting hydroperoxides [61-63].
Aa-23220 has putative orthologs in the full proteomes of Ae. aegypti
and An. gambiae, although these orthologs were not identified as
Sips for those species. Jedlicka et al. [64] found a link between
glutathione S-transferase and AKH, showing that topical applica-
tion of AKH to the abdomens of the pea aphid Acythosiphon pisum
led to an increase in gluthione S-transferase activity. It is therefore
possible that these two Sfps interact and play protective roles for
sperm in the reproductive tract of mated females.

Some Ae. albopictus Sfps might play roles in sperm function in
mated females. Tetraspanins are proteins involved in cell to cell
adhesion [65] and are important in mouse fertilization [66-68].
They have been reported in the transcriptome of male reproduc-
tive glands in the tick Dermacentor variabilis [69]. We found one
putative tetraspanin (Aa-5809) among the Sfps of Ae. albopictus, and
it has orthology to sequences in the full proteomes of the five insect
species queried in our study. It is interesting to find tetraspanins in
the seminal fluid of males, as the sperm-egg binding role of
tetraspanins typically refers to their role in the plasma membranes
of eggs [70]. For example, the tetraspanin CD9 in the mouse
oocyte plasma membrane is required for sperm-egg binding and
fusion [66-68]. To our knowledge, the role of tetraspanins in
seminal fluid has not been elucidated. However, Sonenshine et al.
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Table 3. Proposed role of selected Ae. albopictus seminal fluid protein classes in relation to reproductive biology.

Proposed
general role
relevant to

reproduction
or post- Species (if Evidence
mating Putative protein Examples of proposed specific role or involvement of specified) in for
biology class protein class, based on previous studies Phylum® example example®
Sperm protection from oxidative stress
Adipokinetic hormone Targets hydrogen peroxide [58,59] A Pyrrhocoris apterus  C (D)
(AKH)
Glutathione S- Targets hydroperoxides [61]; see references in [63] A Trichoplusia ni c(P
transferase
Responses to oxidative stress in idiopathic infertility patients [117] C Homo sapiens c((P)
C-type lectins Sperm binding to egg [118,119] CE Mus musculus, C (P)
Strongylocentrotus
purpuratus
Maintenance and release of sperm in female storage organs [21,120] A Drosophila CS (D)
melanogaster
Spermatogenesis and sperm-egg interactions
EHD1 Male reproductive success, via fertility and spermatogenesis [121] C M. musculus O (D)
Heat shock proteins Sperm-egg interactions and recognition [122] C M. musculus C (P)
Spermatozoa ability to fertilize oocytes [123] C M. musculus C (D)
Puromycin-sensitive Male reproductive success, via copulatory behavior, spermatogenesis, C M. musculus C (D)
aminopeptidases and fertility [124]
Tetraspanin Required (on oocytes) for sperm-egg binding and fertilization [66-68] C M. musculus C (D)
Egg production
Adipokinetic hormone Mobilizes release of carbohydrates and lipids from the fat body A Locusta migratoria, C (D)
into the hemolymph (reviewed by [88]; see also [89]) An. gambiae
AKH-like peptide promotes egg laying [93] N Caenorhabditis C (D)
elegans
Angiotensin-converting Reproductive processes, via activating/deactivating neuropeptides A C c (D)
enzyme (ACE) and hormones (reviewed in [125,126])
Egg production in females, from ACE in females [127] A Anopheles stephensi, C (D)
An. gambiae
Egg production in females, from male-derived ACE (see references A An. stephensi, An. CS (D)
in [126]; [128] gambiae, Tribolium
castaneum
ACE activity or expression increases following a blood meal; peaks A An. stephensi, An. C (D)
48 hours post-blood meal [129,130] gambiae
Aquaporin Female fecundity, via altering production of neuropeptides [131] D. melanogaster O (D)
Furin protease Proteolysis of propeptide precursors of adipokinetic hormone [97] D. melanogaster C (D)
Lipase Egg production in females, from male-derived lipase [132] D. melanogaster CS (D)
Feeding and/or host-seeking
Adipokinetic hormone AKH receptor in fat body involved in regulation of feeding A Gryllus bimaculatus  C (D)
frequency and consumption [94]
Fatty acid synthase Activity associated with sucrose conditions via a transcription A D. melanogaster O (D)
factor involved in fat storage and feeding behavior [98]
Upregulated in early diapause, during transition from blood to A Culex pipiens C (D)
sugar feeding [99]
Heat shock proteins Nutrient assimilation in midgut and triglyceride levels in fat body [101] A D. melanogaster OS (D)
Protein digestion and protection from temperature increase Ae. aegypti C (D)
following a blood meal [133]
Kinase Control of feeding behavior [134,135] A D. melanogaster, C (D)
Apis mellifera
Immunity
C-type lectins Innate immunity in response to gram-negative bacteria [136]; A An. gambiae C (D)
see also [137]
Ficolin Innate immunity (reviewed in [138]) C C (P)
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[69] proposed that adhesion proteins in seminal fluid could play
important roles (e.g., binding of Sfps to sperm in D. melanogaster
[71,72]; binding of sperm to the oviduct in bovine [73]). The
finding of membrane proteins such as tetraspanins in seminal fluid
may be explained if accessory gland cells (in whole or part) are
transferred to females during mating, as occurs in D. melanogaster
[74] and is hypothesized to occur in Ae. aegypti [75,76]. Consistent
with this idea, tetraspanins may influence the composition of
exosomes (via recruiting selected proteins), as well as the identity of
and interactions with target cells [77]. Tetraspanins are also
prostrate products in humans [78].

Regulation of egg development and feeding behavior. In
Ae. albopictus and Ae. aegypti, mating promotes egg development
[15,79,80], and, in Ae. aegypli, mating increases blood meal size
[81] and may decrease blood feeding frequency [82] and host
secking behavior [83-85]. This suggests that in these mosquitoes,
mating acts like a switch that diverts resources toward egg
production and may alter a female’s motivation to feed. In Aedes
mosquitoes, egg production and blood feeding behavior are linked
in the process of vitellogenesis, during which females use amino
acids from blood-derived proteins to synthesize yolk precursor
proteins (YPPs) in the fat body, secrete those YPPs into the
hemolymph, and use the YPPs to develop eggs (reviewed in
[86,87]). Here we highlight several Ae. albopictus Stps that might
play roles in egg production and feeding behavior. These Sfps
include a putative adipokinetic hormone, proprotein convertase,
fatty acid synthase, and heat shock protein.

We discussed above the potential role of the putative
adipokinetic hormone (Aa-134956; AKH) in protecting sperm,
but it additionally might play a role in promoting egg production.
In insects, AKH can play many diverse roles [57], including
mobilizing the release of carbohydrates and lipids from the fat
body into the hemolymph (reviewed by [88]; see also [89]). It has
been proposed that some of these nutrients might be used to
develop oocytes during vitellogenesis if they are taken up by the
ovary [90,91]. An AKH receptor variant is expressed in the
ovaries of de. aegypti [90] and in An. gambiae [92], further suggesting
a potential role of AKH in egg production. The influence of AKH
on egg production is likely complex [57], but an involvement of an
AKH-like peptide in promoting egg laying has been demonstrated
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Table 3. Cont.
Proposed
general role
relevant to
reproduction
or post- Species (if Evidence
mating Putative protein Examples of proposed specific role or involvement of specified) in for
biology class protein class, based on previous studies Phylum® example example®
Serpins Regulate innate immune responses (reviewed in [54]) A Ae. aegypti, An. C (D)
gambiae, Cx.
quinquefasciatus
Other: diverse roles of interest
Cathepsin D Processes prohormones in mated females (see [100]) D. melanogaster C (P)
Metalloproteinase Processes other Sfps inside the female reproductive tract [139] A D. melanogaster C (D)
Serpins Responsive to courtship - expression in males decreases D. melanogaster O (D)
during courtship [140]
Heat shock proteins Production of proteins in male accessory glands [133] A T. castaneum CS (D)
#Phylum of species in example. A = Arthropoda; C = Chordata; E = Echinodermata; N = Nematoda.
bprotein used in evidence for example (C = protein is in same general protein class as Ae. albopictus Sfp, but not orthologous; O = protein is a putative ortholog to Ae.
albopictus Sfp; S = protein is a reported Sfp in its species), and type of evidence for example (P = proposed; D = demonstrated).
doi:10.1371/journal.pntd.0002946.t003

in the nematode Caenorhabditis elegans [93]. If AKH influences
nutrient level changes in the fat body and hemolymph, it might
additionally influence feeding behavior. Consistent with that
hypothesis, knockdown of an AKH receptor in the fat body of
the cricket Gryllus bimaculatus resulted in decreased circulating sugar
levels, and increased feeding frequency and overall food
consumption [94].

The role of a putative AKH in the seminal fluid is an intriguing
and novel question, as to our knowledge AKH has not been
reported as a Sfp in any other species. However, this AKH has a
putative ortholog in Ae. aegypti that was weakly detected as a Sfp in
Ae. aegypti (Table S1). Kaufmann et al. [90] found an AKH
expressed in the abdomen of male Ae. aggypti, and hypothesized
that the AKH mobilizes resources for sperm motility since sperm
require carbohydrates and lipids for energy [95]. Our results
suggest that the finding of AKH in the abdomen of males can be
explained if it plays a role in females after being transferred in the
seminal fluid. We agree with Kaufmann et al. [90] that future
studies should investigate the role of AKH in insect reproduction,
and particularly in the mobilization of nutrients from the fat body
to the ovaries.

AKH may have a potential relationship with another Ae.
albopictus Stp, Aa-22559. Aa-22559 is orthologous to Ae. aegypti Sfp
AAEL017460, a predicted proprotein convertase subtilisin kexin
type 4 (PCSK4). PCSK4s can activate precursors of hormones
through processing [96]. Interestingly, in D. melanogaster, a
proprotein convertase named amontillado is required for the
processing of the propeptide precursors of AKH, and influences
the amount of carbohydrates released into the hemolymph [97]. It
is possible that the putative proprotein convertase in Ae. albopictus
seminal fluid may be similarly involved in the processing of AKH
precursor propeptides and circulating nutrient levels in females
after mating. Additionally of interest, de. aegypti PCSK4 shares
close sequence similarity with the Ae. aggypti protein that processes
vitellogenin, AAEL003652 [96].

Two other Ae. albopictus Stps may play roles related to nutrient
storage in the fat body and feeding behavior. One of these Sfps is a
putative fatty acid synthase (Aa-14663) that is orthologous with
dFAS (CG3523-PA) in D. melanogaster. In D. melanogaster, a
transcription factor called Mio promotes increased dFAS activity
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under high sucrose conditions [98]. Flies with knockdown of Mio
in the fat body decreased feeding behavior and fat storage
compared to control flies, suggesting that Mio acts as a sensor to
regulate fat storage and feeding behavior at least partially through
its influence on dFAS activity [98]. Additionally of interest, in the
mosquito Cx. pipiens, a putative fatty acid synthase is upregulated in
females entering diapause, during the time that they increase sugar
feeding [99]. The other Ae. albopictus Sfp that might play a role in
fat storage and feeding behavior is a putative heat shock protein
(Aa-14624). Aa-14624 has a putative ortholog in the full proteome
of each of the seven species we used for our comparisons, and its
ortholog has been identified as a Sfp for three other species (An.
gambiae, D. melanogaster, and H. sapiens). The ortholog in D.
melanogaster is glycoprotein 93 (CGG5520-PA; [100]), which has
been shown to promote lipid storage in the fat body and suppress
insulin signaling [101]. Insulin signaling is involved in the
regulation of vitellogenesis in Aedes mosquitoes (reviewed in
[101]). These findings highlight the potential for the involvement
of seminal fluid-derived putative fatty acid synthase and putative
heat shock protein in female nutrient usage after mating.

Evolutionary analysis of Sfps in Ae. albopictus and Ae.
Aegypti

In a wide range of taxa, Sfps have been reported to evolve
rapidly on average [102-104], and to turn over quickly at the
sequence level, with substantially different complements of Sfps in
different species [22,23,105-110]. The latter trend appears to
apply to Aedes mosquitoes as well - as described above, many of the
Sfps identified in this study were found only in Ae. albopictus. Only
93 (47%) of the 198 Ae. albopictus Stps share orthology with proteins
from the seven other species included in our comparisons.

In order to assess whether Ae. albopictus Stps also evolve rapidly
at the sequence level, we estimated dN/dS for the 72 Sfps that
have predicted orthologs in Ae. aegypti, recognizing that the most
rapidly-evolving genes might not appear in this dataset as they
might not have recognizable orthologs in Ae. aegypti. As a control,
we used a set of 3498 transcripts (encoding putative housekeeping
products) that were also identified in the current study (see
Methods). The results are presented in Figure 2 (the raw data are
available in Table S6 and Table S7). In contrast to results from
other taxa, there was no difference in the rate of evolution between
the shared Sfps and the control genes in the two species (Wilcoxon
rank sum test W=129390, P=0.680). Morecover, none of the 72
Ae. albopictus Stps that have orthologs in Ae. aegypti appear to have
experienced positive selection (w=dN/dS >1) in this pairwise
comparison. For both the control and Sfp genes, divergence
should be sufficiently low to permit accurate estimation of dN and
dS for most loci (median dS =0.71 for both sets of genes; median
dN =0.020 for Sfps, 0.024 for control genes). Synonymous sites
may approach saturation for a subset of genes, with the upper
quartile of dS approaching 1 for both gene sets (Sfps: 0.91;
controls: 0.97). However, the effect of synonymous site saturation
should be to inflate estimates of w, and in this case we see very few
cases where dN/dS >1. It is interesting to note that among those
72 Ae. albopictus Sfps having orthologs in Ae. aegypti, the Sfps derived
from transcripts found exclusively in males had a higher average
dN/dS than those derived from transcripts found in both males
and females (Mann-Whitney U test U =88.000, P<<0.001).

Inference of positive selection from pairwise sequence align-
ments is inherently conservative. Since most sites in most proteins
are likely under strong constraint, average dN/dS will be much
less than 1, even if a few sites are subject to positive selection.
Therefore, we used codeml (part of the PAML package; [51]) to
infer site-specific selection on 46 Ae. albopictus Sfps for which
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orthologs were found in each of the other three mosquito species
(de. aegypti, Cx. quinquefasciatus, An. gambiae). Consistent with the
pairwise inferences of dN/dS, little evidence of positive selection
was found using this approach (Table S8). Even before correcting
for multiple testing, only one SFP showed any evidence for positive
selection on a subset of codons, and even then only in the less
stringent M8 vs. M7 comparison (Aa-18562; M8 vs. MT7:
P=0.015, M8 vs. M8a: P=0.165). While these four mosquito
species are more distantly related than is typically used for the
inference of positive selection, analyses using distant relatives can
identify loci under selection [111,112]. For example, positive
selection has also been inferred for genes present in distantly
related mammalian species [112], indicating that rapid sequence
evolution can be inferred despite the requirement for orthology
between distant relatives.

We note that these codeml analyses are limited to genes that are
relatively conserved, since they are found in all four mosquito
species. Nonetheless, the contrast with other taxa is striking. In
Drosophila, for example, Sfps were initially characterized in D.
melanogaster and/or D. simulans, with putative orthologs subse-
quently identified in additional species. As such, this set of genes
was restricted to genes with orthologs in multiple species of
Drosophila. Nonetheless, positive selection was inferred for six out of
twenty-five Drosophila Stps (at a false-discovery rate of 0.1) using
codeml [109]. Thus, it appears that those Sfps that are detectable
across mosquitoes are also constrained at the sequence level,
recognizing that these mosquito Sfps are shared across genera,
whereas the Drosophila Sfps are shared among species within that
genus.

Both pairwise analyses within the genus Aedes and multiple-
species inferences indicate that Sfp conservation differs between
mosquitoes and Drosophila, but it is unclear what biological features
underlie this difference. Rates of Sfp evolution may be driven in
part by co-evolution of male and female proteins in response to
conflict between male and female reproductive interests. This
conflict 13 expected to be higher in polyandrous species, such as
Drosophila, than in species (including these mosquitoes) in which
females usually mate with only one male. Sequence constraint of
this subset of Sfps suggests that alterations to their sequence are
disadvantageous. Therefore, identifying and interfering with the
pathways of these Sfps may prove beneficial for vector control.

Conclusion

We identified in Ae. albopictus 314 male-derived proteins that are
transferred to females during mating. To create a reference for
identifying these proteins, we developed transcriptome sequence
datasets of Ae. albopictus male reproductive tissues (seminal vesicles
and accessory glands) and the female lower reproductive tract.
The 198 seminal fluid proteins we report here represent a wide
variety of functions (Figure 1D; Table 3; Table S1), and likely play
important roles in aspects of Ae. albopictus reproductive biology
possibly including sperm protection, sperm-egg binding, and egg
production. Ninety-three (47%) of the Ae. albopictus Sfps we
identified have putative orthologs to proteins in the full proteomes
of other insects and mammals (Table 2; Table S1). However, only
34 (17.2%) of the Ae. albopictus Stps have putative orthologs to Sfps
in other species (Table 2; Table SI). On one hand, this suggests
rapid evolution of the composition of seminal fluid in these species,
although this finding should be treated with caution as identifi-
cation of Sfps are limited by the sensitivity of the techniques used.
On the other hand, for those Ae. albopictus Stps for which orthologs
can be detected in other species, there is little indication of positive
selection on the Sfps in pairwise or multi-species comparisons
(Figure 2). Further population-level studies, as well as comparative
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Figure 2. Estimation of evolutionary rates of Aedes albopictus seminal fluid proteins and control proteins. A. Evolutionary rates of
nonsynonymous (dN) versus synonymous (dS) changes for Ae. albopictus Sfps (72 total); B. Evolutionary rates of nonsynonymous (dN) versus
synonymous (dS) changes for Ae. albopictus control proteins (3495 total; 188 not shown due to extreme values of dN or dS). For both panels, the solid
line shows a regression line, and the dashed line gives a 1:1 dN/dS ratio, with points falling above the line showing dN/dS >1.

doi:10.1371/journal.pntd.0002946.9g002

studies using more closely related species, will help to clarify the
extent to which Ae. albopictus Sfps undergo positive selection.

This work contributes to our growing knowledge of Sfps in a
diverse array of taxa, and establishes a foundation for several
important lines of future research:

First, this work sets the stage for investigating the roles of
individual Ae. albopictus Sfps on female post-mating changes in
physiology and behavior [15-17,80]. Much work in D. melano-
gaster, another Dipteran species, has elucidated the roles of
specific Sfps on female post-mating behavior (reviewed by [21]),
and recent work on An. gambiae has identified one Sfp that
regulates semen coagulation and sperm storage [19]. Given the
important vector status of Ae. albopictus and the potential for
further disease risk due to its rapidly expanding range [5],
elucidating the phenotypic effects of the Sfps in this species may
assist researchers in identifying molecular targets for control [18—
20].

Second, this work in combination with the identification of Sfps
in Ae. aegypti [18,36] might assist in pinpointing the molecular basis
for ecological patterns of cross-mating dynamics in these two
species. Studies have revealed a consistent asymmetric pattern in
which the receipt of Sfps from Ae. albopictus induces typical post-
mating changes in female de. aegypti, but the receipt of Sfps from
Ae. aegypti has little to no effect on female Ae. albopictus. This pattern
has been suggested with respect to several post mating behaviors
including host-seeking [113], egg development and deposition
[15,79,80,113], and refractoriness to mating [114]. This asymme-
try in Sfp cross-reactivity might create strong selective pressure for
Ae. aegypti females to avoid mating with Ae. albopictus in regions
where the two species coexist [115].

More generally, this work facilitates comparisons of Sfp
components and functions across species. These comparisons
can lead to the identification of sequences that are conserved and
that promote male and female reproductive success. This work will
also aid ongoing comparisons of Sfps across mosquito species that
are vectors of disease pathogens, and ideally lead to the
identification of novel targets for genetic-based control strategies
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that can be applied to multiple mosquito species [20]. Forty-six
Ae. albopictus Sfps have putative orthologs in three other mosquito
species (de. aegypti, Cx. quinquefasciatus, and An. gambiae) and showed
no evidence for positive selection. These Sfps may be promising
targets for use in genetic-based control strategies that modify and
release male mosquitoes to induce reduced fertility or vector
competence in their mates [116].

In conclusion, the work presented here provides a foundation
for future investigations involving the molecular basis of multiple
facets of Ae. albopictus biology, including reproductive biology,
mvasion ecology, hybridization and evolution, disease transmission
dynamics, and vector control strategies.

Supporting Information

Table S1  Ae. albopictus putative seminal fluid proteins transferred
to females during mating (full functional annotation, putative
tissue of origin, and putative orthologs in seven other species).

(XLSX)

Table 82 Ae. albopictus putative sperm proteins transferred to
females during mating (full functional annotation, putative tissue of
origin, and putative orthologs in seven other species).

(XLSX)

Table S3 Amino acid sequences of Ae. albopictus putative seminal
fluid proteins.

DOCX)

Table $4 Amino acid sequences of Ae. albopictus putative sperm
proteins.

DOCX)

Table S5 Amino acid sequences of Ae. albopictus proteins

identified in the labeled virgin females.

(DOCX)

Table S6 Lstimation of dN/dS for Ade. albopictus control genes
with putative orthologs in Ae. aegypti.

(XLS)

June 2014 | Volume 8 | Issue 6 | €2946



Table 87 Estimation of dN/dS for Ae. albopictus putative seminal
fluid proteins with putative orthologs in Ae. aegypti.

(XLS)

Table S8 Codeml analyses for Ae. albopictus putative seminal fluid
proteins with putative orthologs in Ae. aegypti, Cx. quinquefasciatus
and An. gambiae.

(XLSX)

Text S1 Description of methods used for transcriptome
sequencing, assembly, and generation of Ae. albopictus reproductive
tract predicted protein database.

(DOCX)

Text 82 Identification of additional putative Ae. albopictus seminal
fluid proteins by searching mass spectra against the Ae. aegypti
genome.

(DOCX)

Acknowledgments

We thank the W.M. Keck Center for Comparative and Functional
Genomics at the University of Illinois, the Genomics Core Facility and the

References

1. Moore CG, Mitchell CJ (1997) Aedes albopictus in the United States: ten-year
presence and public health implications. Emerg Infect Dis 3: 329-334.

2. Paupy C, Delatte H, Bagny L, Corbel V, Fontenille D (2009) Aedes albopictus, an
arbovirus vector: From the darkness to the light. Microbes Infect 11: 1177
1185. doi:10.1016/j.micinf.2009.05.005.

3. Ng LC, Hapuarachchi HC (2010) Tracing the path of Chikungunya virus—
Evolution and adaptation. Infect Genet Evol 10: 876-885. doi:10.1016/

j-meegid.2010.07.012.

4. Tsetsarkin KA, Weaver SC (2011) Sequential adaptive mutations enhance
efficient vector switching by Chikungunya virus and Its epidemic emergence.
PLoS Pathog 7: €1002412. doi:10.1371/journal.ppat.1002412.

5. Bonizzoni M, Gasperi G, Chen X, James AA (2013) The invasive mosquito
species Aedes albopictus: current knowledge and future perspectives. Trends
Parasitol 29: 460-468. doi:10.1016/.pt.2013.07.003.

6. Global invasive species database (n.d.) Aedes albopictus, Global invasive species
database. Available: http://www.issg.org/database/species/ecology.
asp?si = 109&fr = 1&sts = sss&lang = EN.

7. Benedict MQ), Levine RS, Hawley WA, Lounibos LP (2007) Spread of the
tiger: Global risk of invasion by the mosquito Aedes albopictus. Vector Borne
Zoonotic Dis Larchmt N 7: 76-85. doi:10.1089/vbz.2006.0562.

8. Rochlin I, Ninivaggi DV, Hutchinson ML, Farajollahi A (2013) Climate
change and range expansion of the Asian tiger mosquito (dedes albopictus) in
northeastern USA: Implications for public health practitioners. PLoS ONE 8:
€60874. doi:10.1371/journal.pone.0060874.

9. Alto BW, Lounibos LP, Mores CN, Reiskind MH (2008) Larval competition
alters susceptibility of adult Aedes mosquitoes to dengue infection.
Proc R Soc B Biol Sci 275: 463-471. doi:10.1098/rspb.2007.1497.

. Bevins SN (2008) Effects of expanded mosquito range. Science 321: 1634—
1634. doi:10.1126/science.321.5896.1634.

11. WHO | Control strategies (n.d.). World Health Organ. Available: http://www.

who.int/denguecontrol/control_strategies/en/. Accessed 24 July 2013.

12. Gillott C (2003) Male accessory gland secretions: Modulators of female
reproductive physiology and behavior. Annu Rev Entomol 48: 163-184.
doi:10.1146/annurev.ento.48.091801.112657.

13. Avila FW, Sirot LK, LaFlamme BA, Rubinstein CD, Wolfner MF (2011) Insect
seminal fluid proteins: Identification and function. In: Berenbaum MR, Carde
RT, Robinson GE, editors. Annual Review of Entomology, Vol 56. Palo Alto:
Annual Reviews, Vol. 56. pp. 21-40.

. Klowden M (1993) Mating and nutritional state affect the reproduction of Aedes
albopictus mosquitos. ] Am Mosq Control Assoc 9: 169-173.

15. Leahy MG, Craig GB (1965) Accessory gland substance as a stimulant for

oviposition in Aedes aegypti and A. albopictus. Mosq News 25: 448-452.

16. Craig GB Jr (1967) Mosquitoes: female monogamy induced by male accessory
gland substance. Science 156: 1499-1501.

17. Helinski MEH, Deewatthanawong P, Sirot LK, Wolfner MF, Harrington LC
(2012) Duration and dose-dependency of female sexual receptivity responses to
seminal fluid proteins in Aedes albopictus and Ae. aegypti mosquitoes. J Insect
Physiol 58: 1307-1313. doi:10.1016/j jinsphys.2012.07.003.

18. Sirot LK, Poulson RL, McKenna MC, Girnary H, Wolfner MF, et al. (2008)
Identity and transfer of male reproductive gland proteins of the dengue vector
mosquito, Aedes aegypti: Potential tools for control of female feeding and
reproduction. Insect Biochem Mol Biol 38: 176-189. doi:10.1016/
j-ibmb.2007.10.007.

PLOS Neglected Tropical Diseases | www.plosntds.org

1

Seminal Fluid Proteins of Aedes albopictus

Proteomics and Mass Spectrometry Core Facility at Cornell University,
and the Mass Spectrometry and Proteomics facility at the Ohio State
University for services and analyses used in this study. This study
additionally utilized the high-performance computational capabilities of
the Biowulf Linux cluster at the National Institutes of Health, Bethesda,
MD (http://biowulf.nih.gov). We thank Peter Armbruster, Boris Baer,
Matt Dean, Steve Dorus, Geoff Findlay, James McCardle, Monica
Poelchau, Peter Schweitzer, and Liwen Zhang for providing data files.
We also thank Michelle Helinski, Khoa LeNguyen, Ananda Menon, and
Hannah Olson for assistance on lab work, and Catalina Alfonso,Susan
Villarreal, and three anonymous reviewers for providing helpful feedback
on an earlier draft of this manuscript.

Author Contributions

Conceived and designed the experiments: LCH MFW LKS. Performed the
experiments: KEB LKS. Analyzed the data: KEB JMCR AW LKS.
Contributed reagents/materials/analysis tools: JMCR AW LCH LKS.
Wrote the paper: KEB JMCR AW LCH MFW LKS. Generated
annotated databases of predicted transcripts and proteins from sequenced
transcriptomes: JMCR.

19. Rogers DW, Baldini F, Battaglia F, Panico M, Dell A, et al. (2009)
Transglutaminase-mediated semen coagulation controls sperm storage in the
malaria mosquito. PLoS Biol 7: €1000272. doi:10.1371/journal.pbio.1000272.
Baldini F, Gabrieli P, Rogers DW, Catteruccia I (2012) Function and
composition of male accessory gland secretions in Anopheles gambiae: a
comparison with other insect vectors of infectious diseases. Pathog Glob
Health 106: 82-93. doi:10.1179/2047773212Y.0000000016.

Ravi Ram K, Wolfner MF (2007) Seminal influences: Drosophila Acps and the

molecular interplay between males and females during reproduction. Integr

Comp Biol 47: 427-445. doi:10.1093/icb/icm046.

Findlay GD, Yi X, MacCoss M]J, Swanson W] (2008) Proteomics reveals novel

Drosophila seminal fluid proteins transferred at mating. Plos Biol 6: 1417-1426.

doi:10.1371/journal.pbio0060178.

Findlay GD, MacCoss M]J, Swanson W] (2009) Proteomic discovery of

previously unannotated, rapidly evolving seminal fluid genes in Drosophila.

Genome Res 19: 886-896. doi:10.1101/gr.089391.108.

Davies §J, Chapman T (2006) Identification of genes expressed in the accessory

glands of male Mediterranean fruit flies (Ceratitis capitata). Insect Biochem Mol

Biol 36: 846-856. doi:10.1016/j.ibmb.2006.08.009.

Scolari F, Gomulski LM, Ribeiro JMC, Siciliano P, Meraldi A, et al. (2012)

Transcriptional profiles of mating-responsive genes from testes and male

accessory glands of the Mediterranean fruit fly, Ceratitis capitata. PLoS ONE 7:

¢46812. doi:10.1371/journal.pone.0046812.

Azevedo RVDM, Dias DBS, Bretis JAC, Mazzoni CJ, Souza NA, et al. (2012)

The transcriptome of Lutzomyia longipalpis (Diptera: Psychodidae) male

reproductive organs. PLoS ONE 7: ¢34495. doi:10.1371/journal.pone.

0034495.

Baer B, Heazlewood JL, Taylor NL, Eubel H, Millar AH (2009) The seminal

fluid proteome of the honeybee Apis mellifera. PROTEOMICS 9: 2085-2097.

doi:10.1002/pmic.200800708.

Walters JR, Harrison RG (2008) EST analysis of male accessory glands from

Heliconius butterflies with divergent mating systems. BMC Genomics 9: 592.

doi:10.1186/1471-2164-9-592.

Walters JR, Harrison RG (2010) Combined EST and proteomic analysis

identifies rapidly evolving seminal fluid proteins in Heliconius butterflies. Mol

Biol Evol 27: 2000-2013. doi:10.1093/molbev/msq092.

. South A, Sirot LK, Lewis SM (2011) Identification of predicted seminal fluid
proteins in Tribolium castaneum. Insect Mol Biol 20: 447-456. doi:10.1111/
j-1365-2583.2011.01083 x.

. 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. doi:10.1093/molbev/msl020.

Braswell WE, Andrés JA, Maroja LS, Harrison RG, Howard D], et al. (2006)

Identification and comparative analysis of accessory gland proteins in

Orthoptera. Genome 49: 1069-1080. doi:10.1139/g06-061.

Andrés JA, Maroja LS, Harrison RG (2008) Searching for candidate speciation

genes using a proteomic approach: seminal proteins in field crickets.

Proc R Soc B Biol Sci 275: 1975-1983. doi:10.1098/1rsph.2008.0423.

Simmons LW, Tan Y-F, Millar AH (2012) Sperm and seminal fluid proteomes

of the field cricket Teleogryllus oceanicus: identification of novel proteins

transferred to females at mating. Insect Mol Biol 22: 115-130. doi:10.1111/
imb.12007.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

32.
33.

34.

June 2014 | Volume 8 | Issue 6 | €2946


http://biowulf.nih.gov
http://www.who.int/denguecontrol/control_strategies/en/
http://www.who.int/denguecontrol/control_strategies/en/

35.

36.

37.

38.

39.

40.

41.

43.

44.

45.

46.

47.

48.

49.

53.

54.

56.

57.

58.

61.

Dottorini T, Nicolaides L, Ranson H, Rogers DW, Crisanti A, et al. (2007) A
genome-wide analysis in Anopheles gambiae mosquitoes reveals 46 male accessory
gland genes, possible modulators of female behavior. Proc Natl Acad Sci 104:
16215-16220. doi:10.1073/pnas.0703904104.

Sirot LK, Hardstone MC, Helinski MEH, Ribeiro JMC, Kimura M, et al.
(2011) Towards a semen proteome of the dengue vector mosquito: Protein
identification and potential functions. PLoS Negl Trop Dis 5: €989.
doi:10.1371/journal.pntd.0000989.

Karim S, Singh P, Ribeiro JMC (2011) A deep insight into the sialotran-
scriptome of the Gulf Coast tick, Amblyomma maculatum. PLoS ONE 6: ¢28525.
doi:10.1371/journal.pone.0028525.

Arca B, Lombardo F, Francischetti IMB, Pham VM, Mestres-Simon M, et al.
(2007) An insight into the sialome of the adult female mosquito Aedes albopictus.
Insect Biochem Mol Biol 37: 107-127. doi:10.1016/].ibmb.2006.10.007.
Poelchau MF, Reynolds JA, Denlinger DL, Elsik CG, Armbruster PA (2013)
Transcriptome sequencing as a platform to elucidate molecular components of
the diapause response in the Asian tiger mosquito Aedes albopictus. Physiol
Entomol 38: 173-181. doi:10.1111/phen.12016.

Li W, Godzik A (2006) Cd-hit: a fast program for clustering and comparing
large sets of protein or nucleotide sequences. Bioinforma Oxf Engl 22: 1658
1659. doi:10.1093/bioinformatics/btl158.

Fu L, Niu B, Zhu Z, Wu S, Li W (2012) CD-HIT: accelerated for clustering the
next-generation sequencing data. Bioinforma Oxf Engl 28: 3150-3152.
doi:10.1093/bioinformatics/bts565.

. Dorus S, Wasbrough ER, Busby J, Wilkin EC, Karr TL (2010) Sperm

proteomics reveals intensified selection on mouse sperm membrane and
acrosome genes. Mol Biol Evol 27: 1235-1246. doi:10.1093/molbev/msq007.
Wasbrough ER, Dorus S, Hester S, Howard-Murkin J, Lilley K, et al. (2010)
The Drosophila melanogaster sperm proteome-II (DmSP-II). J Proteomics 73:
2171-2185. doi:10.1016/].jprot.2010.09.002.

Zareie R, Eubel H, Millar AH, Baer B (2013) Long term survival of high
quality sperm: Insights into the sperm proteome of the honeybee Apis mellifera.
J Protecome Res 12: 5180-5188. doi:10.1021/pr4004773.

Dean MD, Clark NL, Findlay GD, Karn RC, Yi X, et al. (2009) Protcomics
and comparative genomic investigations reveal heterogeneity in evolutionary
rate of male reproductive proteins in mice (Mus domesticus). Mol Biol Evol 26:
1733-1743. doi:10.1093/molbev/msp094.

Dean MD, Findlay GD, Hoopmann MR, Wu CC, MacCoss M]J, et al. (2011)
Identification of ejaculated proteins in the house mouse (Mus domesticus) via
isotopic labeling. BMC Genomics 12: 306. doi:10.1186/1471-2164-12-306.
Pilch B, Mann M (2006) Large-scale and high-confidence proteomic analysis of
human seminal plasma. Genome Biol 7: R40. doi:10.1186/gb-2006-7-5-r40.
Martinez-Heredia ], Estanyol JM, Ballesca JL, Oliva R (2006) Proteomic
identification of human sperm proteins. Proteomics 6: 4356-4369.
doi:10.1002/pmic.200600094.

Loytynoja A, Goldman N (2005) An algorithm for progressive multiple
alignment of sequences with insertions. Proc Natl Acad Sci U S A 102: 10557~
10562. doi:10.1073/pnas.0409137102.

. Fletcher W, Yang Z (2010) The effect of insertions, deletions, and alignment

errors on the branch-site test of positive selection. Mol Biol Evol 27: 2257
2267. doi:10.1093/molbev/msq115.

. Yang Z (2007) PAML 4: phylogenetic analysis by maximum likelihood. Mol

Biol Evol 24: 1586-1591. doi:10.1093/molbev/msm088.

. Sirot LK, Findlay GD, Sitnik JL, Frasheri D, Avila FW, et al. (In press)

Molecular characterization and evolution of a gene family encoding both
female- and male-specific reproductive proteins in Drosophila. Mol Biol Evol.
doi:10.1093/molbev/msul 14.

LaFlamme BA, Wolfner MF (2013) Identification and function of proteolysis
regulators in seminal fluid. Mol Reprod Dev 80: 80-101. doi:10.1002/
mrd.22130.

Gulley MM, Zhang X, Michel K (2013) The roles of serpins in mosquito
immunology and physiology. J Insect Physiol 59: 138-147. doi:10.1016/
Jjjinsphys.2012.08.015.

. Aitken RJ, Krausz C (2001) Oxidative stress, DNA damage and the Y

chromosome. Reproduction 122: 497-506. doi:10.1530/rep.0.1220497.
Aitken RJ, Baker MA (2006) Oxidative stress, sperm survival and fertlity
control. Mol Cell Endocrinol 250: 66-69. doi:10.1016/j.mce.2005.12.026.
Kodrik D (2008) Adipokinetic hormone functions that are not associated with
insect flight. Physiol Entomol 33: 171-180. doi:10.1111/j.1365-3032.
2008.00625.x.

Bednafova A, Kodrik D, Krishnan N (2013) Unique roles of glucagon and
glucagon-like peptides: Parallels in understanding the functions of adipokinetic
hormones in stress responses in insects. Comp Biochem Physiol A Mol Integr
Physiol 164: 91-100. doi:10.1016/j.cbpa.2012.10.012.

. Bednafova A, Krishnan N, Cheng I-C, Vecefa J, Lee H-J, et al. (2013)

Adipokinetic hormone counteracts oxidative stress elicited in insects by
hydrogen peroxide: in vivo and in vitro study. Physiol Entomol 38: 54-62.
doi:10.1111/phen.12008.

. Schmidt T, Choffat Y, Klauser S, Kubli E (1993) The Drosophila melanogaster sex-

peptide: A molecular analysis of structure-function relationships. J Insect
Physiol 39: 361-368. doi:10.1016/0022-1910(93)90023-K.

Ahmad S, Duval DL, Weinhold LC, Pardini RS (1991) Cabbage looper
antioxidant enzymes: Tissue specificity. Insect Biochem 21: 563-572.

doi:10.1016/0020-1790(91)90111-Q),

PLOS Neglected Tropical Diseases | www.plosntds.org

12

62.

63.

64.

65.

66.

67.

68.

69.

72.

73.

74.

75.

76.

77.

78.

80.

81.

83.

84.

85.

86.

87.

Seminal Fluid Proteins of Aedes albopictus

Felton GW, Duffey SS (1991) Protective action of midgut catalase in
lepidopteran larvae against oxidative plant defenses. J Chem Ecol 17: 1715—
1732. doi:10.1007/BF00993724.

Ahmad S (1992) Biochemical defence of pro-oxidant plant allelochemicals by
herbivorous insects. Biochem Syst Ecol 20: 269-296. doi:10.1016/0305-
1978(92)90040-K.

Jedlitka P, Steinbauerova V, Simek P, Zahradni¢kova H (2012) Functional
characterization of the adipokinetic hormone in the pea aphid, Aeyrthosiphon
prsum. Comp Biochem Physiol A Mol Integr Physiol 162: 51-58. doi:10.1016/
j-cbpa.2012.02.004.

Stipp CS (2010) Laminin-binding integrins and their tetraspanin partners as
potential antimetastatic targets. Expert Rev Mol Med 12: e3. doi:10.1017/
$1462399409001355.

Kaji K, Oda S, Shikano T, Ohnuki T, Uematsu Y, et al. (2000) The gamete
fusion process is defective in eggs of Cd9-deficient mice. Nat Genet 24: 279
282. doi:10.1038/73502.

Miyado K, Yamada G, Yamada S, Hasuwa H, Nakamura Y, et al. (2000)
Requirement of CD9 on the egg plasma membrane for fertilization. Science
287: 321-324. doi:10.1126/science.287.5451.321.

Naour FL, Rubinstein E, Jasmin C, Prenant M, Boucheix C (2000) Severely
reduced female fertility in CD9-deficient mice. Science 287: 319-321.
doi:10.1126/science.287.5451.319.

Sonenshine DE, Bissinger BW, Egekwu N, Donohue KV, Khalil SM, et al.
(2011) First transcriptome of the testis-vas deferens-male accessory gland and
protecome of the spermatophore from Dermacentor variabilis (Acari: Ixodidae).
PLoS ONE 6: ¢24711. doi:10.1371/journal.pone.0024711.

. Claw KG, Swanson WJ (2012) Evolution of the egg: New findings and

challenges. Annu Rev Genomics Hum Genet 13: 109-125. doi:10.1146/
annurev-genom-090711-163745.

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

Drosophila melanogaster. Proc Natl Acad Sci 100: 9929-9933. doi:10.1073/
pnas.1631700100.

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. doi:10.1016/j.cub.2005.01.034.

Gwathmey TM, Ignotz GG, Mueller JL, Manjunath P, Suarez SS (2006)
Bovine seminal plasma proteins PDC-109, BSP-A3, and BSP-30-kDa share
functional roles in storing sperm in the oviduct. Biol Reprod 75: 501-507.
doi:10.1095/biolreprod.106.053306.

Leiblich A, Marsden L, Gandy C, Corrigan L, Jenkins R, et al. (2012) Bone
morphogenetic protein- and mating-dependent secretory cell growth and
migration in the Drosophila accessory gland. Proc Natl Acad Sci U S A 109:
19292-19297. doi:10.1073/pnas.1214517109.

Ramalingam S (1983) Secretion in the male accessory glands of Aedes aegypti (L..)
(Diptera: Culicidae). Int J Insect Morphol Embryol 12: 87-96. doi:10.1016/
0020-7322(83)90002-8.

Dapples CC, Foster WA, Lea AO (1974) Ultrastructure of the accessory gland
of the male mosquito, Aedes aegypti (L.) (Diptera: Culicidae). Int J Insect Morphol
Embryol 3: 279-291. doi:10.1016/0020-7322(74)90023-3.

Rana S, Zsller M (2011) Exosome target cell selection and the importance of
exosomal tetraspanins: a hypothesis. Biochem Soc Trans 39: 559-562.
doi:10.1042/BST0390559.

Brouwers JF, Aalberts M, Jansen JWA, van Niel G, Wauben MH, et al. (2013)
Distinct lipid compositions of two types of human prostasomes. Proteomics 13:

1660-1666. doi:10.1002/pmic.201200348.

. Klowden MJ, Chambers GM (1991) Male accessory gland substances activate

egg development in nutritionally stressed Aedes aegypti mosquitoes. J Insect
Physiol 37: 721-726. doi:10.1016/0022-1910(91)90105-9.

Klowden MJ (1993) Mating and nutritional state affect the reproduction of
Aedes albopictus mosquitoes. ] Am Mosq Control Assoc 9: 169-173.

Houseman JG, Downe AER (1986) Methods of measuring blood meal size and
proteinase activity for determining effects of mated state on digestive processes
of female Aedes aegypti (L.) (Diptera: culicidae). Can Entomol 118: 241-248.
doi:10.4039/Ent118241-3.

. Judson CL (1967) Feeding and oviposition behavior in the mosquito Aedes aegypti

(L). I Preliminary studies of physiological control mechanisms. Biol Bull 133:
369-377.

Lavoipierre MM]J (1958) Biting behaviour of mated and unmated females of an
african strain of Aedes aegypti. Nature 181: 1781-1782. doi:10.1038/1811781a0.
Klowden MJ, Lea AO (1979) Humoral inhibition of host-seeking in Aedes aegypti
during oocyte maturation. J Insect Physiol 25: 231-235. doi:10.1016/0022-
1910(79)90048-9.

Fernandez NM, Klowden M]J (1995) Male accessory gland substances modify
the host-seeking behavior of gravid Aedes aegypti mosquitoes. J Insect Physiol 41:
965-970. doi:10.1016/0022-1910(95)00048-Y.

Attardo GM, Hansen IA, Raikhel AS (2005) Nutritional regulation of
vitellogenesis in mosquitoes: Implications for anautogeny. Insect Biochem
Mol Biol 35: 661-675. doi:10.1016/§.ibmb.2005.02.013.

Hansen IA, Attardo GM, Rodriguez SD, Drake LL (2014) Four-way regulation
of mosquito yolk protein precursor genes by juvenile hormone-, ecdysone-,
nutrient-, and insulin-like peptide signaling pathways. Invertebr Physiol 5: 103.

doi:10.3389/fphys.2014.00103.

June 2014 | Volume 8 | Issue 6 | €2946



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Van der Horst DJ (2003) Insect adipokinetic hormones: release and integration
of flight energy metabolism. Comp Biochem Physiol B Biochem Mol Biol 136:
217-226. doi:10.1016/51096-4959(03)00151-9.

Kaufmann C, Brown MR (2008) Regulation of carbohydrate metabolism and
flight performance by a hypertrechalosaemic hormone in the mosquito Anopheles
gambiae. J Insect Physiol 54: 367-377. doi:10.1016/] jinsphys.2007.10.007.
Kaufmann C, Merzendorfer H, Gade G (2009) The adipokinetic hormone
system in Culicinae (Diptera: Culicidae): Molecular identification and
characterization of two adipokinetic hormone (AKH) precursors from Aedes
aegypti and Culex pipiens and two putative AKH receptor variants from A. aegypti.
Insect Biochem Mol Biol 39: 770-781. doi:10.1016/.ibmb.2009.09.002.
Lorenz MW, Gide G (2009) Hormonal regulation of energy metabolism in
insects as a driving force for performance. Integr Comp Biol 49: 380-392.
doi:10.1093/ich/icp019.

Kaufmann C, Brown MR (2006) Adipokinetic hormones in the African malaria
mosquito, Anopheles gambiae: Identification and expression of genes for two
peptides and a putative receptor. Insect Biochem Mol Biol 36: 466-481.
doi:10.1016/j.ibmb.2006.03.009.

Lindemans M, Liu F, Janssen T, Husson SJ, Mertens I, et al. (2009)
Adipokinetic hormone signaling through the gonadotropin-releasing hormone
receptor modulates egg-laying in Caenorhabditis elegans. Proc Natl Acad Sci 106:
1642-1647. doi:10.1073/pnas.0809881106.

Konuma T, Morooka N, Nagasawa H, Nagata S (2012) Knockdown of the
adipokinetic hormone receptor increases feeding frequency in the two-spotted
cricket  Gryllus  bimaculatus. Endocrinology 153: 3111-3122. doi:10.1210/
en.2011-1533.

Werner M, Simmons LW (2008) Insect sperm motility. Biol Rev 83: 191-208.
doi:10.1111/3.1469-185X.2008.00039.x.

Chen JS, Raikhel AS (1996) Subunit cleavage of mosquito pro-vitellogenin by a
subtilisin-like convertase. Proc Natl Acad Sci 93: 6186-6190.

Rhea JM, Wegener C, Bender M (2010) The proprotein convertase encoded by
amontillado (amon) Is required in Drosophila corpora cardiaca endocrine cells
producing the glucose regulatory hormone AKH. PLoS Genet 6: ¢1000967.
doi:10.1371/journal.pgen.1000967.

Sassu ED, McDermott JE, Keys BJ, Esmaceili M, Keene AC, et al. (2012) Mio/
dChREBP coordinately increases fat mass by regulating lipid synthesis and
feeding behavior in Drosophila. Biochem Biophys Res Commun 426: 43-48.
doi:10.1016/j.bbre.2012.08.028.

Robich RM, Denlinger DL (2005) Diapause in the mosquito Culex pipiens
evokes a metabolic switch from blood feeding to sugar gluttony. Proc Natl Acad
Sci U S A 102: 15912-15917. doi:10.1073/pnas.0507958102.

Walker MJ, Rylett CM, Keen JN, Audsley N, Sajid M, et al. (2006) Proteomic
identification of Drosophila melanogaster male accessory gland proteins, including
a pro-cathepsin and a soluble y-glutamyl transpeptidase. Protecome Sci 4: 9.
doi:10.1186/1477-5956-4-9.

Maynard JC, Pham T, Zheng T, Jockheck-Clark A, Rankin HB, et al. (2010)
Gp93, the Drosophila GRP94 ortholog, is required for gut epithelial homeostasis
and nutrient assimilation-coupled growth control. Dev Biol 339: 295-306.
doi:10.1016/j.ydbio.2009.12.023.

Swanson W], Vacquier VD (2002) The rapid evolution of reproductive
proteins. Nat Rev Genet 3: 137-144. doi:10.1038/nrg733.

Clark NL, Aagaard JE, Swanson WJ (2006) Evolution of reproductive proteins
from animals and plants. Reproduction 131: 11-22. doi:10.1530/rep.1.00357.
Turner LM, Hoekstra HE (2008) Causes and consequences of the evolution of
reproductive proteins. Int J Dev Biol 52: 769-780. doi:10.1387/1jdb.0825771t.
Mueller JL, Ram KR, McGraw LA, Bloch Qazi MC, Siggia ED, et al. (2005)
Cross-species comparison of Drosophila male accessory gland protein genes.
Genetics 171: 131-143. doi:10.1534/genetics.105.043844.

Wagstaft' BJ, Begun DJ (2005) Comparative genomics of accessory gland
protein genes in Drosophila mel ter and D. pseudoobscura. Mol Biol Evol 22:
818-832. doi:10.1093/molbev/msi067.

Wagstaft BJ, Begun DJ (2005) Molecular population genetics of accessory gland
protein genes and testis-expressed genes in Drosophila mojavensis and D. arizonae.
Genetics 171: 1083-1101. doi:10.1534/genetics.105.043372.

Begun DJ, Lindfors HA, Thompson ME, Holloway AK (2006) Recently
evolved genes identified from Drosophila yakuba and D. erecta accessory gland
expressed sequence tags. Genetics 172: 1675-1681. doi:10.1534/genetics.
105.050336.

Haerty W, Jagadeeshan S, Kulathinal RJ, Wong A, Ram KR, et al. (2007)
Evolution in the fast lane: Rapidly evolving sex-related genes in Drosophila.
Genetics 177: 1321-1335. doi:10.1534/genetics.107.078865.

Almeida FC, DeSalle R (2009) Orthology, function and evolution of accessory
gland proteins in the Drosophila repleta group. Genetics 181: 235-245.
doi:10.1534/genetics.108.096263.

Clark AG, Glanowski S, Nielsen R, Thomas PD, Kejariwal A, et al. (2003)
Inferring nonneutral evolution from human-chimp-mouse orthologous gene
trios. Science 302: 1960-1963. doi:10.1126/science.1088821.

Kosiol C, Vinar T, da Fonseca RR, Hubisz MJ, Bustamante CD, et al. (2008)
Patterns of positive selection in six mammalian genomes. PLoS Genet 4:
e1000144. doi:10.1371/journal.pgen.1000144.

Lee JJ, Klowden MJ (1999) A male accessory gland protein that modulates
female mosquito (Diptera: Culicidae) host-seeking behavior. J Am Mosq
Control Assoc 15: 4-7.

PLOS Neglected Tropical Diseases | www.plosntds.org

114.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Seminal Fluid Proteins of Aedes albopictus

Tripet F, Lounibos LP, Robbins D, Moran J, Nishimura N, et al. (2011)
Competitive reduction by satyrization? Evidence for interspecific mating in
nature and asymmetric reproductive competition between invasive mosquito
vectors. Am J Trop Med Hyg 85: 265-270. doi:10.4269/ajtmh.2011.10-0677.

. Bargiclowski IE, Lounibos LP, Carrasquilla MC (2013) Evolution of resistance

to satyrization through reproductive character displacement in populations of
invasive dengue vectors. Proc Natl Acad Sci 110: 2888-2892. doi:10.1073/
pnas.1219599110.

Labbé GMC, Scaife S, Morgan SA, Curtis ZH, Alphey L (2012) Female-
specific flightless (SRIDL) phenotype for control of dedes albopictus. PLoS Negl
Trop Dis 6: €1724. doi:10.1371/journal.pntd.0001724.

Aydemir B, Onaran I, Kiziler AR, Alici B, Akyolcu MC (2007) Increased
oxidative damage of sperm and seminal plasma in men with idiopathic
infertility is higher in patients with glutathione S-transferase Mu-1 null
genotype. Asian J Androl 9: 108-115. doi:10.1111/j.1745-7262.2007.00237..x.
Mengerink KJ, Vacquier VD (2001) Glycobiology of sperm—egg interactions in
deuterostomes. Glycobiology 11: 37R-43R. doi:10.1093/glycob/11.4.37R.
Clark GF (2011) Molecular models for mouse sperm-oocyte binding.
Glycobiology 21: 3-5.

Wong A, Albright SN, Giebel JD, Ram KR, Ji S, et al. (2008) A role for
Acp29AB, a predicted seminal fluid lectin, in female sperm storage in Drosophila
melanogaster. Genetics 180: 921-931. doi:10.1534/genetics.108.092106.
Rainey MA, George M, Ying G, Akakura R, Burgess DJ, et al. (2010) The
endocytic recycling regulator EHD1 is essential for spermatogenesis and male
fertility in mice. BMC Dev Biol 10: 37. doi:10.1186/1471-213X-10-37.
Asquith KL, Harman AJ, McLaughlin EA, Nixon B, Aitken R] (2005)
Localization and significance of molecular chaperones, heat shock protein 1,
and tumor rejection antigen gp96 in the male reproductive tract and during
capacitation and acrosome reaction. Biol Reprod 72: 328-337. doi:10.1095/
biolreprod.104.034470.

Audouard C, Christians E (2011) Hsp90B1 knockout targeted to male germline:
a mouse model for globozoospermia. Fertil Steril 95: 1475-1477.e1-4.
doi:10.1016/j.fertnstert.2010.12.006.

Osada T, Watanabe G, Kondo S, Toyoda M, Sakaki Y, et al. (2001) Male
reproductive defects caused by puromycin-sensitive aminopeptidase deficiency
in mice. Mol Endocrinol Baltim Md 15: 960-971.

Isaac RE, Ekbote U, Coates D, Shirras AD (1999) Insect angiotensin-
converting enzyme: A processing enzyme with broad substrate specificity and a
role in reproduction. Ann N 'Y Acad Sci 897: 342-347. doi:10.1111/j.1749-
6632.1999.tb07904.x.

Isaac RE, Lamango NS, Ekbote U, Taylor CA, Hurst D, et al. (2007)
Angiotensin-converting enzyme as a target for the development of novel insect
growth regulators. Peptides 28: 153-162. doi:10.1016/j.peptides.2006.08.029.
Ekbote U, Looker M, Isaac RE (2003) ACE inhibitors reduce fecundity in the
mosquito, Anopheles stephensi. Comp Biochem Physiol B Biochem Mol Biol 134:
593-598. doi:10.1016/81096-4959(03)00019-8.

Xu J, Baulding J, Palli SR (2013) Proteomics of Tribolium castaneum seminal fluid
proteins: Identification of an angiotensin-converting enzyme as a key player in
regulation of reproduction. J Proteomics 78: 83-93. doi:10.1016/

jjprot.2012.11.011.

Ekbote U, Coates D, Isaac R. (1999) A mosquito (Anopheles stephenst) angiotensin
I-converting enzyme (ACE) is induced by a blood meal and accumulates in the
developing ovary. FEBS Lett 455: 219-222. doi:10.1016/50014-
5793(99)00870-4.

Burnham S, Smith JA, Lee AJ, Isaac RE, Shirras AD (2005) The angiotensin-
converting enzyme (ACE) gene family of Anopheles gambiae. BMC. Genomics 6:
172. doi:10.1186/1471-2164-6-172.

Bergland AO, Chae H, Kim Y-J, Tatar M (2012) Fine-scale mapping of natural
variation in fly fecundity identifies neuronal domain of expression and function
of an aquaporin. PLoS Genet 8: el002631. doi:10.1371/journal.pgen.
1002631.

Gilbert DG, Richmond RC (1982) Esterase 6 in Drosophila melanogaster:
reproductive function of active and null males at low temperature. Proc Natl
Acad Sci 79: 2962-2966.

Benoit JB, Lopez-Martinez G, Patrick KR, Phillips ZP, Krause TB, et al. (2011)
Drinking a hot blood meal elicits a protective heat shock response in
mosquitoes. Proc Natl Acad Sci 108: 8026-8029. doi:10.1073/
pnas.1105195108.

Osborne KA, Robichon A, Burgess E, Butland S, Shaw RA, et al. (1997)
Natural behavior polymorphism due to a cGMP-dependent protein dinase of
Drosophila. Science 277: 834-836. doi:10.1126/science.277.5327.834.
Ben-Shahar Y, Robichon A, Sokolowski MB, Robinson GE (2002) Influence of
gene action across different time scales on behavior. Science 296: 741-744.
doi:10.1126/science.1069911.

Schnitger AKD, Yassine H, Kafatos FC, Osta MA (2009) Two C-type lectins
cooperate to defend Anopheles gambiae against gram-negative bacteria. ] Biol
Chem 284: 17616-17624. doi:10.1074/jbc.M808298200.

Weis WI, Taylor ME, Drickamer K (1998) The C-type lectin superfamily in the
immune system. Immunol Rev 163: 19-34. doi:10.1111/j.1600-
065X.1998.th01185.x.

Endo Y, Matsushita M, Fujita T (2007) Role of ficolin in innate immunity and
its molecular basis. Immunobiology 212: 371-379. doi:10.1016/j.imbio.
2006.11.014.

June 2014 | Volume 8 | Issue 6 | €2946



Seminal Fluid Proteins of Aedes albopictus

139. Ravi Ram K, Sirot LK, Wolfner MF (2006) Predicted seminal astacin-like 140. Ellis LL, Carney GE (2011) Socially-responsive gene expression in male

protease is required for processing of reproductive proteins in Drosophila Drosophila melanogaster is influenced by the sex of the interacting partner.
melanogaster. Proc Natl Acad Sci U S A 103: 18674-18679. doi:10.1073/ Genetics 187: 157-169. doi:10.1534/genetics.110.122754.
Ppnas.0606228103.

PLOS Neglected Tropical Diseases | www.plosntds.org 14 June 2014 | Volume 8 | Issue 6 | €2946



