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Introduction

Anopheles gambiae mosquitoes are the principal vectors of human
malaria, a disease with devastating consequences for public health and
the economic development of disease-endemic countries. The creation
of new tools to control vector populations is a focal point of intensive
efforts to eradicate the burden of malaria. As mosquitoes generally
copulate only once during their lives [1], interfering with the mating
process is a promising avenue for research into vector control.
Unfortunately, very little is known about the molecular or physiological
basis of mating and insemination in malaria vectors. Of particular
concern is our lack of knowledge about factors and pathways ensuring
male reproductive success, such as those that result in sperm storage,
oviposition, and the inhibition of remating in females. Improving our
understanding of mating biology might not only inform currently
proposed strategies for vector control [2], but could potentially allow
the development of entirely novel tools for combating malaria.

In sharp contrast with this scenario, a wealth of information is
available on the mating biology of some non-vector insect species,

particularly the fruit fly Drosophila melanogaster. Seminal fluid proteins
(generally named Acps) derived from the male accessory glands
(MAGs) and transferred to females during copulation have been
demonstrated to be crucial regulators of sperm storage and viability
and to be the triggers of oviposition and the reduced receptivity to
remating experienced by D. melanogaster females after mating
(reviewed in [3]). Recently, large numbers of MAG-expressed
proteins have been identified in numerous insects (e.g., honeybees
[4], butterflies [5], crickets [6], medflies [7]) including two mosquito
vectors: Aedes aegypti [8] and An. gambiae [9]. However, assigning
specific functions to these seminal fluid proteins has proved to be
difficult. Even in D. melanogaster, where genetic tools are well
developed, only a handful of the >100 secreted Acps identified in
the MAGs have been functionally characterized [3]. Our current
knowledge of the importance of seminal fluid proteins to mating
biology in An. gambiae is limited, and their role in reproduction is
inferred mainly by the presence of similar functional classes amongst
Anopheles and Drosophila Acps [9]. For instance, in contrast to our
understanding in Drosophila [10] and Aedes aegypti [8] where many
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male adults with double stranded RNA (dsRNA) targeting
AGAP009099 (ds9099) induced a significant reduction in both
transcript (mean=67.0%, paired t test: t;; =—3.60, p=0.0042)
and protein (mean=58.1%, t test assuming unequal variances:
ty70=—4.25, p=0.0001) levels relative to males injected with
control dsRNA (dsLacZ). When injected males were allowed to
mate with virgin females, 55 out of 367 females (15.0%) mated to
0s9099-injected males failed to receive a mating plug, compared to
4 out of 228 (1.8%) females mated to control males. This large and
statistically significant difference (contingency test, y?=27.55,
p<<0.0001) demonstrates that AGAP009099 is crucial for the
formation of the mating plug.

from Drosophila (Figure 4B), suggesting that these genes may retain
the ancestral function. AGAP009098 clusters with the second
culicine TGase (Aedes 2 and Culex 2) in a mosquito-specific group.
No culicine TGase clusters with AGAP009099, consistent with the
lack of seminal coagulation in these mosquitoes. Importantly,
neither of the Aedes or Culex TGase genes showed enriched
expression in the MAGs (Figure 4C), and we found no evidence of
TGase activity in the glands of either species using the MDC
incorporation assay (Figure 4D). These two findings support the
conclusion from the phylogenetic analysis that culicines lack an
orthologue of the plug forming TGase and strengthen the
correlation between the presence of AGAP009099 in An. gambiae
and plug formation in this species.

The Mating Plug Ensures Correct Sperm Storage But Is an

Inefficient Barrier to Re-Insemination

We next assessed the function of the mating plug in Anopheles
reproduction. In the large majority of cases where ds9099-injected
males failed to transfer a mating plug, no sperm was found in the
female spermatheca by microscopic analysis (41/55 = 74.5%). The
absence of sperm was confirmed by our inability to amplify a Y-
chromosome specific sequence by quantitative PCR in these
spermathecal samples (Table S1). In these females, sperm were
observed in the atria, indicating successful transfer, but were not
appropriately stored and therefore would not be available for
fertilization. In contrast, when a mating plug was found in the
atrium, the spermatheca always contained sperm. Thus, the
mating plug is important for sperm storage and for ensuring
successful insemination.

Only 2.5% of field-caught female An. gambiae store sperm from
more than one male in their spermathecae [1]. One possible
explanation for the low numbers of multiple inseminations is that,
prior to the establishment of long-term mating refractoriness, if
females mate again within a few hours of the first copulation, the
presence of a plug might effectively block sperm from the second
male from entering the spermatheca. We directly tested this
hypothesis by mating females with wild-type males followed in
rapid succession by transgenic males to be able to distinguish
alleles from this second mating. Quantitative PCR of relative
quantities of the two sperm types showed that 24 of the 38 twice-
mated females tested (66%) had sperm from both males in their
spermathecae (mean % sperm from 2" male = 38%, range = 7%-—
56%), demonstrating that the mating plug is an inefficient physical
barrier to re-insemination.

Discussion

We have identified the molecular composition, mechanism of
formation, and function of the mating plug of An. gambiae. Our
MS analysis identified 15 MAG-expressed proteins that are
transferred to females as part of the mating plug. Two of these
proteins, the MAG-specific TGase AGAP009099 and its
glutamine-rich substrate Plugin, are responsible for the coagula-
tion of the liquid secretions of the MAGs into a solid mass. Some
of the other MAG-proteins from the plug, particularly the three
small Acp-like proteins AGAP009362, AGAP009370, and
AGAP012830, could represent important modulators of female
behavioural responses to copulation, such as a reduced receptivity
to further mating and induced oviposition [9]. To our knowledge,
these are the first proteins transferred to females during mating
that have been identified in Anopheles. Further studies will clarify
the role of these proteins in modulating female reproductive
biology and possibly in sperm function. The identification of a
number of female proteins, mainly proteases, associated with the
mating plug suggests a direct interaction between male and
female proteins that may be important for plug processing.
Indeed two of the female proteases identified on the plug
(AGAP005194 and AGAP005195) were shown previously to be
expressed exclusively in the atrium of virgin females and were
considerably downregulated at 24 h after mating [24]. This
transcriptional modulation is entirely compatible with a role of
these enzymes in plug digestion, which is mostly completed in the
female atrium by 24 h post-mating.

Mating plugs are found in a wide assortment of vertebrate and
invertebrate species, and many hypotheses have been advanced to
explain their function. However, in the vast majority of taxa,

A MAG-Specific TGase Is Not Present in Mosquitoes Thakmpirical evidence for a specific role of the plug in mating remains

Do Not Produce Plugs

Anophelines are the only mosquitoes that produce mating plugs
[15]. If TGase activity underlies the ability to produce plugs, we
would not expect to find a MAG-specific TGase in species that
transfer uncoagulated seminal fluid, such as culicine mosquitoes.
To test this hypothesis, we searched for TGase genes in the
complete genomes of two culicines, Aedes aegypti and Culex
quinquefasciatus, the only other mosquito species sequenced to date.
We identified two culicine TGases retaining partial synteny with
the three genes identified in An. gambiae and the single one present
in Drosophila melanogaster (Figure 4A, Table S2). Phylogenetic
analysis of TGases from these and other insects revealed that
AGAP009100, Aedes 1, and Culex 1 cluster with the single TGase
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elusive [14]. Perhaps the most common presumption is that plugs
act as barriers to re-insemination. The high levels of monogamy
observed in wild mosquito populations are thought to be enforced,
at least over the short term, by the presence of a mating plug [15].
We have shown that the plug provides little defence against the
storage of sperm from subsequent males. This is consistent with
the observed mating behaviour of An. gambiae. In this generally
monoandrous species, virgin females enter a swarm of males,
mate, and leave the swarm while still in copula [28,29]. It is
unlikely that a female would re-enter the swarm (and indeed
double plugs are almost never observed in the field [12,30]), and
therefore there would be very little selective pressure for a plug
that acts as a physical block.
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Figure 3. AGAP009099 is a MAG-specific TGase. AGAP009099 was found mass spectrometrically in both mating plug and MAGs. (A) MDC assay
of the MAGs and plug. High levels of TGase activity in the MAGs result in the cross-linking of Plugin (high molecular weight bands), which can be
prevented by TGase inhibitors (Buffer~""). Buffer 4-: buffer promoting TGase activity. No autofluorescent proteins were detected (see the no MDC
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reaction). (B) gRT-PCR AhophelesTGases. Upper panekGAP009098 expressed exclusively in the MAGs. No expression was detected in the male

RB. Lower panelAGAP009098nd AGAP009108how low expression in all tissues tested. (C) Western blot of the MAGs using a polyclonal antibody
raised against a peptide fragment of AGAP009099. AGAP009099 is also detected in mating plug (MP) and whole mgleAdtin was used as a
loading control. (D) Confocal analysis of AGAP009099 expression in the MAGs of virgin 3-d-old males. AGAP009099 (red) is concentrated in channels
formed by phalloidin-Alexa 488 (green)-labelled actin-enriched muscle cells, in the posterior (P) rather than the anterior (A) MAGs. The right isnag
magnification (xy section) of the region indicated by the inset in the middle figure. Cell nuclei (blue) are labelled with DAPI.

doi:10.1371/journal.pbio.1000272.g003

Instead, we have demonstrated that the plug plays an important
role in the reproductive biology of An. gambiae. By manipulating the
expression of the MAG-specific TGase, we have prevented plug
formation and transfer, resulting in the incomplete storage of
sperm by the female. The presence of a plug in the early post-
copulatory hours may be needed to facilitate sperm retention in
the sperm storage organ until motility is acquired. Indeed the
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Figure 4. Insect species that do not make a mating plug do not possess an orthologue of AGAP009099.

sperm of An. gambiae are deposited in a immotile state directly into
the spermatheca, immediately followed by plug transfer [12,31],
and become motile only >17 h after copulation [32]. In support of
this hypothesis, we observed sperm in the atria of females that did
not receive a plug, strongly suggesting that they had been
transferred but had leaked out of the spermatheca. Interestingly,
a role for the mating plug in sperm storage was dismissed by some
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(A) Synteny map of Dipteran

TGases. All insects included in the analysis possess one TGase (yellow) located just upstream of a conserved lipase. Mosquitoes possess a second
TGase (green), whildn. gambiaepossess a third gene (blue), absent froie. aegyptand C. quinquefasciatusirrows indicate the direction of the
reading frame. (B) Phylogenetic analysis of insect TGases. The bootstrap values of a 1,000 replicates are indicated. The scale bar representothe ami

acid divergence. (C) gRT-PCR of culicine TGases. Neither the “ancestral” TGase (Aedesl, Culex 1) nor the mosquito-specific TGase (Aedes2, Culex2

shows high levels of expression in the MAGs. (D) TGase activity in the MAGs of three mosquito species. TGase activity was detected in the MAGs of
An. gambiag(in Buffer “+””) but not Ae. aegyptir C. quinquefasciatyslespite the presence of protein in all samples.

doi:10.1371/journal.pbio.1000272.g004
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