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Background: During feeding, mosquito saliva
modulates the vertebrate host’s hemostasis and
inflammation response.

Results: Anopheles gambiae SGS4 and SGS5 are
major immunogenic proteins in mosquito saliva.
Conclusion: SGS4 and SGS5 appear to play an
essential role in blood feeding.

Significance: SGS4 and SGS5 could serve as
markers of human exposure to mosquito bites and
in the development of disease control strategies.

SUMMARY

Mosquitoes transmit Plasmodium and certain
arboviruses during blood feeding, when they
are injected along with saliva. Mosquito saliva
interferes with the host’s hemostasis and
inflammation response, and influences the
transmission success of some pathogens. One
family of mosquito salivary gland proteins,
named SGS, is composed of large bacterial-type
proteins that in Aedes aegypti were implicated
as receptors for Plasmodium on the basal
salivary gland surface. Here, we characterize
the biology of two SGS proteins in the malaria
mosquito, Anopheles gambiae, and demonstrate
their involvement in blood feeding. Western
blots and RT-PCR showed that SGS4 and
SGSS are produced exclusively in female
salivary glands, that expression increases with
age and after blood feeding, and that protein
levels fluctuate in a circadian manner.
Immunohistochemistry showed that SGSs are
present in the acinar cells of the distal lateral
lobes and in the salivary ducts of the proximal
lobes. SDS-PAGE, Western blots, bite blots,
and immunization via mosquito bites showed
that SGSs are highly immunogenic and form
major components of mosquito saliva. Lastly,
Western and bioinformatic analyses suggest
that SGSs are secreted via a non-classical
pathway that involves cleavage into a 300 kDa

1

soluble fragment and a smaller membrane
bound fragment. Combined, these data strongly
suggest that SGSs play an important role in
blood feeding. Together with their role in
malaria transmission, we propose that SGSs
could be used as markers of human exposure to
mosquito bites and in the development of
disease control strategies.

The saliva of hematophagous arthropods
is a cocktail of proteins and small molecules that
assists in the acquisition of a blood meal by
interfering with the host’s hemostasis and
inflammation response (1,2). The injection of
arthropod saliva into the vertebrate body also
elicits an adaptive immune response that produces
antibodies against some salivary constituents. For
these reasons, the salivary components of blood
feeding arthropods have been proposed as markers
used for surveying exposure to vector bites (3), as
targets for transmission blocking vaccines (4), and
as a pharmacopeia of novel therapeutic agents (1).
Before such applications can be developed, a
better understanding of the “sialomes” of major
disease vectors is necessary so that the best
candidates for any of these uses can be identified.
This task is compounded by the fact that
functionally analogous salivary proteins are often
not orthologous between groups of arthropods, so
it is important to identify proteins from each
relevant organism (1).

Mosquitoes are the most menacing
arthropod disease vectors, transmitting a broad
range of wviral, protozoan, and metazoan
pathogens. Perhaps the most practical use for
mosquito saliva is as a tool for surveying human
exposure to mosquito bites (3). A large percentage
of the world’s population lives in areas where the
rate of mosquito-borne disease transmission is not
accurately reflected by standard entomological
measures of mosquito activity (5,6). Recent efforts
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have aimed to improve the sensitivity of vector
exposure methods by identifying mosquito-
specific saliva proteins that are immunogenic
following delivery via bite. A candidate is gSG6, a
protein found only in mosquitoes of the genus
Anopheles that has shown promise in several lab
and field studies (6,7). The identification of other
mosquito specific (and genus specific) salivary
immunogens should improve this epidemiological
method, and published data suggest that there are
other yet unidentified saliva proteins that are more
immunogenic than gSG6 (8,9).

The saliva of mosquitoes and other
arthropods has also been shown to modulate
vertebrate immune responses, resulting in the
enhanced transmission of certain pathogens (4,10).
Accordingly, vaccines which help incite the host
antibody response against salivary
immunomodulatory factors have been shown to
lower the transmission rates of Leishmania
parasites, and have been proposed for use against
other arthropod-vectored diseases (4,11). While
mosquito saliva has conclusively been shown to
enhance the transmission of several viruses (10),
its role in the transmission of malaria parasites
remains a point of contention (12-14). Thus, the
identification of novel immunomodulatory
components of mosquito saliva may aid in the
development of disease control strategies.

In the past decade, transcriptomic and
proteomic studies have greatly increased our
knowledge of the sialomes of a number of
arthropod vectors (1,2), with transcriptomic
studies in An. gambiae, Aedes aegypti and Culex
pipiens specifically increasing our understanding
of the mixture of proteins found in mosquito
salivary glands (15-17). During a transcriptomic
analysis of female An. gambiae salivary glands,
Arca et al. (16) identified a contiguous series of
large genes of unknown function (Vector base
IDs: ENSANGP00000027299,
ENSANGP00000027791 and
ENSANGP00000029569; later named “SGS” by
Korochkina et al. (18)) that had not been predicted
during earlier genome scans and which appear to
have been horizontally transferred into the
mosquito genome from a bacterial source whose
only known living relatives are Wolbachia
Proteobacteria (19). A member of this gene family
was independently identified while screening a
panel of monoclonal antibodies produced against

Ae. aegypti salivary gland surface proteins. This
protein, named aaSGS1 (GenBank: AAV28546),
was shown to be required for the successful
invasion of Ae. aegypti salivary glands by
Plasmodium gallinaceum sporozoites (18). Thus,
the biology of SGS proteins is intriguing, as they
have been implicated in the Plasmodium life cycle
and represent a rare case of transdomain horizontal
gene transfer.

Using an array of complementary
techniques, we conclusively show that two
members of the An. gambiae SGS gene family,
SGS4 and SGSS5, are associated with blood
feeding behavior, form prevalent components of
mosquito saliva, and are major salivary
immunogens. Further, we show that SGSs are not
restricted to An. gambiae saliva, as they are
primary saliva constituents in both the anopheline
and culicine lineages. Based on these and other
data (20), we propose a putative role for SGS
proteins as major immunomodulatory factors in
mosquito saliva, and offer an explanation as for
why SGSs have largely been overlooked in
previous sialomic studies.

EXPERIMENTAL PROCEDURES

Animal rearing and tissue collection- An.
gambiae (G3) and Ae. aegypti (LVP) mosquitoes
were reared as described (21). Briefly, larvae were
hatched in plastic water containers and fed a
mixture of koi food and yeast. Pupae were
separated by size, allowed to eclose in 4.73 L
plastic containers with marquisette tops, and the
adults were maintained on a 10% sugar solution at
27°C, 75% relative humidity, and a 12 h light/12 h
dark photoperiod with 30 min crepuscular periods
that precede and follow each light cycle. Unless
otherwise stated, 5-day-old adult female
mosquitoes were used for all experiments.

Salivary glands were collected by
submerging mosquitoes in phosphate buffered
saline (PBS) and pulling the heads off with
watchmaker’s forceps. Minuten pins held by pin
vices were then used to separate the glands from
the head or to search through the anterior thorax,
in the cases when the glands did not pull cleanly
from the thorax.

Mosquito saliva was collected by inducing
salivation using pilocarpine. For An. gambiae, this
was done in a manner similar to that of Remoue et
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al. (3), except that topical application of 1% W/V
Pilocarpine with 0.2% TWEEN 20 in PBS (22)
was used instead of malathion, and saliva was
collected into mineral oil rather than water.
Because Ae. aegypti are more heavily pubescent,
salivation in this mosquito was instead induced by
intrathoracic injection of 0.2 pl of a 0.01% W/V
solution of pilocarpine in PBS. Only saliva from
mosquitoes that visibly produced small droplets of
saliva and appeared healthy after the end of the
procedure was used in these experiments.

An. gambiae bite blots were done by
attaching a nitrocellulose membrane to the bottom
of a water-filled glass bottle heated to 58°C, and
pressing the membrane against the freshly
replaced marquisette cover of a mosquito cage.
Within seconds, female mosquitoes were attracted
to the heat and began probing the membrane with
their proboscis, and this was allowed to continue
in the dark for 10 min. Because heat is a principal
cue for blood feeding (23), we believe that this
method stimulates the production of saliva in a
manner similar to natural blood feeding, as
opposed to the sugar-based collection methods
used in prior studies (24).

Following early suspicions that SGS
protein levels might be affected by feeding
behavior or circadian changes in expression, tissue
collections were done between hours 6 and 8 of
the light photoperiod, unless otherwise stated, and
collection began at exactly the same times within
each experiment.

Protocols used in this study for the
maintenance and use of vertebrate animals were
approved by Vanderbilt University’s Institutional
Animal Care and Use Committee (IACUC).
Vanderbilt University’s Division of Animal Care
oversaw and provided veterinary care for this
study, and is accredited by the Association for
Assessment and Accreditation of Laboratory
Animal Care (AAALAC).

Gene expression analyses- For non-
salivary gland tissues, RNA from 10 mosquitoes
was isolated using Trizol Reagent (Invitrogen,
Carlsbad, CA) and repurified using the Purelink ™
Micro-to-Midi Total RNA Purification system
(Invitrogen). For salivary gland samples, RNA
from 50 glands was isolated directly using the
Purelink system, per manufacturer’s protocol for
animal tissue samples. Up to 5 pg of RNA per
sample was then treated with RQ1 RNase-Free

DNase (Promega, Madison, WI), and first strand
cDNA was synthesized from poly(A) + RNA
using the SuperScript® III First-Strand Synthesis
System  (Invitrogen). A  standard phenol/
chloroform extraction was used to purify the
cDNA, and samples were then quantified and
normalized. Standard PCR was conducted on a
BioRad DNA Engine® Thermal Cycler using
Choice-Tag™  DNA  Polymerase (Denville
Scientific, Metuchen, NJ). Real-time quantitative
PCR (gqPCR) was done using Power SYBR®
Green PCR Master Mix (Applied Biosystems,
Foster City, CA) on an ABI 7300 Real-Time PCR
System, and relative quantification was carried out
using the 2% method (25). For both standard
PCR and qPCR, 7pS7 was used as the reference
gene. Primers used for standard PCR were:
SGS4 d F 5-GCTGTTCCTTCGAAACTTGC-
3, SGS4 d R 5’-
TCGCCGTGTATACCAATGAA-3’; SGS5 d F
5’-ACCGCAACCGTAGCAATAAC-3’,
SGS5 d R 5’-TCGAACAATCTGGGAGGTTC-
3% pS7_O1F 5’-
CGTGAGGTCGAGTTCAACAA-3’, 1mpS7 01R
5’-GCTGCAAACTTCGGCTATTC-3’.  Primers
used for gqPCR were: SGS4 qO01F 5°-
TAACAACCCGCAGGAGATTC-3’, SGS4 q01R
5’-GCTGCTGAATCGTTTCCTTC-3’;
SGS5_qO01F 5’-GCATCGGATCGTGGAACTAT-
3, SGS5_qO01R 5’-
GTGGTGCTTGGGATGAAACT-3’; rpS7_02F
5’-GACGGATCCCAGCTGATAAA-3’,
pS7_02R 5’-GTTCTCTGGGAATTCGAACG-3’.
Antibody production- Anti-SGS
antibodies were produced by challenging rabbits
with recombinant fragments of SGS4 and SGSS5.
Three polyclonal antibodies were developed. The
first, referred throughout this manuscript as o-
SGSgus, recognizes both SGS4 and SGSS5 and was
produced against a region of SGS4 that shares
96% amino acid identity with SGS5. This region,
residues 2248-2571 of SGS4, is located directly N-
terminal of the predicted transmembrane domain
and includes the RHS domain. The other two
antibodies, referred throughout this manuscript as
a-SGS4 and a-SGSS, specifically recognize SGS4
or SGS5 by targeting unique regions located 88-
549 and 512-822 residues from the N-terminus,
respectively. Briefly, the SGS regions detailed
above were amplified by PCR using Accuprime
Pfx SuperMix (Invitrogen). Resulting amplicons

6TOZ ‘G Aenige- Uo S|4aD - Ineised Iniisu| e /610-0q [ mmmy/:dny wo.y pepeojumoq


http://www.jbc.org/

were cloned into the pET-46 Ek/LIC expression
vector (Novagen, Madison, WI) and proteins were
expressed in BL21(DE3) E. coli cells. N-terminal
His-tagged protein fragments were purified using
BD TALON Metal Affinity Resin
(Clontech, Mountain View, CA), and polyclonal
antibodies were produced in rabbits (Affinity
Bioreagents, Golden, CO). The IgG fraction of
immune and pre-immune sera was purified using a
KPL Protein A Agarose kit (KPL, Gaithersburg,
MD), concentrated using a 30 kDa cutoff
Microcon® filter (Millipore, Billerica, MA), and
buffer exchanged to PBS. Antibody concentrations
were determined by measuring ODs,gy (26).
Primers used to amplify the cloned fragments
were: for a-SGSrys, SGS4&5Pos VS 5°-
GACGACGACAAGATGTGTGGAAAACGACT
CGCTCTGAAT-3’, SGS4&5Neg VS 5’-
GAGGAGAAGCCCGGTCTTACCCCGAACCT

GCTTGAATGT-3’; for a-SGS4, SGS4 5P2 F

5-
GACGACGACAAGATCAAGGTGAAAGGGTT
CGTGT-3, SGS4 5P2 R 5-

GAGGAGAAGCCCGGTCGTCGCTTGCTCAA
GTTTTCC -3’; for a-SGSS5, SGS5 Pos VS

5.
GACGACGACAAGATGCGACAAACGCAAAC
CTTCACATCG-3’, SGS5Neg VS 5’-
GAGGAGAAGCCCGGTTGCTTTCACGGTTA
CCCATTCTCC-3*  (vector  sequences  are
underlined).

Antibodies against An. gambiae saliva
were produced in female Swiss Webster mice via
exposure to mosquito bites. Mice were placed on
top of cages containing approximately 150 starved
female mosquitoes and fed upon for 5 min.
Halfway through the procedure, mice were lifted
off the cage and quickly repositioned, which
induced the mosquitoes to re-probe. Blood was
collected by cardiac puncture and sera was
purified (26) at the end of each of three bite
regimens: one week after a single bite exposure,
one week after the last of three weekly bite
exposures, and one week after the last of six
weekly bite exposures. Non-immune control sera
were purified from age- and cage-matched naive
mice.

SDS-PAGE, immunoblots, and ftotal
protein staining- In order to accommodate SGS’s
large size, a variety of gels and protein standards
were used throughout the study. These varied

depending on the level of resolution and the
protein mass inclusion best suited for an individual
experiment. Whole tissues (salivary glands,
thoraces, etc.) were either homogenized in 1% NP-
40 buffer containing cOmplete® protease
inhibitors (Roche, Penzberg, Germany) prior to
mixing with denaturing NuPage© LDS loading
buffer  (Invitrogen) containing 2.5% -
mercaptoethanol (BME), or were homogenized
directly in denaturing buffer with BME. Collected
saliva was pooled, vigorously mixed with LDS
sample buffer, and separated from the mineral oil
by centrifugation at 8,600 rcf for 5 min. Whole
tissue or saliva samples were then electrophoresed
in either 4% Tris-Glycine polyacrylamide gels for
2 h at 125 V, 3-8% Tris-Acetate polyacrylamide
gels for 1 h at 150 V, or 4-12% Bis-Tris
polyacrylamide gels for 1 h at 200 V, and
separated proteins were transferred to PVDF
membranes (Invitrogen) using the manufacturer’s
protocol. Western blotting was subsequently
performed wusing KPL’s Protein Detector™
LumiGLO Western Blotting Kit (Gaithersburg,
Maryland, USA). When necessary, Western blots
were stripped using Restore™ Western Blot
Stripping Buffer (Thermo Scientific, Rockford,
IL) prior to reprobing.

Bite blots of mosquito saliva were treated
in a similar manner to our Western blots, and the
bite blots of previous authors (24). A step similar
to a standard transfer was included to ensure that
saliva proteins were strongly bound to the
membrane.

In order to assess the presence of total
proteins in salivary samples, an imidazole-zinc
negative detection protocol was used (27).
Although imidazole-zinc staining is very sensitive,
it does not allow for the quantification of relative
band content. When this was necessary, a
quantitative coomassie staining protocol was used
(28). Gels were digitally scanned in a manner that
avoided signal saturation, and densitograms were
produced in Image] (National Institutes of Health,
Bethesda, MD).

Immunohistochemistry- Salivary glands
were dissected, fixed for 1 min in 100% acetone,
and washed 3 times for 5 min each in PBS.
Washed samples were blocked with 2% bovine
serum albumin in PBS (B-PBS) for 1 h, rinsed 3
times for 5 min each in PBS, and incubated in
rabbit a-SGS4, a-SGS5 or pre-immune IgG in B-
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PBS for 1 h. Samples were then washed as above,
incubated in goat a-rabbit Alexa Fluor 568
(Invitrogen) with 0.01 mg/mL Hoescht 33342 in
B-PBS for 1 h, washed, and mounted on slides
using Aqua-Poly/Mount (Polysciences Inc.,
Warrington, PA). Salivary glands were imaged
using DIC and fluorescence illumination on a
Nikon 90i light microscope (Nikon Corp., Tokyo,
Japan) connected to a Photometrics CoolSNAP
HQ2 high sensitivity monochrome CCD camera
(Roper Scientific, Ottobrunn, Germany), and Z-
stack images were captured and analyzed using
Nikon’s Advanced Research NIS-Elements
software. To determine the precise location of
SGS staining, Z-stacks were processed using the
AQ 3D Blind Deconvolution module of NIS-
Elements, and for the purpose of publication Z-
stacks were flattened into 2 dimensions using the
Maximum Intensity Projection module of NIS-
Elements. Throughout, protein-A purified primary
(immune and preimmune) and secondary
antibodies were used at concentrations of 10 and
2.6 pg/ml, respectively.

Bioinformatic analyses- SGS sequences
were scanned for functional sites that occur in
non-structured regions using the Eukaryotic Linear
Motif server (ELM; http://elm.eu.org), applying
An. gambiae as the taxonomic range filter.
ExPASy PeptideCutter tool was used to scan for
putative Caspase-1 family cleavage sites
(http://expasy.org), and SignalP 3.0 and
SecretomeP 2.0 (both at http://www.cbs.dtu.dk)
were used to search for classical and non-classical
signal peptide cleavage sites, respectively.
Following prediction of protease cleavage sites,
the predicted molecular weights of SGS fragments
were calculated using the Compute pI/Mw tool in
ExPASy, and ExPASy ProtScale was used to plot
hydrophobicity using the Rao & Argos scale (29).

RESULTS

SGS4 and SGS5 are expressed
exclusively in the salivary glands- To determine
the tissue-specific transcription of Anopheles
SGSs, cDNA synthesized from salivary glands,
heads, thoraces, thoraces from which the salivary
glands had been removed, or abdomens of female
mosquitoes was used as template for PCR using
gene-specific primers. PCR revealed that sgs4
(GenBank: AAV28544) and sgs5 (GenBank:

AAV28545) are only transcribed in the salivary
glands and in the thorax, but that when the salivary
glands are removed from the thorax this signal
disappears (Fig. 1A). Quantitative PCR confirmed
this finding, and further showed that mRNA levels
of sgs4 and sgs5 are 120 and 143 fold higher,
respectively, in the salivary glands when
compared to the whole body (Fig. 1B). When
mRNA levels of sgs2 and sgs3 were assayed,
expression was inconsistently detected, and only
in non-salivary gland tissues (not shown). For this
reason, SGS2 and SGS3 were not studied further.

Given the salivary gland specificity of
sgs4 and sgs5, a polyclonal antibody that
recognizes both SGS4 and SGS5 was developed
(0-SGSgrpus). Western analyses revealed that, much
like the transcription data, SGS4 and SGS5 are
salivary gland-specific (Fig. 1C), and interestingly,
SGS4 and SGSS5 are present exclusively in the
salivary glands of female mosquitoes (Fig. 1D).
Within female salivary glands, SGS4 and SGS5
levels are minimal in freshly eclosed mosquitoes
and peak around 10 days of age (Fig. 1E). When a
blood meal is provided, levels of SGS4 and SGS5
immediately increase and remain elevated for the
lifetime of the mosquito (Fig. 1F). Given that these
data suggest that SGS4 and SGS5 are involved in
some aspect of blood feeding, antibodies that
selectively recognize SGS4 or SGSS5 were
constructed. Stripping and reprobing of the same
Western blot with each of the three o-SGS
antibodies confirmed the band identities and
showed that SGSS5 is slightly more massive than
SGS4 (Fig. 1G).

SGS4 and SGSS5 are present in the distal-
lateral acinar cells and the salivary ducts-
Analysis of quantitatively deconvolved Z-stacks
acquired from salivary glands immunolabeled with
a-SGS4 or a-SGSS revealed that both of these
proteins are present on the basal and apical cellular
surfaces of the distal lateral lobes (Fig. 2A-J).
Lower intensity staining was also detected in the
salivary ducts of the proximal lateral lobes, a
pattern that also suggests a role in blood feeding.
Preimmune controls (Fig. 2G-I) and midguts
labeled with a-SGS4 and a-SGS5 showed no
staining.

Because of the unexpected finding that
Anopheles SGSs are present in the salivary ducts,
Western blots were conducted in salivary glands
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that were disarticulated into their three anatomical
regions: the distal lateral lobes, the proximal
lateral lobes, and the median lobes. Western
analyses confirmed the immunolabeling results,
and suggest that both SGS4 and 5 are subjected to
processing in the proximal lateral region of the
salivary glands, as in these regions their weight is
reduced by approximately 10 kDa (Figs. 2K).

Finally, during the immunolabeling
experiments, unambiguous differences between a-
SGS samples and pre-immune controls were only
obtained after fixation with organic solvents
(acetone or ethanol) and not following fixation
with formaldehyde, regardless of permeabilization
with Triton-X 100 or heat induced antigen
retrieval. This suggests that SGSs are either
located in a region inaccessible to the antibodies
following aldehyde fixation or that the antibodies
do not efficiently bind the native proteins.

SGSs form a major component of An.
gambiae and Ae. aegypti saliva- Because
expression and localization data suggested that
SGS4 and 5 may be involved in blood feeding,
mosquito salivation was artificially induced, and
the collected saliva was analyzed for the presence
of SGS4 and SGSS5. Western analyses
conclusively detected both SGS4 and 5 in
mosquito saliva (Fig. 3A-B). In order to ensure
that the presence of SGSs in saliva was not the
result of pilocarpine treatment, we used heat to
entice mosquitoes to probe a nitrocellulose
membrane and performed “bite blots” using o-
SGS antibodies. Bite blots revealed that SGS4 and
SGSS5 are released with the saliva during probing.
SGS4 and SGSS5 were only detected at the probing
sites; no staining was observed outside the probing
areas or when 3 times as much preimmune
antibody was used instead of a-SGS antibodies
(Fig. 3C). Like SGSs found in the proximal lateral
salivary lobes (Fig. 2K), SGSs in saliva are
approximately 10 kDa less massive than SGSs
found in the distal lateral lobes.

To determine the relative levels of SGSs
in mosquito saliva we first stained 4% SDS-PAGE
gels with Zinc-imidazole and assessed protein
bands in the range of 200-500 kDa (Fig. 3D). This
experiment yielded two distinct results. First, it
showed that SGSs are the only detectable proteins
in this size range. Second, it showed that soaking
salivary glands in detergent prior to denaturation
results in a 10 kDa size reduction. Next, proteins

from salivary glands as well as saliva collected by
pilocarpine treatment were separated by SDS-
PAGE on 4-12 Bis-tris gradient gels and relative
protein mass content was quantified by coomassie
analysis (Fig. 3E-F). Within the range of 3.5 kDa
to over 500 kDa, SGSs are one of the three most
prevalent proteinaceous components of An.
gambiae saliva, and the most prevalent component
of Ae. aegypti saliva. Taken altogether, these data
conclusively show that SGSs are primary
components of mosquito saliva in both major
mosquito lineages.

SGSs are a major immunogen in
mosquito saliva- Given the prevalence of SGS4
and SGSS5 in An. gambiae saliva, we sought to
determine whether these proteins elicit an antibody
response following blood feeding. Experiments
where antisera from mice exposed to mosquito
bites were used as primary antibodies in Western
blots corroborated the discovery of SGS4 and
SGSS5 as major components of mosquito saliva,
and also showed that they are highly
immunogenic, eliciting a strong IgG response (Fig.
4). Neither antisera from non-immune mice or
from mice exposed to a single round of mosquito
bites that occurred <1 week before blood
collection detected any Anopheles salivary gland
protein. However, after 3 or 6 weekly exposures to
mosquito bites, SGSs were found to be one of two
consistently recognized proteins in mosquito
saliva, a result that was confirmed by both
molecular weight and by stripping membranes and
reprobing them with a-SGSgus, a-SGS4 or o-
SGSS. Only one other highly immunogenic band
was consistently recognized by our anti-saliva
antibodies, which weighed ~100 kDa under non-
reducing conditions and =50 kDa under reducing
conditions. One other band was observed in one
instance under non-reducing conditions and
weighed =70 kDa.

Salivary gland SGS content is highest in
the early evening- Because mosquito feeding
behavior follows a circadian cycle, we
investigated the prevalence of SGS4 and SGS5 at
different times of the day. Western blots and
coomassie staining of salivary glands collected
every 3 h for 24 h, or 1 h into both the light and
dark cycles, demonstrated that salivary gland SGS
content fluctuates with the time of day, and that
SGS levels are highest in the late afternoon and
early evening (Fig. 5A-C). The SGS circadian
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gradient was not always as consistent as what is
seen in Figure 5C, but multiple replicates of this
experiment support this trend.

Moreover, from these experiments two
additional trends became apparent. First, the initial
onset of SGS expression occurs during the
mosquito’s first night as adults (Fig. 5B), although
protein levels remain relatively low until the
second afternoon (Fig. 1E). Second, circadian
expression is most accentuated in younger
mosquitoes and the circadian effect diminishes
once peak SGS expression is reached at around 10
days of age (Fig. 5A). Given that An. gambiae
have a nighttime feeding preference, and that
newly eclosed mosquitoes do not effectively blood
feed, these circadian data again suggest that SGS4
and SGS5 are involved in blood feeding.

Western and bioinformatic analyses
suggest SGS4 and SGS5 are proteolytically
processed prior to secretion- Because SGSs are
extremely large and are predicted to have multiple
transmembrane regions, it was unexpected to find
them in mosquito saliva. Hence, Western and
bioinformatic analyses were performed in efforts
to explain this phenomenon. The initial question
pertained to the mode of secretion. Signal-P
detected no classical signal peptides in An.
gambiae SGS4 or SGSS, or in Ae. aegypti SGS1.
However, Secretome P analysis using a gram-
negative model predicted significant likelihoods of
non-classical protein secretion for both SGS4 and
SGS1 (NN-scores >0.5). When a mammalian
model was used instead, SGS4 and 5, as well as
SGS1, all have scores that approach the 0.5 cutoff
(an insect model for non-classical secretion does
not exist). These findings suggest that SGSs are
secreted by non-classical means, a process that is
known to involve proteolytic pathways.

The second question pertained to protein
size. The Compute pI/Mw tool in ExXPASy predicts
that full length SGS4 and SGS5 weigh >380 kDa.
However, Western blots conducted using the 3-8%
Tris-acetate PAGE gels that are recommended for
high molecular weight proteins, along with the
HiMark™ high weight protein standard, showed
that SGS4 and SGSS5 weigh =300 kDa (Fig. 6A-B)
instead of the =220 kDa previously reported for
Ae. aegypti SGS1 (18). Western blots using 4-12%
Bis-Tris and 4% Tris-Glycine gels and two high
weight standards confirmed the =300 kDa weight
of SGS4 and SGS5 (Fig. 6B). Analyses using

gradient gels also detected a smaller doublet of
immunoreactive bands that weigh approximately
47 kDa (Figs. 6A-B), and interestingly, this
smaller doublet was detected when using o-
SGSgus, but not when using a-SGS4 or a-SGSS5
(not shown). These data suggest that SGS4 and
SGS5 are each cleaved into =300 kDa and =47
kDa fragments.

The third question pertained to the
cleavage process. Several sequence analysis
programs predict two prophenoloxidase activating
protease (PAP) type cleavage sites (consensus
sequence: [ILV]X,X, [R][VF][GS]X,; (30)) that
are located N-terminal of the transmembrane
domain of both SGS4 and SGS5 (between amino
acids 2500-2650; Fig. 6C-D), and nowhere else in
either protein. In both SGS4 and SGS5, one of
these sites shares high similarity with the only
predicted PAP site in Aedes SGS1 (consensus
sequence from SGS1, 4 and 5: L[LT]QRVS[ER]),
and is located at the same distance from the N-
terminus in all three SGSs (from 2533-2549). The
Compute pI/Mw tool predicts that cleavage of full-
length SGS4 or SGSS5 at this site should result in
an N-terminal soluble fragment weighing ~300
kDa and a membrane bound fragment weighing
~85 kDa. The =300 kDa fragment is the larger
mass observed during PAGE analyses (Fig. 6A-B),
while the smaller bands recognized by a-SGSgrys
migrate at ~47 kDa rather than the predicted ~85
kDa (Fig. 6A). However, this smaller fragment is
also predicted to contain at least 6 transmembrane
helices and to be highly hydrophobic (Fig. 6C-D).
High hydrophobicity is known to cause excessive
SDS binding and faster migration through SDS-
PAGE gels, causing a protein to appear much less
massive than it actually is (31). As expected under
this scenario, the a-SGSrys antibody that
recognizes sequences both N- and C-terminal of
the PAP site binds both the 300 kDa and the 47
kDa fragments, but the a-SGS4 and a-SGSS5
antibodies that recognize sequences located N-
terminal of the PAP site recognize only the =300
kDa fragment. An alternative possibility for
proteolytic processing involves Caspase-1-based
cleavage, as this has been shown to be a regulatory
mechanism of non-classical secretion (32).
PeptideCutter predicts 6 and 7 Caspase-1 type
cleavage sites in SGS4 and SGSS5, respectively, of
which 4 are located between amino acids 2100-
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2670 from the N-terminus of both SGS4 and
SGSS5. Again, the ~47 kDa and =300 kDa
fragments recognized by o-SGSgus could be
explained by several of the predicted Caspase-1
sites (Fig. 6C-D), offering another plausible
explanation for SGS cleavage and subsequent
release into the saliva.

Finally, SGSs appear to undergo an
additional processing step in the salivary duct of
the proximal-lateral lobes. When whole salivary
glands are placed in denaturing LDS buffer
immediately following dissection, a =300 kDa
SGS form is by far the most prevalent. However,
when salivary glands are soaked in NP-40 prior to
denaturation in LDS buffer, the =300 kDa
fragment is converted into a slightly less massive
form (Fig. 3D). This conversion, which results in
an approximately 10 kDa reduction in mass, is
completed within 30 min, and matches precisely
the size of SGSs collected during artificial
salivation experiments. Interestingly, this effect is
only seen when the proximal lateral lobes are
included in the non-denaturing lysate solution,
showing that this processing requires a component
of the proximal lateral lobes (Fig. 2K). The reason
for this drop in weight is unknown, but because
certain amylases and proteases are only produced
in the proximal-lateral lobes (33), together with
the prediction that SGSs are glycosylated (18), we
hypothesize that the interaction of SGSs with
saliva components results in additional proteolytic
cleavage or deglycosylation. Taken altogether,
Western and bioinformatic analyses suggest that
SGS4 and SGS5 are secreted via a non-classical
pathway following proteolytic cleavage into a
~300 kDa soluble fragment and an ~85 kDa
membrane bound fragment. The =300 kDa
fragments are then processed into slightly less
massive forms by an unknown product of the
proximal lateral lobes prior to being expelled with
the saliva.

Discussion

Most research investigating the salivary
glands of arthropod disease vectors has focused on
uncovering the protein repertoire of salivary
components in efforts to identify candidates for
use in the development of epidemiological
techniques (3,7), transmission blocking vaccines
(4), or novel therapeutic agents (1). Here we

characterized the spatial, temporal and functional
expression of two Anopheles saliva proteins that
are involved in blood feeding. The expression and
biochemical characteristics of these proteins
suggest that they play multiple physiological roles
and that they may be wuseful for the
epidemiological surveillance of mosquito activity
and in the development of disease control
strategies.

The only published study to date that
focuses on the biology of SGS proteins showed
that a member of the Ae. aegypti SGS gene family,
SGSI1, is produced exclusively in the salivary
glands, where it is embedded in the basal lamina
and serves as an inadvertent receptor for P.
gallinaceum sporozoites (18). In the present study
we found that An. gambiae SGS4 and SGS5 are
also present on the basal side of the salivary
glands, and because the major portions of these
proteins are cleaved from their transmembrane
domain, it is likely that they are also embedded in
the basal lamina. Thus, SGS4 and SGS5 may also
function as Plasmodium receptors in this major
vector of human malaria. However, an unexpected
finding was that SGS4 and SGSS5 are also secreted
apically into the salivary duct, where they form a
major component of mosquito saliva. Because Ae.
aegypti proteins in the SGS size range are major
saliva components, it is likely that SGS1 is also
secreted into the saliva.

An. gambiae SGS4 and SGS5 are
produced in salivary gland regions known to
produce factors involved in blood feeding (33),
and production of SGS4 and SGS5 ramps up
during the times of the day when these mosquitoes
show a higher propensity to bite mammals (34).
Together with their substantial release with saliva
during probing, these data show that they are
involved in blood feeding. The precise role of
Anopheles SGSs in this process has not been fully
determined, but we show that they are among the
most immunogenic proteins injected during
natural blood feeding. This was not entirely
unexpected, as SGSs are large proteins sharing
little homology with any vertebrate protein, and
thus, relatively high antibody titers would be
expected from a small antigen dose. High
immunogenicity opens the possibility that human
anti-SGS antibodies could serve as sensitive
markers for assessing exposure of humans to
mosquito bites (3,7), and that this could be an
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important tool in areas of low to moderate
mosquito density. Furthermore, because the large
N-terminal region of the SGS proteins is highly
variable, small recombinant SGS peptides could
be used as species-specific and genus-specific
antigens in this epidemiological strategy. Such
taxon specificity has often been cited as one
justification for the use of gSG6 in surveying bite
exposure (3,7), but gSG6 is only present in one
mosquito genus.

When assaying the immunogenicity of
mosquito saliva components, two distinct sets of
proteins were identified: SGSs and a protein that
weighs approximately 100 kDa under non-
reducing conditions and 50 kDa when reduced.
The electrophoretic pattern of the latter protein
suggests that it is a disulfide-linked dimer, and
interestingly, this pattern of migration is identical
to that seen for SAGLIN, an Anopheles salivary
protein that was shown to be involved in
Plasmodium invasion of the salivary glands, along
with some evidence that it is a component of
mosquito saliva (35,36). The detection of putative
SAGLIN is strong after only 3 weeks of exposure
to bites, suggesting that SAGLIN may also be a
sensitive target for an exposure surveillance
strategy. Furthermore, given that SGS1 and
SAGLIN are the only two molecularly identified
candidate receptors for Plasmodium on the
salivary gland surface, it is interesting that both
are also present in the saliva. These findings
suggest that their interaction with the parasite may
be long-lived, and that besides serving as basal
receptors they may also facilitate sporozoite
traversal of acinar cells, survival in the salivary
duct, and/or transmission to the vertebrate host.

It has been shown that immunomodulatory
factors in arthropod saliva can enhance the
transmission of protozoan parasites, and thus, a
vaccine that neutralizes such factors might offer
protection from pathogens (4). For example,
vaccination against a single immunomodulatory
and vasodilatory protein from sandfly saliva
provides resistance to Leishmania infection (37).
There is now a strong body of evidence supporting
an immunomodulatory effect by mosquito saliva,
although the identity of these immunomodulatory
proteins has not been determined (10). One such
factor is a large immunogenic protein from An.
stephensi that possesses neutrophil chemotactic
activity (9). Another large immunomodulatory

protein was discovered from Ae. aegypti saliva,
weighs about 387 kDa, and significantly lowers
cytokine release and the proliferation of murine T-
and B-cells (20). Based on our proteomic analyses
(Figs. 3B, 6), as well as transcriptomic analyses by
others (16,38), SGSs are the only anopheline or
culicine saliva proteins whose mass approximates
the value predicted for this ~387 kDa protein. In
support of our hypothesis that SGS4 and SGS5 are
immunomodulatory, it has recently been shown
that bacterial RHS/YD-repeat proteins (distant
relatives of SGS) play a role during the
deactivation of human macrophages by the
bacterial pathogen Burkholderia pseudomallei
(39). If SGSs are indeed immunomodulators, they
should be considered when developing
transmission blocking vaccines.

Another interesting aspect of SGS proteins
is that they share high sequence homology with
proteins found in Wolbachia Proteobacteria
(alignment of SGS5 and Wolbachia WDO0513
yields 28% shared amino acid identity, 47%
positives and an E-value of 0.0), and contain
regional homology with the viral/bacterial
RHS/YD-repeat protein family (16,18). It is
hypothesized that horizontal gene transfer from the
intracellular bacterium Wolbachia led to the origin
of mosquito SGSs, and the relatively high
expression levels of Ae. aegypti SGSs suggest that
some of these genes have evolved to perform
essential roles in mosquitoes, unlike what is often
observed following transdomain horizontal
transfer (19). Our work validates this finding in
anopheline mosquitoes by showing that SGS4 and
SGSS5 are specific to salivary tissue and are highly
expressed. While the functions of non-mosquito
YD-repeat proteins are not well understood, they
may be important in the interactions between
microbes and their insect hosts (40,41). In
addition, YD-repeat proteins have been implicated
as participants in lectin-like heparin binding, as
mediators of cellular interactions, and as cellular
toxins with anti-macrophage activity
(39,40,42,43). These are roles that share
similarities with those proposed for mosquito
SGSs, both here and by others (18). As for why a
Wolbachia gene would have been adopted as a
major salivary gene in mosquitoes, it is tempting
to speculate that the ancient horizontal transfer of
an immunomodulatory factor could have been a
pivotal step during the evolution of hematophagy
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in mosquitoes. Exaptation and recruitment of
endogenous genes into novel functional roles
appears to occur often during the evolution of
arthropod sialomes (1,2), but SGSs are now the
first examples of a saliva protein originating
through  horizontal gene transfer in a
haematophagous arthropod.

While we conclusively show that SGSs
form a major component of the salivary glands and
saliva of anopheline and culicine mosquitoes,
these proteins have been largely overlooked in
earlier proteomic studies (Table 1). The primary
reason for this rests in the size of SGS proteins, as
the electrophoretic methods most commonly used
in SDS-PAGE studies (e.g., >10% polyacrylamide
concentration) preclude proteins as large as SGSs
from entering the resolving portion of the gel. In
all but two studies where a band was seen to
approximate SGS’s size and relative intensity, the
presence of the protein was not addressed. It is
likely that SGS’s large size either made it seem
like an artifact, or that it was observed but
disregarded because it was unrelated to the
specific aim of the research. In one study, SGS
was invoked as an explanation for a salivary band
weighing 175 kDa that was consistently
recognized by IgG from children exposed to high
numbers of mosquito bites (8). This same study

recognized one other salivary antigen that was
estimated to weigh 72 kDa under non-reducing
conditions. It is likely that these bands represent
SGS (300 kDa) and SAGLIN (100 kDa), but that
size estimates were incorrect due to the
incompatibility of the gels and ladders used.
Another study supports our finding that SGS is a
component of mosquito saliva, although in that
study the authors propose that SGS presence in the
saliva is a result of contamination (44). These
results illustrate that although SGSs are prevalent
immunogenic components of mosquito saliva, the
methodologies commonly used when studying
salivary proteins preclude their detection.

In summary, this study considerably
expands our understanding of a family of
mosquito proteins that have now been implicated
in blood feeding, Plasmodium transmission, and
mosquito-Wolbachia interactions. Given that
SGSs form a major component of mosquito saliva,
future studies should investigate the role these
proteins play in modulating vertebrate immune
responses and assess the potential use of SGSs as
epidemiological markers for the surveillance of
mosquito activity in disease-endemic areas.
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FIGURE LEGENDS

Fig. 1. SGS4 and SGSS5 are produced specifically in the salivary glands of adult female Anopheles
gambiae and their production is associated with blood feeding. (A-B) Conventional PCR (A) and real-
time quantitative PCR (B) comparing sgs transcript levels in tissues from 5-day-old adult mosquitoes.
Sgs4 and sgs5 are only transcribed in the salivary glands. (C-D) Western blots of tissue samples from 5-
day-old adult An. gambiae, showing that SGS4 and SGSS5 are only present in the salivary glands of
female mosquitoes. (E) Western blot of An. gambiae salivary glands at different times post-eclosion,
showing that SGS levels are minimal in newly emerged adults and peak around 10 days of age. (F)
Western blot of An. gambiae salivary glands at different times following blood feeding (bf), along with
non-blood fed controls (nbf). Time zero represents non-blood fed 5-day-old mosquitoes, and these data
show that blood-feeding enhances SGS production. (G) The same lane of a Western blot stripped and
reprobed with each of the antibodies produced against recombinant SGSs, showing their binding
specificities and that SGSS is slightly more massive than SGS4. Western blots in panels C-F were probed
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using a-SGSgrys (recognizes both SGS4 and SGSS5) and were performed after electrophoresing samples in
4% Tris-Glycine SDS-PAGE gels. For an explanation of SGS mass size, see figure 6.

Fig. 2. SGS4 and SGS5 are present in the distal-lateral acinar cells and the salivary ducts. (A-I)
Immunohistochemistry of female salivary glands using a-SGS4 (A-C), a-SGS5 (D-F), or pre-immune
antibodies (G-I; from mouse later immunized with SGS4). Serial micrographs show imaging through DIC
(A, D, G), Texas Red (B, E, H; antibody labeling), and Hoechst 33342 (C, F, I; DNA stain) channels. (J)
Close-up of panel E showing labeling of the acinar cells of the distal lateral lobes and the salivary ducts of
the proximal lobes. (K) Western blot of disarticulated salivary glands, confirming that SGS4 (bottom
bands) and SGSS5 (top bands) are present only in the lateral lobes, and showing that both are slightly less
massive in the proximal lateral lobes than they are in the distal lateral lobes (4% Tris-Glycine SDS-
PAGE).

Fig. 3. SGS4 and SGSS5 are the only prevalent proteins in their size range found in mosquito salivary
glands and form major constituents of mosquito saliva. (A) Saliva collection in An. gambiae (top) and Ae.
aegypti (bottom). Droplet formation can be seen in both images, with the de. aegypti image showing
saliva being ejected from the hypopharynx (arrowhead). (B) Western blot of An. gambiae saliva collected
following pilocarpine treatment, showing that SGS4 and SGS5 are a component of mosquito saliva. (C)
Bite blots probed with a-SGSgys (top) or 3 times the amount of pre-immune serum (bottom), showing
that SGSs are released with the saliva during probing. (D) 4% Tris-Glycine SDS-PAGE gel stained with
Zn-imidazole, showing that SGS4 and SGS5 are the only proteins in their size range present in mosquito
salivary glands. Note that when glands were immediately immersed in denaturing LDS buffer their size is
approximately 10 kDa more massive than when they were incubated in NP-40 detergent prior to
denaturation. SGS4 and 5 in the saliva match the smaller SGS forms seen in whole salivary glands
initially soaked in non-denaturing buffer. (E) Coomassie stained 4-12% SDS-PAGE of salivary glands
and saliva from An. gambiae and Ae. aegypti. The combined SGS bands are marked by an arrowhead. (F)
Densitogram of select lanes from gel in panel D, showing relative protein content. In both salivary glands
and saliva, SGSs form one of three major peaks in An. gambiae and is the major peak in Ae. aegypti. Peak
identities, other than SGS, are inferred using data from a previous study (45).

Fig. 4. SGSs are one of two major immunogenic components of An. gambiae saliva. Western blots of
salivary glands (Sal glands) and carcasses excluding salivary glands (carcass) electrophoresed in 4-12%
Bis-Tris gels and probed with (from L to R): sera from non-immune mice (non-Imm; 1/80 dilution), o
SGSrus, sera from mice exposed to weekly mosquito bites for 6 weeks (Imm 1-3; 1/500 dilution), and
sera from mice exposed to weekly mosquito bites for 3 weeks (Imm 4-5; 1/500 dilution). Results are
shown for extracts run under denaturing (D only) and denaturing plus reducing (D + R) conditions (for
sera shown only under denaturing conditions, reducing yielded identical results). Overall, the major
immunogenic components of mosquito saliva are SGSs (arrowhead) and another protein that migrates at
110 kDa or 55 kDa, depending on whether it has been reduced.

Fig. 5. SGS protein levels fluctuate within 24 hour periods and are most prevalent during the late
afternoon and early evening. (A) Surface plot of relative combined band intensities of both SGS4 and
SGS5 from Western (top) and coomassie (bottom) analyses of salivary glands from mosquitoes of the
same cohort, at different ages, collected at +1 h into the light and dark cycles. (B-C) Western blots of
salivary glands (SG) extracted from 1-2 and 5-6 day-old mosquitoes showing SGS levels over a 24-hour
period.

Fig. 6. The mass of SGS4 and SGS5, along with bioinformatic analyses, suggest that they are cleaved into

a 300 kDa soluble N-terminal fragment and a smaller, membrane bound fragment. (A) Western blots of
10 female salivary glands run on 4-12% Bis-Tris (left) or 3-8% Tris-Acetate (right) SDS-PAGE gels and
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probed with a-SGSgrys. A single band is seen at around 300 kDa that has been shown to correspond to a
large fragment of SGS4 and 5 (one band seen here due to lack of resolution on these gels). A doublet
weighing approximately 47 kDa is also observed. (B) Plot of observed protein migration distances versus
two sets of standards on various gel types. Gray symbols represent SGS band migration distances while
black symbols and trend-lines represent the observed migration of different standards. In all cases, SGS
mass is calculated to be 300 +/- 10 kDa. (C-D) Graphical representation of SGS4 (C) and SGS5 (D)
showing the locations of the putative RHS domains, transmembrane regions (TM), prophenoloxidase
activating peptide cleavage sites (PAP), caspase 1-cleavage sites (Casp-1), and the regions that the anti-
SGS antibodies recognize. Below these gene diagrams, hydrophobicity plots show that cleavage at the
PAP sites would result in an N-terminal fragment weighing ~300 kDa and a highly hydrophobic
membrane bound fragment weighing =85 kDa (higher values represent higher hydrophobicity).

14

6TOZ ‘G Aenige- Uo S|4aD - Ineised Iniisu| e /610-0q [ mmmy/:dny wo.y pepeojumoq


http://www.jbc.org/

Table 1. Analysis of scientific papers in which mosquito saliva or whole salivary gland proteins were
analyzed by SDS-PAGE, or by Western blot using antibodies from humans or rodents exposed to
mosquito bites. !

SGS not SGS not Band approximating SGS explicitly
identified: identified: SGS size range, but stated in the
appropriate restrictive not addressed in the article
parameters * parameters * article

SDS-PAGE None (8,46-51) (45,52-55) (44)"

Western blot None (48,55-57) (58) e

(Human sera)

Western blot None (51,59) (54,60) None

(Rodent sera)

" Only studies that could be clearly categorized were included in this analysis.

# Parameters used should have allowed for the visualization or identification of SGSs.

* Parameters used would preclude the visualization or identification of SGSs. Restrictive parameters
include the use of > 10% SDS-PAGE gels (under normal running conditions, SGSs are too large to enter
the resolving portion of the gel), and cropping of gel scans such that the gel portions that would show
high molecular weight proteins are not shown.

" In this article, SGS4 and SGSS5 are erroneously referred to as SG4 and SGS5, but the correct Genbank
accession numbers are listed.

~ In this article, putative SGSs are predicted to weigh 175 kDa.
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Figure 3:
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Figure 4
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Figure 5:
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Figure 6:
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