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Abstract

Saliva of blood-sucking arthropods contains a complex mixture of peptides that affect their host’s
hemostasis, inflammation, and immunity. These activities can also modify the site of pathogen
delivery and increase disease transmission. Saliva also induces hosts to mount an antisaliva
immune response that can lead to skin allergies or even anaphylaxis. Accordingly, knowledge of
the salivary repertoire, or sialome, of a mosquito is useful to provide a knowledge platform to
mine for novel pharmacological activities, to develop novel vaccine targets for vector-borne
diseases, and to develop epidemiological markers of vector exposure and candidate desensitization
vaccines. The mosquito Ochlerotatus triseriatus is a vector of La Crosse virus and produces allergy
in humans. In this work, a total of 1,575 clones randomly selected from an adult female O.
triseriatus salivary gland cDNA library was sequenced and used to assemble a database that
yielded 731 clusters of related sequences, 560 of which were singletons. Primer extension
experiments were performed in selected clones to further extend sequence coverage, allowing for
the identification of 159 protein sequences, 66 of which code for putative secreted proteins.
Supplemental spreadsheets containing these data are available at
http://exon.niaid.nih.gov/transcriptome/Ochlerotatus_triseriatus/S1/0t-S1.xls and
http://exon.niaid.nih.gov/transcriptome/Ochlerotatus_triseriatus/S2/0t-S2.xls.
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When attempting to blood feed on a mammalian host, mosquitoes face their hosts’
mechanisms to prevent blood loss, the hemostasis system (Ribeiro and Arca 2009), as well
as their host-defensive behaviors (Edman and Kale 1971, Edman et al. 1974) that are
triggered by pain and itching at the site of the bite. Mammalian hemostasis relies on a
complex set of reactions, including platelet aggregation, blood clotting, and
vasoconstriction, whereas inflammatory reactions caused by tissue injury or immune
reactions lead to pain, itching, and edema. A few species of mosquitoes studied to date
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indicate that their saliva contains antiplatelet, vasodilatory, anti-clotting, and
immunomodulators that might help blood feeding (Ribeiro and Arca 2009). Indeed,
mosquitoes deprived of salivary function have difficulty initiating a blood meal (Mellink
and Van Den Boven Kamp 1981, Rossignol et al. 1984).

In addition to its role in blood feeding, mosquito saliva also plays an important biological
function in sugar feeding, as well as being a vehicle for pathogen delivery. Antimicrobial
peptides are also present in male and female mosquito saliva, possibly checking the growth
of microbes contaminating the sugar meal. Possibly because of the pharmacologically active
components of mosquito saliva, saliva can also enhance pathogen transmission when
compared with needle injection, and may cause allergic skin reactions in their hosts (Ribeiro
and Francischetti 2003, Ribeiro and Arca 2009).

The mosquito Ochlerotatus triseriatus (formerly known as Aedes triseriatus) (Reinert 2000)
is a common tree hole mosquito found east of the Rocky Mountains in the United States, and
an important vector of La Crosse virus (Craig 1983, DeFoliart 1983), the agent of a zoonosis
causing human encephalitis in the United States (Rust et al. 1999, Romero and Newland
2003). O. triseriatus saliva is known to produce allergic responses (Peng et al. 1998), and is
implicated in potentiating virus transmission (Edwards et al. 1998). Salivary apyrase, which
breaks down adenosine 5’-diphosphate and adenosine triphosphate (agonists of platelet and
neutrophil aggregation) (Reno and Novak 2005), and vasodilatory (Ribeiro et al. 1994)
activities have been reported in O, triseriatus, but no salivary protein has been molecularly
characterized to date. In this study, we describe the sialotranscriptome of O, triseriatus to
help understand the evolution of blood feeding in mosquitoes, to provide a knowledge
platform for functional studies, and to provide targets for vaccine and epidemiological
markers of vector exposure.

Materials and Methods

Mosquitoes and cDNA Library Construction

Mosquitoes used in this work are from a colony originated from field material collected near
La Crosse, Wisconsin, in 1981, and have been colonized continuously at the Colorado State
University Arthropod-Borne and Infectious Diseases Laboratory (Fort Collins, CO), at 70°F,
70% RH, 16-h light, 8-h dark cycles. Because messenger RNA, but not ribosomal RNA, is
polyadenylated (PolyA), PolyA containing RNA was extracted from 80 dissected pairs of
salivary glands using the Micro-FastTrack mRNA isolation kit (Invitrogen, Carlsbad, CA),
which was then used to make a polymerase chain reaction (PCR)-based cDNA library using
the SMART cDNA library construction kit (BD Biosciences-Clontech, Palo Alto, CA), as
described before (Valenzuela et al. 2002a).

CDNA Sequencing

The salivary gland cDNA library was plated on Luria-Bertani/MgSO, plates containing 5-
bromo-4-chloro-3-indolyl 5-D-galactoside/isopropyl 5-D-thiogalactoside to an average of
250 plaques per 150-mm petri plate. Recombinant (white) plaques were randomly selected
and transferred to 96-well MICROTEST TM U-bottom plates (BD Biosciences, Franklin
Lakes, NJ), containing 100 wl of SM buffer (0.1 M NaCl, 0.01 M MgSQy, 7 H,0, 0.035 M
Tris HCI (pH 7.5), and 0.01% gelatin) per well. The plates were covered and placed on a
gyrating shaker for 30 min at room temperature. The phage suspension was either
immediately used for PCR or stored at 4°C for future use.

To amplify the cDNA using a PCR reaction, 4 ul of the phage sample was used as a
template. The primers were sequences from the A TriplEx2 vector and named pTEX2 5seq
(5'-TCC GAG ATC TGG ACG AGC-3") and pTEx2 3LD (5'-ATA CGA CTC ACT ATA
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GGG CGA ATT GGC-3"), positioned at the 5" end and the 3" end of the cDNA insert,
respectively, as done in our previous studies (Valenzuela et al. 2002a). The reaction was
carried out in 96-well flexible PCR plates (Fisher Scientific, Pittsburgh, PA) using TaKaRa
EX Tag polymerase (Takara Mirus Bio, Madison, WI) on a GeneAmp PCR system 9700
(PerkinElmer, Foster City, CA). The PCR conditions were as follows: one hold of 95°C for
3 min; 25 cycles of 95°C for 1 min; 61°C for 30 s; and 72°C for 5 min. The amplified
products were analyzed on a 1.5% agarose/EtBr gel. cDNA library clones were PCR
amplified, and the ones showing single band were selected for sequencing. Approximately
200-250 ng of each PCR product was transferred to Thermo Fast 96-well PCR plates
(ABgene, Epsom, Surray, United Kingdom) and frozen at —20°C. Samples were shipped on
dry ice to the Rocky Mountain Laboratories Genomics Unit with primer and template
combined together in an ABI 96-well Optical Reaction Plate (P/N 4306737) following the
manufacturer’s recommended concentrations. Sequencing reactions were set up as
recommended by Applied Biosystems BigDye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, CA) by adding 1 ul of ABI BigDye Terminator Ready
Reaction Mix v3.1 (P/N 4336921), 3 ul of 5x ABI Sequencing Buffer (P/N 4336699), and 2
wl of water for a final volume of 10 ul. Cycle sequencing was performed at 96°C for 10 s,
50°C for 5 s, and 60°C for 4 min for 27 cycles on either a Bio-Rad Tetrad 2 (Bio-Rad
Laboratories, Hercules, CA) or ABI 9700 (Applied Biosystems, Foster City, CA) thermal
cycler. Fluorescently labeled extension products were purified following Applied
Biosystems BigDye XTerminator Purification protocol and subsequently processed on an
ABI 3730xL DNA Analyzer (Applied Biosystems, Foster City, CA). The ABL file generated
for each sample from the 3730xL DNA Analyzer was provided to researchers in Rockville,
Maryland, through a secure network drive for all subsequent downstream sequencing
analysis. In addition to the sequencing of the cDNA clones, primer extension experiments
were performed in selected clones to further extend sequence coverage.

Bioinformatic Tools and Procedures

Expressed sequence tags (EST) were trimmed of primer and vector sequences. The BLAST
tool (Altschul et al. 1997), CAP3 assembler (Huang and Madan 1999), and ClustalW
(Thompson et al. 1997) software were used to compare, assemble, and align sequences,
respectively. Phylogenetic analysis and statistical neighbor-joining (NJ) bootstrap tests of
the phylogenies were done with the Mega package (Kumar et al. 2004). For functional
annotation of the transcripts, we used the tool BlastX (Altschul et al. 1997) to compare the
nucleotide sequences with the nonredundant (NR) protein database of the National Center
for Biotechnology Information (NCBI; National Library of Medicine, National Institutes of
Health, Bethesda, MD) and with the Gene Ontology database (Ashburner et al. 2000). The
tool, reverse position-specific Blast (RPSBLAST) (Altschul et al. 1997), was used to search
for conserved protein domains in the Pfam (Bateman et al. 2000), SMART (Schultz et al.
2000), Kog (Tatusov et al. 2003), and conserved domains databases (Wheeler et al. 2005).
We have also compared the transcripts with other subsets of mitochondrial and rRNA
nucleotide sequences downloaded from NCBI and with several organism proteomes
downloaded from NCBI, ENSEMBL, or VectorBase. Segments of the three-frame
translations of the EST (because the libraries were unidirectional, six-frame translations
were not used), starting with a methionine found in the first 300 predicted amino acids, or
the predicted protein translation in the case of complete coding sequences, were submitted to
the SignalP server (Nielsen et al. 1997) to help identify translation products that could be
secreted. O-glycosylation sites on the proteins were predicted with the program NetOGlyc
(Julenius et al. 2005). Functional annotation of the transcripts was based on all the
comparisons above. After inspection of all these results, transcripts were classified as either
secretory (S), housekeeping (H), or of unknown (U) function, with further subdivisions
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based on function and/or protein families. Codon volatility was calculated, as previously
described (Friedman and Hughes 2005).

Characteristics of the Assembled Salivary EST Set

A total of 1,575 cDNA clones was used to assemble a database (Supplemental Table S1)
that yielded 731 clusters of related sequences, including 560 singletons. The 731 clusters
were compared, using the programs BlastX, BlastN, or RPSBLAST (Altschul et al. 1997),
with the NR protein database of the NCBI, with the gene ontology database (Ashburner et
al. 2000), with the conserved domains database of the NCBI (Marchler-Bauer et al. 2002),
and with a custom-prepared subset of the NCBI nucleotide database containing either
mitochondrial or rRNA sequences.

Manual annotation of the contigs indicated that 39% of the ESTs assembled in 182 contigs
attributed to messages coding for putative secreted proteins (Table 1). This category also
had the highest ratio of ESTs per contig, namely 3.5. Twenty-two percent of the ESTs could
not be classified and belonged to the unknown category. These can represent novel proteins
or derive from the less conserved 3’ or 5" untranslated regions of genes, as was indicated for
the sialotranscriptome of Anopheles gambiae (Arca et al. 2005). Transcripts associated to
the protein synthetic machinery accounted for 20% of the transcriptome, containing an
average of 2.6 ESTSs per contig. The remaining transcripts code for other H functions, as
indicated in Table 1, and have <2 ESTs per contig. This distribution is typical of previous
mosquito sialotranscriptomes (Valenzuela et al. 2003;Ribeiro et al. 2004,2007;Arca et al.
2007;Calvo et al. 2007a).

Possibly Secreted (S) Class of Expressed Genes

A total of 645 ESTs represents putative O. friseriatus salivary components (Table 2;
Supplemental File S1). These include ubiquitous known gene families, e.g., families seen in
other organs and organisms, such as enzymes coding for carbohydrate hydrolysis,
contributing to over 15% of the ESTs on the secreted class, as well as protein families
unique to hematophagous Diptera, or to Culicines alone. Many of these putatively secreted
protein families are multigenic, such as the D7/OBP-like families contributing to 11% of all
transcripts associated with secreted products, which is less than previously seen in
Anaopheles or Aedes sialotranscriptomes, probably because of the dilution effect after
abundant expression of the polyhistidine/8.3-kDa family and the 9-kda WW family, which
together accounts for over 32% of the ESTs of the secreted class.

The Salivary Secretome of O. triseriatus

From the sequenced cDNAS, a total of 159 novel O. triseriatus protein sequences was
derived, 66 of which code for putative secreted products (Supplemental File S2). Several of
these deducted coding sequences are truncated at their 5" location, but allow comparison
with other sialomes and positively identify members of different salivary protein families
within the O. triseriatus sialome.

Proteins Belonging to Ubiquitous Protein Families

Enzymes—Sequences coding for amylases, maltase, chitinase, serine proteases, and a
DNase were obtained. Amylase and maltase are a common finding in the
sialotranscriptomes of Nematocera, and certainly have a function in sugar feeding. The
chitinase finding is not that common, and may be associated with antimicrobial immunity,
and indeed there are chitinases of An. gambiae that were found to be overexpressed in
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bacterial-challenged mosquitoes, such as the protein gi 46095203 (Shi and Paskewitz 2004).
The serine proteases cannot be easily functionally characterized, as they may play an
endogenous role as activators of immunity, such as prophenoloxidase activators, or in
specific roles in blood feeding, such as plasminogen activator or fibrinogenases, as was
found for salivary proteases of tabanids (Xu et al. 2008, Ma et al. 2009). The DNase enzyme
from O. triseriatus has a clear signal peptide indicative of secretion. With regard to mosquito
sialomes, this type of enzyme was previously found solely in Culex quinguefasciatus, and
the recombinant enzyme characterized (Calvo and Ribeiro 2006). It is to be noted that
transcripts coding for members of the 5”-nucleotidase family, associated with salivary
apyrase in mosquitoes (Champagne et al. 1995, Sun et al. 2006), have not been identified in
O. triseriatus, although it was abundantly expressed in Aedes aegyptiand Aedes albopictus
transcriptomes, and the nucleotidase activity previously reported for O. triseriatus salivary
gland homogenates was similar to that of Ae. aegyptiin amounts and kinetic characterisitics
(pH and divalent cation dependence) (Reno and Novak 2005). This may be the result of
technical reasons, including the presence of SFI restriction site within the transcript.

Antiprotease Domains—The anticlotting of Ae. aegyptihas been previously
characterized to be a member of the Serpin family of serine proteinase inhibitors that
potently inhibits factor Xa of the clotting cascade (Stark and James 1998). The
sialotranscriptome of Ae. aegyptilater revealed a second member of this family, still not
functionally characterized (Ribeiro et al. 2007). Supplemental Table S2 displays two such
proteins from O. triseriatus, OT-639 having top similarity with Aedes factor Xa
anticoagulant. Additionally, two peptides contain the Kazal domain, and OT-630 has a
typical Trypsin inhibitor-like domain. These peptide families were also found in Aedesand
Culex sialotranscriptomes.

Antigen-5 Family—A truncated member of the antigen-5 family is presented in
Supplemental Table S2. Members of this family are ubiquitous in nature (Gibbs et al. 2008),
in which they have been attributed several functions, including toxic components of snake
venom (Yamazaki et al. 2003), proteolytic activity in snails (Milne et al. 2003), and
immunoglobulin binding from the salivary glands of the stable fly, Stomoxys calcitrans
(Ameri et al. 2008). No functional activity has been reported to date for any mosquito
protein of this family.

Immunity-Related Peptides—Sequences for a Gram-negative binding protein, a ficolin,
and two C-type lectins are presented in Supplemental Table S2. Three are truncated, except
for a C-type lectin. These possibly represent proximal members of immunity cascades
involving microbial recognition and activation of proteolytic cascades. Additionally, a
homologue of the antimicrobial peptide gambicin (Vizioli et al. 2001) and a homologue of a
virus-induced protein from Ae. aegypti, which appears to be a mucin with 12 potential
galactosylation sites, are revealed.

Proteins Common to Sialomes of Blood-Sucking Nematocera or Culicidae

D7 Family—The D7 proteins belong to the superfamily of odorant binding proteins (OBP)
(Hekmat-Scafe et al. 2000). Mosquito genomes and transcriptomes (Arca et al. 2005,
Ribeiro et al. 2007) revealed the multifamily nature of this family, consisting of multiple
copies of long (two OBP domains) and short (one OBP domain) versions of the protein.
Phlebotomine sand flies also have D7 members expressed in their salivary glands
(Valenzuela et al. 2002b). The crystal structures of a short D7 protein from An. gambiae and
a long D7 protein from Ae. aegypti revealed that the D7 OBP domains have seven a helices,
two more than the canonical OBP family (Mans et al. 2007). Short versions of anopheline
D7 mosquitoes were shown to bind biogenic amines such as serotonin and histamine (Calvo
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et al. 2006). More recently, the amino-terminal OBP domain of a D7 long form of Ae.
aegypti was shown to bind peptidic leukotrienes with high affinity (Calvo et al. 2009a). In
addition to these inflammatory agonist-binding functions, a short D7 protein from
Anopheles stephensi, named hamadarin, was shown to inhibit bradykinin formation by
inhibiting the FXIl/kallikrein pathway (Isawa et al. 2002). The sialotranscriptome of O.
triseriatus revealed four members of the family, two of which appear to be alleles (OT-58
and OT-53).

The 30-kDa Antigen/GE-Rich/Aegyptin Family—The sialotranscriptome of Culex
tarsalis allowed the identification of five protein sequences from the 30-kDa antigen/
Aegyptin family (Supplemental Table S2), all represented by 1-14 ESTs found in the
library. These five sequences are consistent with the existence of two genes providing for
alleles and splice variants. The multigene pattern has been observed previously for Aedes
and Culex mosquitoes (Ribeiro et al. 2004, 2007; Arca et al. 2007), whereas anophelines to
date appear to have only one gene (Valenzuela et al. 2003, Arca et al. 2005, Calvo et al.
2009b). One of the Aedes and one of the Angpheles proteins have been characterized as
inhibitors of collagen-induced platelet aggregation by their strong interaction with collagen
(Calvo et al. 2007b, Yoshida et al. 2008).

The 41- and 56-kDa Families—These two protein families are uniquely found in
sialotranscriptomes of blood-sucking Nematocera (41 kDa) or blood-sucking mosquitoes (56
kDa), and one member of each is described for the sialotranscriptome of O. triseriatus. Their
function is unknown to date. Members of these protein families have been shown to be
expressed in male and female mosquitoes (Arca et al. 2007, Ribeiro et al. 2007), suggesting
a role in sugar feeding rather than blood feeding. Psi-blast search of members of the 56-kDa
family against the NR database only retrieved mosquito and bacterial proteins. This fact,
plus the single exon structure of these genes in Ae. aegyptiand An. gambiae, led to the
hypothesis that the 56-kDa protein gene was acquired by horizontal transfer from a bacteria
early in mosquito evolution (Arca et al. 2007).

The Basic Tail Family—The basic tail proteins are so named because of a cluster of
lysine/arginine residues found in the Aedeshomologues, and have been found in most
mosquito sialotranscriptomes done to date. They present similarities among themselves, but
not to other known proteins (Fig. 1A). The bootstrapped phylogram derived from the
alignment shows distinct anopheline and culicine clades, as expected from the phylogeny.
Transcripts coding for this protein are well represented in the O. triseriatus
sialotranscriptome, accounting for 14 ESTs coding for six variants, suggestive of
polymorphism.

Glycine-Rich Polypeptides—Two kinds of glycine-rich polypeptides can be identified
in the O. triseriatus sialotranscriptome. The first kind has unique repeats consisting of the
decapeptide unit G-G-G-H-G-Q-Q-G-[FYL]-G perfectly repeated (with different spacing)
seven times in OT-48 (Fig. 2A). OT-150 appears to be a splice variant or a product of a
recent or conserved gene duplication. A homologous protein was found in the Cx.
quinquefrasciatus proteome, but not in a previous sialotranscriptome. This Culex protein
retains the repeat units, as well as many other identical amino acids. Interestingly, this
protein was not found previously in any other sialotranscriptome, despite being relatively
well represented in O. triseriatus with nine ESTs. Search of the motif using the tool seedtop
against the proteomes of An. gambiae and Ae. aegypti did not reveal the block pattern
indicated in Fig. 2B in any of the annotated proteomes. This novel family is named
GGHGQQ for its repeat.

J Med Entomol. Author manuscript; available in PMC 2012 July 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

CALVOeetal.

Page 7

Search of homologues of OT-48 by the use of the tool blastp against the NR protein
database retrieves many matches of other glycine- and histidine-rich proteins of similar size
from hymenoptera and Drosophila, including some with closely related repeats such as G-G-
G-H-G-X-Q-G, suggesting this protein family may derive from a widespread insect
superfamily, possibly related with antimicrobial activity.

The second glycine-rich peptide was deducted from 11 ESTs and is similar to a protein
found in the Ae. aegyptisialotranscriptome (Ribeiro et al. 2007), and to hypothetical
proteins found in the genomes of Cx. quinguefasciatus and An. gambiae (Fig. 3). The
phylogram indicates this protein diverged considerably from a common ancestor, with at
least three genes represented in An. gambiae. As expected, the O. triseriatus sequence
strongly clusters with the Ae. aegyptihomologue.

The 13-kDa Family—This family of salivary proteins has been previously characterized in
the sialome of Ae. albopictus (Arca et al. 2007), in which it was pointed out that homologue
proteins were previously found in the sialotranscriptomes of Ae. aegypti, Cx.
quinquefasciatus, and male An. gambiae, and have a common framework of 10 cysteines.
OT-212 is 65% identical to one of the Ae. albopictus proteins that characterized this family.
The function of this protein family is unknown, but may be related to antimicrobial function,
as it was found in male mosquito sialotranscriptomes.

The 6.2-kDa Family—Previously, an orphan putative secreted peptide was described in
the sialome of Ae. aegyptinamed putative 8.5-kDa secreted salivary peptide. OT-547 codes
for a peptide that is 57% identical to this Aedes protein, and weaker (<40%) identities to
other proteins. Interestingly, OT-547 contains the block 1-G-x(10)-G-x(2)-W-x(2)-G-x(5)-E-
X(2)-R-R-x-F, which was deducted from alignment of anopheline proteins of the 6.2-kDa
family described in previous sialotranscriptomes (Arca et al. 2005, Calvo et al. 20074,
2009b). Alignment of OT-547 to the Aedes and anopheline sequences (Fig. 4) reveals a
region of higher amino acid conservation at the carboxy termini, and shows that the
anopheline sequences are smaller on their amino-terminal side. These peptides possibly
arose from a common mosquito gene that evolved fast. The function of this protein family is
unknown, but Ae. aegyptitranscripts for this protein were also found in male mosquitoes
and female salivary glands, but not in female carcass devoid of salivary glands (Ribeiro et
al. 2007), suggesting a role in sugar feeding or as an antimicrobial.

The SG3/WW Family—Two polypeptides containing one WW and one WWW motif plus
several other W residues have been previously described in Ae. aegypti (Ribeiro et al. 2007).
OT-175 has 46% identity to one of these proteins, including the rare WW doublet and one
WWEF instead of a WWW. These proteins have the block I-F-x(3,8)-W-x(17,26)-P-x(0,8)-
W-W-x-R, which was deducted from the alignment from members of the SG3 protein
family of anophelines, which was first identified in 1999 (Arca et al. 1999). Alignment of
the aedine proteins with those of An. gambiae and An. stephensi suggests that the aedine
proteins are shorter versions of the anopheline proteins, with conservation of the two
tryptophane clusters (Fig. 5). Transcripts for this family were found expressed in Ae. aegypti
female salivary glands and in male mosquitoes, suggesting a role in sugar feeding or as
antimicrobial (Ribeiro et al. 2007). The anopheline proteins have many Thr and Ser residues
in their carboxy termini that are potentially glycosylated (Julenius et al. 2005), and may thus
be characterized as mucins. However, the aedine proteins have only two potential
galactosylation sites (Fig. 6).

The SGS Family—The SGS family of mosquito proteins was characterized as membrane-
bound salivary proteins that were candidate receptors for Plasmodium invasion (Korochkina
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et al. 2006). Unexpectedly, peptide fragments of members of this family were also found by
mass spectrometry in proteomic analysis of Ae. aegyptiand An. gambiae saliva (not salivary
gland homogenates) (Orlandi-Pradines et al. 2007), suggesting a noncanonical mode of
secretion, possibly after proteolysis of a membrane-bound precursor. This protein family is
similar to bacterial proteins and may have been acquired early in the evolution of
mosquitoes by horizontal transfer (Arca et al. 2005, Korochkina et al. 2006).

Proteins Found to Date Only in Culicines (Not Found in Anophelines)

The 34-kDa Family—Four genes coding for this protein family were identified in the Ae.
aegypti sialome, one of which codes for a shorter version of the protein (Ribeiro et al. 2007).
Members of this family were also found in Ae. albopictus (Arca et al. 2007) and Cx.
quinguefasciatus (Ribeiro et al. 2004) sialomes. OT-110 represents a member of this family
from O. triseriatus, having 61% sequence identity with the Ae. albopictus homologue. The
function of this protein family is unknown.

The 30.5-kDa Family—This family was previously characterized in Ae. aegypti, with
members also found in the sialomes of Ae. albopictus, Cx. quinquefasciatus, and Cx.
tarsalfs. Related sequences were not found outside of the culicines. Psi-blast of members of
this protein family against the NR protein databases converged after six iterations, pulling
together solely mosquito proteins. OT-114, OT-118, and OT-117 represent possibly alleles
of the same gene found expressed in the sialotranscriptome of O. triseriatus. The function of
this protein family is unknown.

The WPCWW Family—Previous sialotranscriptomes identified several proteins by the
generic name of W or tryptophane rich. OT-84, OT-86, OT-87, and OT-89 code for slightly
different (possibly alleles) members of the W-rich family, previously described in Aedesand
Culex (but not anopheline) sialotranscriptomes (Ribeiro et al. 2004, 2007; Arca et al. 2007).
Alignment of these sequences (Fig. 6) shows a conserved framework, in particular a block
with three tryptophanes, W-P-x-W-x-G-L-G-P-x-1-P-P-x-W-x-R, located at the first half of
the sequence. Notice also that the aedine proteins contain two cysteines not found in the
Culexhomologue. Both Aedes genes were expressed in female salivary glands and in male
mosquitoes (Arca et al. 2007, Ribeiro et al. 2007), but not in the carcass of female
mosquitoes lacking the salivary glands, indicating that this family is specific of the salivary
glands, but expressed also in males, suggesting a role in sugar feeding or as an antimicrobial
peptide.

The 8.5-kDa Histidine-Rich Family—OT24, OT-27, and OT-28 are similar to proteins
previously found in culicine sialotranscriptomes. These proteins have a histidine-rich
domain in their mature amino termini, and >15 potential sites for G-galactosylations,
suggesting they may function as mucins, and may also reduce the concentration of Zn
because of their repeated histidine residues.

Proteins to Date Specific to Sialomes of Aedine Mosquitoes

The KKK Circle—A polypeptide deducted from the O. triseriatus sialotranscriptome
matches (46% identity) a protein previously deducted from the Ae. albopictus
sialotranscriptome (Arca et al. 2007) and annotated as glycine-rich peptide, but not found
previously in other sialomes. It also matches a hypothetical protein from Ae. aegypti.
Alignment of the three proteins (Fig. 7) shows higher sequence conservation at the carboxy-
terminal end, where a triple lysine repeat is flanked by the only two cysteines found in the
protein (Fig. 7, arrows), indicating the existence of an unusual structure of a highly
positively charged ring. This protein family, unigue to aedine mosquitoes to date, is hereby
named the KKK circle. The Ae. albopictus transcript coding for this protein was found
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ubiquitously in mosquito tissues, suggesting a H role for this protein. Perhaps the basic
charges drive this protein to be bound to negatively charged membrane phospholipids in the
endoplasmic reticulum or Golgi (Murray et al. 1997).

The HHH Family—QOT-16, OT-18, and OT-19 are homologues of previously identified
proteins found in the sialotranscriptomes of Ae. aegyptiand Ae. albopictus, which have a
homopolymeric stretch of histidines near the mature amino termini. These proteins have no
significant similarities to any other known protein. They may function as antimicrobials, as
do many antimicrobial peptides that are histidine rich and may chelate Zn ions, a bacterial
growth factor (Loomans et al. 1998).

Comparison of Protein Sequence ldentities Between O. triseriatus and Ae.
aegypti Gene Products—Ninety-three deduced protein sequences coding for putative H
products are presented in Supplemental Table S2. These proteins allow comparison of the
evolutionary rate of the S proteins compared with the H proteins, using the Ae. aegypti
proteome (all Ae. aegyptiproteins from GeneBank plus the proposed proteome found in
VectorBase version AaegL1.1 from June 2006) as a reference set, as similarly done before
for comparing An. stephensi salivary proteins to those of An. gambiae (Valenzuela et al.
2003). For this comparison, we used only protein sequences from O. triseriatus that had at
least 80 amino acids of alignment by the blastp tool to a Ae. aegyptiprotein, and excluded
from this set possible alleles or closely related gene duplications by removing the smaller
sequence(s) that had 80% or more similarity to another one within the set, or any pair of
proteins that matched the same Ae. aegypti protein, by removing the Ochlerotatus protein
with the lowest identity. We thus compared 42 putative secreted O. triseriatus proteins with
the Ae. aegypti proteome, obtaining an average of 64.2 + 2.5% protein identity (mean £
SEM), whereas 85 putative H proteins from O. triseriatus were 91.2 + 2.5% identical to Ae.
aeqypti predicted proteins (P < 0.001 Mann-Whitney rank sum test). This significant
difference further supports the concept that the evolution of mosquito salivary secreted
proteins occurs at a faster pace than H proteins (Valenzuela et al. 2003, Calvo et al. 20074,
2009b).

We have previously detected that the average codon volatility of salivary proteins was
significantly larger than that of H genes (Calvo et al. 2010). It has been suggested that codon
volatility (the proportion of the point-mutation neighbors of a codon that encode different
amino acids) could be a measure of selection for fast evolution of proteins, as could occur in
pathogens in a constant avoidance of antibody recognition (Friedman and Hughes 2005).
Although this idea has created strong opposition (Chen et al. 2005, Pillai et al. 2005, Sharp
2005), it is supported by published models (Plotkin et al. 2006, Archetti 2009). We
accordingly decided to measure the average codon volatility for the 85 sequences coding for
H and 42 sequences coding for putative secreted proteins shown in Supplemental Table S2.
The average codon volatility for the H class genes was 0.761869 + 0.0011, whereas the S
class had an average volatility of 0.7688 + 0.0026 (average + SEM), providing for a Pvalue
= 0.022 (double-tailed #test, nonhomogeneous variances). Whatever the discussion
regarding the value of this index, it indicates that a single-point mutation on a S class gene
has a significantly higher chance of producing a nonsynonymous amino acid substitution
than in a H class gene.

Discussion

The sialosecretome of O. triseriatus conforms with those previously described by having
transcripts coding for ubiquitous protein families, such as those coding for the enzymes
amylase, maltase, chitinase, serine proteases, antiproteases of the serpin, Kazal and Trypsin
inhibitor-like domain families, antigen-5 family, and immunity-related products associated
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with pathogen pattern recognition and antimicrobial functions. It also contains proteins
unique to mosquitoes or other blood-sucking Nematocera, such as D7, 30-kDa/Aegyptin,
41-kDa, 56-kDa, basic tail, 13-kDa, 6.2-kDa, SG3/WW, and SGS families. The
transcriptome analysis also identified members of the to date uniquely culicine families
named 34-kDa, 30.5-kDa, WPCWW, and 8.5-kDa histidine-rich families, and the uniquely
aedine HHH family.

The O. triseriatus sialotranscriptome also helped to identify partners to previously orphan
mosquito sialome proteins, such as a secreted endonuclease, previously found only in the
Cx. quinguefasciatus sialotranscriptome. Similarly, OT-157 helped to deorphanize a
previously found protein from the Ae. aegypti sialome, with homologues found in the
deducted proteomes of Cx. quinquefasciatus and An. gambiae. OT-547 deorphanized
another Ae. aegyptisialo-protein, named the 8.5-kDa peptide, helping to identify previously
taught to be an anopheline-specific family named the 6.2-kDa family (Fig. 4). OT-175
matched a W-rich sialoprotein from Ae. aegypti, from where a W-rich motif block was
deducted and found to match previously described anopheline proteins of the SG3 family
(Fig. 5). Finally, OT-492 matched an orphan sialoprotein from Ae. albopictus with a
homologue found in the Ae. aegypti deducted proteome (but not in Anopheles or Culex
proteomes), characterizing the aedine KKK circle family.

One protein family never found previously in sialotranscriptomes was identified in the O.
triseriatus sialotranscriptome by nine ESTs coding for OT-148 and OT-150, constituting the
GGHGQQ repeat family of glycine-rich peptides. Proteins of similar size and containing a
signal peptide were also found in hypothetical proteins of Cx. quinquefasciatus and other
insects, such as Nasonia vitripennis, but not in Aedes or Anopheles.

The O. triseriatus sialotranscriptome thus helped to consolidate the metasialome or
sialoverse of mosquitoes in general, and that of culicines in particular, by adding to the pile
of ubiquitously found mosquito proteins, by deorphanizing previously found odd proteins,
by helping to create protein links between culicine and anopheline protein families, and by
identification of a previously nondescribed protein family of insects never found before in
mosquito sialomes. The comparison of the O. triseriatus sialome with that of Ae. aegypti
also confirms the fast evolution of salivary proteins when compared with H ones, possibly
because of host immune pressure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

The basic tail family of mosquito salivary proteins. (A) Clustal alignment. The O. triseriatus
protein is named OT-131. The remaining sequences are named with the first three letters
from the genus name, followed by two letters from the species name and by their NCBI
protein accession number. The symbols above the alignment indicate the following: (*)
identical sites; (:) conserved sites; (.) less conserved sites. (B) NJ bootstrapped phylogram of
the alignment in (A), showing culicine and anopheline clades. The numbers on the branches
represent the percentage of bootstrap support. The bar on the bottom represents 10% amino
acid divergence. For more details, see text. (Online figure in color.)
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GGGHGOOGLG-GGHGOOGFGOGGHGOOGFGTGGHGOOGFGGGHGSGGHGHDGHQHGYKKHGY
GGGHGOOGLG-GGHGQOGFGOGGHGOOGFGTGGHGOOGFGGGHGSGGHGHDGHQHSYQKHGY
GGGHGOOGFGOGGHGOOGFGOGGHEGOOGFGOGGOG--GHGGGHG-HEHGHG--QGGYKKHGY

G-G-G-H-G-Q-Q-G-[FYL]-G
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Members of the GGHGQQ family of culicines. (A) Clustal alignment of two O. triseriatus

proteins with a hypothetical protein from Cx. quinquefasciatus. The signal sequence

indicative of secretion is marked with a bar; remaining markings refer to repeat structure,
indicated in (B). (Online figure in color.)
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Fig. 3.

The Aedes glycine-rich family of proteins. (A) Clustal alignment. The O. triseriatus protein
is represented by OT-157. The remaining sequences are named with the first three letters
from the genus name, followed by two letters from the species name and by their NCBI
protein accession number. The symbols above the alignment indicate the following: (*)
identical sites; () conserved sites; (.) less conserved sites. (B) NJ bootstrapped phylogram of
the alignment in A. The numbers on the branches represent the percentage of bootstrap
support. The bar on the bottom represents 5% amino acid divergence. For more details, see
text. (Online figure in color.)
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ANOGA_ 118788162  ----- APQ----- VTEAP-----~ GN--VGS------- TYSPMADIGRLATGATKLFGQFWNTGTRFGTELSRRTFDFLRVKK
ANOFU_114864793  ----- APQEKSTVVPEVS—====~ GT--ATER----~ NTYSPIADIGRLALGATGLFGQFWNTGTRLGGEFSRRAFDFLKVK-
ANODA 208657661l  ~———=mm—em——— BEVE ~=— 7 e B e YSSVADIGTLANGAAGFVGQLWNTGARLGGEFIRRGFGFLGVA-
AEDAE_ 94468568 AMPARNDSSVDIILWPTQ--PTTKGSDNFGACPDNSEMRVPPIEMIGKAIGNGVSYVGNLWDAGMQLSLEVARRIFTGFQIG-
OT-547 -LPARNDSSVDIILWPAQSLATVDGS-GFGAA--DSGIQMSPLEEIGDAVRRSISYAGSLWDTGMKLGLELARRVETGFQVG-
Fig. 4.

The 6.2-kDa family of mosquito salivary peptides. Clustal alignment of the mature versions
(signal peptide removed) of the O. triseriatus protein OT-547 with those of Ae. aeqypti, An.
gambiae, Anopheles funestus, and Angpheles darlingi. These sequences are named with the
first three letters from the genus name, followed by two letters from the species name and by
their NCBI protein accession humber. The symbols below the alignment indicate the
following: (*) identical sites; (:) conserved sites; (.) less conserved sites. (Online figure in
color.)
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AEDAE_94468426 FRIFN----PWWNQPSHLCRNVTEDGSPQPENG APWWWR--FIPLPPCHHPASNSSGSANGTGHWDSHQX WSSNDGNHNYTY

AEDAE_65306516 FRIFN----PWWNOPSNLCRNVTEDGSPQPENG APWWWR--FIPLPPCHHPASNSSGSANGTGHWDSHQGNNSWSNSWSSNDGNHNYTH

0T-175 YSIFD----RWWHP--HPCRNGTSQ--PEVED---—--—--~ HPWWFR--IIFRRPC-IPEWNN: GGN-NWN. FSTDGANN; N

ANOGA_4210619 VGIFGRPGRPWWSVPGIPPFRPPWHPRPPFG----—————~! GRPWWLRPPFH-RPTTSTAAPEGTSVASPTTAEASTTTEAATTTQEATTTEEATTTE

ANOST 27372919 ISIFG-PRRPWWTGPRILPFHPPWHPRPPFGGHGRPPFGGPGRPWWWRPPFVPRPTTSTPPPEGTSVASPTTSDAATTTQEATTTEEATTTEEATTTE
* T IR s g . o e im .. . .

*k ok

Fig. 5.

The SG3/WWW family of mosquito salivary peptides. Clustal alignment of the O. triseriatus

protein OT-175 with those of Ae. aegypti, An. gambiae, and An. stephensis. These

sequences are named with the first three letters from the genus name, followed by two letters
from the species name and by their NCBI protein accession number. The symbols below the
alignment indicate the following: (*) identical sites; (:) conserved sites; (.) less conserved

sites. (Online figure in color.)
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Fig. 6.
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RV-ISRRW GLGPEIPPSWLRNARRNDSSPSESSNGSDDIVRHFDLLPMIVPDWLE@DLRYNGSLPQLNATDSNGSE
RS-VPR-W. GLGPEIPPSWLRNARLNVSSS----NGTD--IRPIGLLPMIVPNWL@ELRVNRTLVKQDRNGTSQAA
ROPTEPCWPFWFGLGPAIPPAWFRGQ-——————————— NSSN--FRPHITRPRICS-WP--VIONGTIR-APLNETVLY-
* P 5% .

ok kekkkk kkkskek * * x * P

RS—VYR—W%EGLGPEIPPSWLRHARRNDSSSSDG—KGTEDVIRS FNLLPMIVPDW;DLRYNRSLPELNVTDSSDSK

The WPCWW family of mosquito salivary peptides. Clustal alignment of the mature
versions (signal peptide removed) of the O. triseriatus protein OT-86 with those of Ae.
aeqypti, Ae. albopictus, and Cx. quinquefasciatus. These sequences are named with the first
three letters from the genus name, followed by two letters from the species name and by
their NCBI protein accession number. The symbols below the alignment indicate the
following: (*) identical sites; (;) conserved sites; (.) less conserved sites. The cysteine
residues are in black background. (Online figure in color.)
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AEDAE_157135693 ; GA pSTD QAQ.PE'i‘TNIAQPQP ---
AEDAL_56417426 PAE PEQTPEPSNAGOSQO --
OT-492 SAPSPDRLKSOEOKPYTENENEPEEONSMN - - - - - - - A--
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AEDAE 157135693 GEAQ D PQS NS ATA CT
AEDAL 56417426 --§IQ QPHSQSPESAKRS! SA'.I.‘A SC --------
OT-492 ------- G SKOP. PT. AGN S

Fig. 7.

The KKK circle family of aedine proteins. Clustal alignment of OT-492, an O. triseriatus
protein, with Ae. aegyptiand Ae. albopictus homologs. The bar under the alignment
indicates a triple lysine surrounded by cysteines (arrows). (Online figure in color.)
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Table 1

Functional classification of the transcriptome and their abundance

Class No. contigs No.ESTs ESTgContig % total ESTs
Secreted 182 645 35 39.0
Unknown 244 355 15 215
Protein synthesis machinery 127 328 2.6 19.9
Unknown, conserved 73 86 1.2 5.2
Metabolism, energy 38 74 1.9 45
Transcription machinery 13 24 1.8 15
Signal transduction 11 15 14 0.9
Protein export machinery 8 12 15 0.7
Proteasome machinery 7 7 1.0 0.4
Transporters/storage 6 6 1.0 0.4
Protein modification machinery 4 4 1.0 0.2
Metabolism, carbohydrate 4 4 1.0 0.2
Metabolism, lipid 3 3 1.0 0.2
Cytoskeletal 2 3 15 0.2
Nuclear regulation 2 2 1.0 0.1
Transcription factor 2 2 1.0 0.1
Metabolism, nucleotide 2 2 1.0 0.1
Metabolism, amino acid 2 2 1.0 0.1
Oxidant metabolism/detoxication 1 1 1.0 0.1
Total 731 1,575
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Classification and abundance of the salivary secretome of Ochlerotatus triseriatus

Class Subclass No.ESTs %
Enzymes
Amylase/maltase 99 153
Chitinase 1 02
Serine proteases 11 17
Endonuclease 1 02
Protease inhibitor motifs
Kazal domain 6 09
Serpin 4 06
Trypsin inhibitor-like domain 3 05
Antigen 5/CRISP family 6 09
Immunity-related proteins
Pattern recognition proteins 23 36
Antimicrobial peptides 18 28
Mucin 1 02
Proteins found in Nematocera sialomes
D7 protein family 68 10.5
Aegyptin/30-kDa antigen 50 78
56-kDa protein family 28 43
Glycine-rich family: low complexity 26 40
41-kDa family 2 03
SGS family 2 03
Proline-rich salivary protein 1 02
Proteins found in Culicine sialomes
PolyHis/8.3-kDa family 144 223
9-kDa WW protein family 65 10.1
34-kDa protein family 27 42
30.5-kDa protein family 26 4.0
Basic tail protein family 17 26
11.6-kDa protein family 5 08
7.8-kDa protein family 4 06
Other possible secreted peptides 7 11
Total 645 100
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