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Abstract
All adult mosquitoes take sugar meals, and most adult females also take blood meals to develop eggs.
Salivary glands (SG) of males are thus much smaller and do not contain many of the antihemostatic
and antiinflammatory compounds found in females. In the past 5 years, transcriptome analyses have
identified nearly 70 different genes expressed in adult female SG. For most of these, no function can
be assigned in either blood or sugar feeding. Exceptionally, Toxorhynchites mosquitoes are unusual
in that they never feed on blood, and the SG of adults are identical in both sexes. Transcriptome
analysis of the adult SG of this mosquito was performed to increase knowledge of the evolution of
blood feeding—and to identify polypeptide families associated with sugar feeding—in mosquitoes.
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Introduction
All mosquitoes take sugar meals as adults, which largely increases their lifespan as it provides
metabolic energy for basal metabolism and flight. Most adult females also take blood meals
for egg development, either as an absolute (anautogenous) or facultative (autogenous)
requirement (Clements, 1992). In the latter case, a single egg batch is developed after the
mosquito molts to adult, but blood meals are required for further egg batches. Accordingly,
the salivary glands (SG) of adult mosquitoes are sexually dimorphic. Male SG are much smaller
and do not have, or have much smaller amounts of, activities associated with the blood meal
such as antiplatelet, anticlotting, and vasodilatory. On the other hand, both sexes have similar
amounts of activities associated with sugar meals such as glycosidases and antimicrobial agents
that might prevent microbial growth in the mosquito crop, where sugar meals are stored before
being diverted to the midgut for further digestion and absorption (Marinotti et al., 1990;
Moreira-Ferro et al., 1999; Ribeiro et al., 1984; Rossignol and Lueders, 1986). Exceptionally,
the mosquito genus Toxorhynchites comprises species that do not take any blood meal in the
adult stage. Their SG are monomorphic and have been proposed to be a good model of mosquito
sugar feeding (Jariyapan et al,, 2004).
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Recent sialotranscriptome analysis of adult female mosquitoes has uncovered a putative
cocktail of SG-secreted polypeptides numbering near 70 gene products (Arca et al., 2007; Arca
et al., 2005; Calvo et al., 2007a; Ribeiro et al., 2007). For most of these putative secreted
polypeptides, no functional assignment is possible based on their primary sequence. Many of
these proteins are unique to mosquitoes, and some are unique to either Culicines or Anophelines
(Arca et al., 2005; Calvo et al., 2004; Ribeiro et al., 2004b; Valenzuela et al., 2003). In an
attempt to separate secreted salivary gene products into those assisting either blood or sugar
feeding, quantitative polymerase chain reaction (PCR) or DNA microarray analysis of different
tissues and sexes have been attempted for Anopheles gambiæ (Arca et al., 2005), Ædes
ægypti (Ribeiro et al., 2007), and Ædes albopictus (Arca et al., 2007), as well as a comparative
analysis of male and female sialotranscriptomes, in the case of An. gambiæ (Calvo et al.,
2006b). In the present work, we compare the sialotranscriptome of adult Toxorhynchites
amboinensis with those of other mosquitoes to better understand the molecular evolution of
mosquitoes to blood feeding and to characterize SG protein families associated with sugar-
feeding roles.

Material and Methods
Mosquitoes

Adult Tx. amboinensis (CDC strain originating in Puerto Rico) were reared in the Insectary of
the LMVR under the expert supervision of André Laughinghouse. Larvæ were fed Æ.
ægypti larvæ, and adults were kept with cotton pieces containing a Karo solution. SG (50 pairs)
were dissected and placed into a solution of 75% RNA-Later (Ambion Inc.), 25% 1 × PBS
(RNAse free), and stored in 100% RNA-Later at −20°C for isolating polyA+ RNA.

Library construction
This was achieved exactly as before (Calvo et al., 2007a). Tx. amboinensis SG mRNA was
isolated from 50 SG pairs from adult (both males and females) mosquitoes using the Micro-
FastTrack mRNA isolation kit (Invitrogen). The PCR-based cDNA library was made following
the instructions for the SMART cDNA library construction kit (Clontech). SG polyA+ RNA
was used for reverse transcription to cDNA using PowerScript reverse transcriptase (Clontech),
the SMART IV oligonucleotide, and the CDS III/3/ primer (Clontech). The reaction was carried
out at 42°C for 1 h. Second-strand synthesis was performed by a long-distance (LD), PCR-
based protocol using the 5/ PCR primer and the CDS III/3/ primer as sense and anti-sense
primers, respectively. These two primers also create Sfi1 A and B restriction enzyme sites at
the end of nascent cDNA. Advantage™ Taq polymerase mix (Clontech) was used to carry out
the LD PCR reaction on a GeneAmp® PCR System 9700 (Perkin Elmer Corp.). The PCR
conditions were: 95°C for 20 s; 24 cycles of 95°C for 5 s; 68°C for 6 min. A small portion of
the cDNA was analyzed on a 1.1% agarose/EtBr (0.1 µg/ml) gel to check for the quality and
the range of the cDNA synthesized. Double-stranded cDNA was immediately treated with
proteinase K (0.8 µg/ml) at 45°C for 20 min. Proteinase K was removed using a Microcon
YM-100 mini-column (100,000 MWCO; Millipore) following the manufacturer's
recommendations.

The clean, double-stranded cDNA was then digested with SfiI restriction enzyme at 50°C for
2 h, followed by size fractionation on a ChromaSpin–400 drip column (Clontech). The profiles
of the fractions were checked on a 1.1% agarose/EtBr (0.1 µg/ml), and fractions containing
cDNA of more than 400 bp were pooled and concentrated by mini-column as described above.
The cDNAs were then ligated into a λ TriplEx2 vector (Clontech), and the resulting ligation
mixture was packaged using GigaPack® III Plus packaging extract (Stratagene) according to
the manufacturer's instructions. The packaged library was plated by infecting log-phase XL1-
Blue E. coli cells (Clontech). The percentage of recombinant clones was determined by
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performing a blue-white selection screening on LB/MgSO4 plates containing X-gal/IPTG.
Recombinants were also determined by PCR, using vector primers (5/ λ TriplEx2 and 3/ λ
TriplEx2 sequencing primers) flanking the inserted cDNA and visualizing the products on a
1.1% agarose/EtBr gel.

Sequencing of the Tx. amboinensis cDNA library
The Tx. amboinensis SG cDNA library was plated on LB/MgSO4 plates containing X-gal/IPTG
to an average of 250 plaques per 150-mm Petri dish. Recombinant (white) plaques were
randomly selected and transferred to 96-well Microtest™ U-bottom plates (BD BioSciences)
containing 100 µl of SM buffer (0.1 M NaCl, 0.01 M MgSO4.7 H2O, 0.035 M Tris-HCl [pH
7.5], 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 PCR, 4 µl of the phage sample was used as a template. The primers
were sequences from the λ TriplEx2 vector and named pTEx2 5seq (5/-TCC GAG ATC TGG
ACG AGC-3/) and pTEx2 3LD (5/-ATA CGA CTC ACT ATA GGG CGA ATT GGC-3/),
positioned at the 5/ and 3/ end of the cDNA insert, respectively. The reaction was carried out
in 96-well flexible PCR plates (Fisher Scientific) using Platinum SuperMix (Invitrogen) on a
GeneAmp® PCR system 9700. The PCR conditions were: 1 hold at 95°C for 3 min; 25 cycles
of 95°C for 1 min, 61°C for 30 sec; 72°C for 2 min. Amplified products were analyzed on a
1.5% agarose/EtBr gel. cDNA library clones (1100 clones) were PCR amplified; those showing
a single band were selected for sequencing. Approximately 200–250 ng of each PCR product
was used for DNA sequencing. cDNA sequencing was carried out using a BigDye® Terminator
v3.1 cycle sequencing kit (Applied Biosystems), and reaction products were analyzed on an
ABI 3730xl DNA analyzer (Applied Biosystems).

Bioinformatic tools and procedures used
This was done exactly as before (Calvo et al., 2007a). EST were trimmed of primer and vector
sequences, clusterized, and compared with other databases as previously described (Valenzuela
et al., 2003). For functional annotation of the transcripts, we used the program blastx (Altschul
et al., 1997) to compare nucleotide sequences to the NR protein database of the NCBI and to
the gene ontology database (Ashburner et al., 2000). The tool rpsblast (Schaffer et al., 2001)
was used to search for conserved protein domains in the Pfam (Bateman et al., 2000), Smart
(Letunic et al., 2002), Kog (Tatusov et al., 2003) and conserved domains databases (Marchler-
Bauer et al., 2002). We also compared the transcripts with other subsets of mitochondrial and
rRNA nucleotide sequences downloaded from NCBI, and to several organism proteomes
downloaded from the NCBI (yeast), Flybase (Drosophila melanogaster), or ENSEMBL (An.
gambiæ). Segments of the three-frame translations of EST (because the libraries are
unidirectional, we did not use six-frame translations) starting with a methionine found in the
first 100 predicted aa, 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 (http://www.cbs.dtu.dk/services/NetOGlyc/) (Hansen et al.,
1998). Functional annotation of the transcripts was based on all the comparisons above.
Following inspection of all these results, transcripts were classified as either Secretory (S),
Housekeeping (H), or of Unknown (U) function, with further subdivisions based on function
and/or protein families. Sequence alignments were performed with the ClustalX (Thompson
et al., 1997) software package. Phylogenetic analysis and statistical neighbor-joining bootstrap
tests of the phylogenies were carried out with the Mega package (Kumar et al., 2004).
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Gel electrophoresis and Edman degradation studies
This was done as described in Arcà et al. (2006), with some modifications. SDS-PAGE of
homogenized SG of Tx. amboinensis mosquitoes was done using a NuPAGE 4–12% bis-tris
gel, 1 mm thick (Invitrogen). Briefly, 50 SG pairs of adult mosquitoes were homogenized in
50 µl of TBS (50 mM Tris, 150 mM NaCl, pH 7.4) and heated to 85°C. After 10 min, the
sample was centrifuged for 30 min at 14000×g in a bench-top Eppendorf centrifuge.
Supernatant and pellet were treated with NuPAGE LDS sample buffer (Invitrogen) in the
presence of 1× reducing agent (Invitrogen). The gel was run with MES buffer according to the
manufacturer's instructions. To estimate the molecular weight of the samples, SeeBlue™ Plus2
pre-stained protein standard from Invitrogen (myosin, phosphorylase, BSA, glutamic
dehydrogenase, alcohol dehydrogenase, carbonic anhydrase, myoglobin red, lysozyme,
aprotinin, and insulin, chain B) was used. The gel was stained with Coomassie blue (0.2%, v/
v). For aminoterminal sequencing of the salivary proteins, the gel was transferred to
polyvinylidene difluoride (PVDF) membrane using 10 mM CAPS, pH 11.0, 10% methanol as
the transfer buffer on a blot module for the XCell II Mini-Cell (Invitrogen). The membrane
was stained with Coomassie blue (0.02% in the absence of acetic acid). Stained bands were
cut from the PVDF membrane and subjected to Edman degradation using a Procise sequencer
(Perkin-Elmer Corp.). More details can be obtained in a previous publication (Francischetti et
al., 2002). To find the cDNA sequences corresponding to the aa sequence—obtained by Edman
degradation of the proteins transferred to PVDF membranes from PAGE gels—we wrote a
search program (in Visual Basic) that evaluated these aa sequences against the three possible
protein translations of each cDNA sequence obtained in the mass sequencing project or against
the full-length sequences derived in this work. For details, see (Valenzuela et al., 2002b).

Results and Discussion
Preliminary characterization of the salivary proteome of Tx. amboinensis

To obtain information on the most abundant proteins in the SG of Tx. amboinensis, SG
homogenates of 50 SG pairs of adult mosquitoes were separated by sodium dodecyl sulfate
polyacrylamide electrophoresis (SDS-PAGE), the protein transferred to a PVDF membrane,
and the stained bands submitted to Edman degradation. Nine bands yielded useful information,
by being assigned either to predicted sequences from our clusterized database or to the Æ.
ægypti proteome (in the latter case, the sequences in Fig. 1 have the name 'Ædes' indicated).
These results are summarized in Fig. 1. Descriptions of the proteins thus identified are provided
below.

cDNA library characteristics
A total of 1,035 clones was used to assemble a clusterized database (Supplemental Table S1),
yielding 472 clusters of related sequences, 433 of which contained only one expressed sequence
tag (EST). The consensus sequence of each cluster is named either a contig (deriving from two
or more sequences) or a singleton (deriving from a single sequence); in this paper, for simplicity
sake, we will use the name 'cluster' to denote sequences deriving both from consensus
sequences and from singletons. The 492 clusters were compared by blastx, blastn, or rpsblast
(Altschul et al., 1997) to the nonredundant (NR) protein database of the National Center for
Biotechnology Information (NCBI), to the gene ontology database (Ashburner et al., 2000),
to the conserved domains database of the NCBI (Marchler-Bauer et al., 2002), and to a custom-
prepared subset of the NCBI nucleotide database containing either mitochondrial or rRNA
sequences. Because the libraries used are unidirectional, the three-frame translations of the
dataset were also derived, and open-reading frames starting with a methionine and longer than
40 amino acid (aa) residues were submitted to the SignalP server (Nielsen et al., 1997) to help
identify putative secreted proteins (S). The EST assembly, BLAST, and signal peptide results
were transferred into an Excel spreadsheet for manual annotation.
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Four categories of expressed genes derived from the manual annotation of the contigs. The S
category contained 6.6% of the clusters and 53.1% of the sequences, with an average number
of 17.7 sequences per cluster. While the percentage of total sequences in the S category is
within the values registered for other transcriptomes, the number of sequences per cluster is
larger and the percentage of clusters is smaller than in previous sialotranscriptomes, indicating
a lesser complexity of secreted salivary products in Toxorhynchites. The housekeeping (H)
category had 8.3% and 5.7% of the clusters and sequences, respectively, and an average of 1.5
sequences per cluster. Eighty-five percent of the clusters, containing 41.1% of all sequences,
were classified as unknown (U) because no assignment for their function could be made; they
had an average of 1.1 sequence per cluster. A good proportion of these transcripts could have
derived from truncated 3/ or 5/ untranslated regions of genes of the above two categories, as
was recently indicated for a sialotranscriptome of An. gambiæ (Arca et al., 2005). Probable
transposable elements originated one singleton representing either active transposition or, more
likely, expression of transposable element regulatory transcripts in Tx. amboinensis.
Transposable element transcripts have been a regular finding in most sialotranscriptomes to
date.

H genes
The 39 clusters (comprising 59 EST) attributed to H genes expressed in the SG of Tx.
amboinensis were further characterized into 14 subgroups according to function (Table 1). As
observed in previous sialotranscriptomes (Francischetti et al., 2002; Ribeiro et al., 2004a;
Ribeiro et al., 2004b), the two larger sets were associated with protein synthesis machinery (45
EST in 26 clusters) and with energy metabolism (4 clusters containing 4 EST). Additional
inspection of each cluster for further information can be done online with Supplemental Table
S1. Fig. 1 indicates the presence of protein bands in the SDS-PAGE experiment matching Æ.
ægypti calreticulin and protein disulfide isomerase, which are involved in protein modification
events and have been a typical find in mosquito sialotranscriptomes.; however, no transcripts
coding for these two proteins were found in the transcriptome.

S proteins and peptides
Supplemental Table S1 indicates the presence of several gene families previously described in
the SG of mosquitoes, including the mucins, amylase, and members of the protein families
named 56-kDa, 41.9-kDa, 30.5-kDa, 23-kDa, and antigen 5 (Ag5), as well as immunity-related
products such as lysozyme, Gram-negative binding protein, and one serine protease, possibly
involved in the prophenoloxidase activation cascade. Of interest, 2 clusters containing a total
of 257 EST, or nearly 50% of all transcripts of the S class, code for peptides containing
histidine-rich motifs that might have antimicrobial activity (Lai et al., 2004; Rothstein et al.,
2002). A summary of these transcript families organized by their abundance is shown in Table
2. It is also interesting that of the 31 clusters of the S class, 8 gave a best match by blastx to
the NR database to Æ. ægypti proteins, 6 to Æ. albopictus, 3 to Culex pipiens, 1 to Culicoides
sonorensis, and 1 to a Drosophila melanogaster protein. The remaining clusters had low
significance (< 1e-7) values to proteins of these or other organisms, but no anopheline species
produced a best match, in agreement with the close proximity of the Toxorhynchites genus to
the culicines (Shepard et al., 2006).

Analysis of the adult female Tx. amboinensis sialotranscriptome coding for putative secreted
polypeptides

Supplemental Table S1 can be accessed online for a detailed description of the transcripts found
in the SG of adult Tx. amboinensis, as follows (underlined blue text indicates hyperlinks with
supportive information):
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Putative secreted proteins belonging to ubiquitous protein families
Enzymes

Supplemental Table S1 presents coding sequences for the enzymes amylase (45 EST in 1
cluster), lysozyme (24 EST in 4 clusters), a serine protease (1 transcript matching a 372-aa-
long serine protease of Æ. ægypti), and an endonuclease (2 EST in 1 cluster). All these types
of transcripts were previously found in all mosquito sialotranscriptomes done to date, except
for the endonuclease, which was found only on in those of Culex pipiens quinquefasciatus
(Ribeiro et al., 2004b), where the secreted recombinant enzyme was studied (Calvo and
Ribeiro, 2006), and Phlebotomines (Anderson et al., 2006; Oliveira et al., 2006). Transcripts
coding for the other enzymes are most probably associated with sugar feeding and antimicrobial
activity. Endonuclease may participate in Toxorhynchites with an antimicrobial activity.
Alternatively, it could have a housekeeping role, and indeed we do not know from the truncated
transcripts whether the full-length coding sequence has a signal peptide indicative of secretion.
The SDS-PAGE experiments revealed Edman degradation products for lysozyme and amylase
in the expected regions of the gel according to their molecular masses (Fig. 1B). Note also that
the band coinciding with the amylase N-terminus is the strongest protein band in the gel shown
in Fig. 1B.

Gram-negative bacteria binding protein
One truncated transcript codes for a 43-aa stretch, with 81% identity, of the carboxy terminus
of Æ. ægypti Gram-negative bacteria-binding protein. Together with the serine protease, this
protein may participate in tagging bacteria to surface activation of the prophenoloxidase
cascade.

Ag5 family
This is a family of secreted proteins that belong to the CAP family (cysteine-rich secretory
proteins; Ag5 proteins of insects; pathogenesis-related protein 1 of plants) (Megraw et al.,
1998). The CAP family is related to venom allergens in social wasps and ants (Hoffman,
1993; King and Spangfort, 2000) and to antifungal proteins in plants (Stintzi et al., 1993;
Szyperski et al., 1998). Members of this protein family are found in the SG of many blood-
sucking insects and ticks (Francischetti et al., 2002; Li et al., 2001; Valenzuela et al., 2002b).
In An. gambiæ, four such proteins were identified in sialotranscriptomes, but only one (putative
gVAG protein precursor) had coding transcripts enriched in adult female SG (Arca et al.,
2005). In Æ. ægypti and Æ. albopictus, three and four gene products of this protein family
were described, respectively, but only one member of the family appears to be female specific
(Arca et al., 2007; Ribeiro et al., 2007). Two truncated transcripts were found in the Tx.
amboinensis sialotranscriptome, being 56% identical to an Æ. ægypti and Æ. albopictus Ag5
proteins on a 65-aa stretch of the carboxy terminus of these proteins. This finding is in
accordance with the Ag5 family in mosquitoes comprising both female-specific and female-
nonspecific salivary transcripts.

Secreted protein families found exclusively in mosquitoes
Mucins

Transcripts coding for putative mucins constitute near 20% of secreted transcripts, with 101
EST in 4 clusters. The derived full-length polypeptides are rich in serine and threonine residues
that can contain O-linked galactosamine. Mucins may be important for lining the chitinous
salivary ducts, in addition to other possible roles. Among this class of transcripts, we here
include the full-length sequence of TX-12, homologous to Culex and Ædes proteins and
containing 16 predicted glycosylation sites in its mature aminoterminal domain; TX-10, similar
to Ædes mucins and peritrophins; and TX-4, also uniquely similar to Ædes salivary proteins.
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Supplemental Table S2 presents detailed data on these and other full-length salivary transcripts
of Tx. amboinensis. Evidence for expression of TX-10 was found in a region of the gel
compatible with the predicted mature molecular mass (12 kDa), indicating this protein may
not be heavily glycosylated.

56-kDa family
This protein family is found exclusively in the SG of culicines and anophelines. In An.
gambiæ, a single gene is apparent for this protein (Arca et al., 2005), and this appears to be the
case for Æ. ægypti and most likely also for other mosquito species including Æ. albopictus
and Cx. p. quinquefasciatus. In An. gambiæ, Æ. ægypti, and Æ. albopictus, the gene coding
for the 56-kDa protein was found expressed in female SG and in male mosquitoes (Arca et al.,
2005). This protein family is abundantly expressed in Tx. amboinensis SG, where 30 EST in
2 clusters were found. The larger cluster, with 23 sequences, produces a truncated product
matching one half of Cx. p. quinquefasciatus 56-kDa protein, with 40% identity. It is possible
that the 56-kDa protein family plays a role as an antimicrobial agent in the crop-stored sugar
meal. Although we did not obtain any full-length transcripts coding for Tx. amboinensis, the
SDS-PAGE experiment in Fig. 1B shows a band near the 62-kDa marker that matches the N-
terminal sequence of Æ. ægypti 56-kDa protein, suggesting expression of this protein.

Proteins found to date only in culicine SG transcriptomes, unknown function
This class of transcripts was previously found only in Ædes and Culex mosquitoes (Arca et
al., 2007; Ribeiro et al., 2007; Ribeiro et al., 2004b), despite extensive transcriptome coverage
of An. gambiæ (Arca et al., 2005) as well as genomic searches in the same mosquito. Finding
these transcripts in Toxorhynchites indicates that this genus shared a common ancestor with
Culicines after the divergence of anophelines, in support of current mosquito phylogeny
(Shepard et al., 2006).

41.9-kDa basic protein family
Members of this family are found in Cx. p. quinquefasciatus, Æ. ægypti, and Æ. albopictus.
No other significant similarities occur when these sequences are compared with the NR protein
database. Previous RT-PCR expression analysis of this protein in Æ. albopictus indicated
expression of this gene both in female glands and in adult males (Arca et al., 2007), consistent
with the finding of 9 transcripts in Tx. amboniensis sialotranscriptome producing 41% identity
to the Æ. ægypti homolog over a 236-aa stretch. The function of members of this family is
presently unknown.

30.5-kDa family
Two genes coding for proteins of ~30.5 kDa (not to be confused with the 30-kDa/GE-rich
protein family) were found as a tandem repeat in the genome of Æ. ægypti (Ribeiro et al.,
2007). Similarly, two transcripts were also found in Æ. albopictus, named 27-kDa family,
unfortunately (Arca et al., 2007). Both genes in Æ. ægypti are significantly overtranscribed in
the sialotranscriptome when compared with other transcriptomes; additionally, RT-PCR
studies in Æ. ægypti (Ribeiro et al., 2007) indicate enrichment in the female SG or exclusive
expression in the same organ. Toxorhynchites cluster TX-contig_18, with 6 EST, codes for the
last 100 aa of its Æ. ægypti homolog, indicating this protein family has a role in sugar feeding
or that, in Toxorhynchites, it has evolved to function differently from Ædes counterparts.

23.4-kDa family
This protein family was found in salivary transcriptomes of Cx. p. quinquefasciatus, Æ.
ægypti, and Æ. albopictus. Five truncated EST in the Toxorhynchites sialotranscriptome
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assembled into TX-contig_20 to provide matches to the three known Culicine proteins. In
Ædes, the family was found transcribed in female SG and in male mosquitoes by RT-PCR
(Arca et al., 2007; Ribeiro et al., 2007). In accordance with its being found in Toxorhynchites,
this protein family may assist sugar feeding as an antimicrobial agent.

Other putative secreted proteins
This group includes transcripts coding for novel polypeptides or polypeptides not ubiquitously
found in other mosquito sialotranscriptomes.

Histidine-rich 8-kDa peptides
Two clusters of EST—representing one quarter of the total transcriptome and nearly half of
all transcripts coding for putative secreted products—code for two peptides with mature mass
of 8.1 and 8.6 kDa and containing domains rich in histidine, mostly GH or GHH repeats found
in metal chelators or metal transporters. TX-3, devoid of cysteines, is similar to a previously
described salivary protein from C. sonorensis, as it shares a similar signal peptide and GHH
repeats located in the aminoterminal region of the mature peptide. TX-1 is similar to a peptide
of similar length found previously only in Æ. albopictus sialotranscriptomes, the GHGHGH-
rich region in the Toxorhynchites sequence being substituted for a HHHHH stretch in Ædes.
As mentioned above, these peptides may belong to a class of histidine-rich antimicrobial
peptides (Lai et al., 2004; Rothstein et al., 2002). They may work by sequestering Ni or Zn,
which are trace metals essential for bacterial growth. These two polypeptides appear to be
abundantly expressed, as indicated in Fig. 1A. The polypeptide TX-3, which has a predicted
molecular mass of 8.1 kDa (Edman result if Fig. 1A begins with 'ARF…'), shows mobility in
SDS-PAGE indicative of > 20 kDa, indicative of some post-translation modification or
polymerization. This peptide is associated with the strongest staining protein band in Fig. 1A.
TX-1 is also detected in the gel band with Edman degradation beginning with 'HGHGH…' in
Fig. 1A, with a gel mobility consistent with a 20-kDa mass, more than double that predicted
of 8.6 kDa. These two peptides have one and four predicted O-galactosylation sites that could
explain their gel mobility.

PolyQ secreted protein
TX-contig_7, with 37 EST, codes for a low complexity product with a signal peptide indicative
of secretion. The predicted mature basic protein (pI = 8.5) has a long polyglutamine repeat on
its mature amino terminus and is rich in serine and threonine in its carboxy terminus, with up
to 12 predicted glycosylation sites. Polyglutamine peptides are known to form peculiar water-
filled nanotubes (Perutz et al., 2002; Sharma et al., 2005). TX-7 thus is an unusual protein with
one mucous and one nanotube ends. Polyglutamine repeats are normally found in large
intracellular proteins associated with signal transduction or transcription factor activities. To
attempt further characterization of this unique product, we scanned 3,952,268 sequences of the
NR protein database for proteins starting with a methionine and having at least eight
consecutive glutamines residues. A total of 8,240 proteins satisfied this requirement, of which
633 had a signal peptide indicative of secretion and only 42 had molecular weight of the mature
peptide lower than 20 kDa, indicating the rarity of this type of polypeptide.

Unremarkable secreted peptide
TX-contig_13 was assembled from 11 transcripts and codes for a secreted peptide with mature
mass of 7.3 kDa. It has no cysteines or glycosylation sites and produces no significant matches
to the NR database even without the filter for low complexity regions. It is unremarkable, and
its function is unknown.
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30 kDa-like 6.5-kDa peptide
TX-contig_14, assembled from 10 transcripts, produces blast matches to an Æ. albopictus
member of the 30-kDa salivary antigen representing 29% identity and 48% similarity to the
first 72 aa of the > 200 aa-long protein. On close inspection, the majority of the matches are
to the signal peptide region of the Ædes protein. TX-14, however, is a 6.5-kDa peptide, much
shorter than the members of the 30-kDa antigen family, which is uniquely found in adult female
sialotranscriptomes (Arca et al., 2007; Arca et al., 2005; Calvo et al., 2006b; Ribeiro et al.,
2007). The 30 kDa antigen in Ae. aegypti was recently shown to inhibit collagen-induced
platelet aggregation (Calvo et al., 2007b). This Toxorhynchites peptide may have originated
from a member of the 30-kDa antigen family to produce a product with a different function.

Concluding remarks
The accumulating information on mosquito sialotranscriptomes—including male and female
An. gambiæ as well as female Anopheles stephensi, Anopheles funestus, Anopheles darlingi,
Æ. ægypti, Æ. albopictus, Cx. p. quinquefasciatus, and now Tx. amboinensis—is helping to
distinguish the unique salivary composition of mosquitoes. In the present case, the
sialotranscriptome of Tx. amboinensis presents useful information both on the matches to
previous salivary proteins and also for some remarkable absences. Finding proteins such as
amylase, serine proteases, Gram-negative binding protein, and lysozyme is not surprising but
reinforces the presumed functions ascribed in sugar feeding. On the other hand, finding
Toxorhynchites homologs of unique mosquito families of unknown function, namely members
of the 56-kDa, 41.9-kDa, 30.5-kDa, and 23.4 kDa families, indicates a role for these proteins
as relatively large antimicrobial agents, or they may represent some yet-unknown structure
with glycosidase activity. Expression of these proteins followed by antimicrobial and
enzymatic assays on carbohydrate substrates should be the natural course of this research.
Unique polypeptides were also described: a novel mucin containing a polyglutamine domain,
and histidine-rich peptides possibly with antimicrobial function. Notably absent from the list
are enzymes associated with purine degradation, such as apyrase and adenosine deaminase,
protease inhibitors, and members of the D7 family of salivary proteins. Also absent are
members of the 62-kDa and 34-kDa families, 30-kDa antigen, basic 7.6-kDa peptide, and basic
3.8-kDa peptide. Many of these absent families were abundantly transcribed in Ædes and Culex
transcriptomes (Arca et al., 2002; Calvo et al., 2006a; James et al., 1991; Valenzuela et al.,
2002a), and their complete absence in over 1,000 transcripts is significant, indicating that these
families may play a role in blood feeding. Expression of these proteins in hemostasis and
inflammation bioassays may help to uncover their function. While we take another step toward
understanding the evolution of blood feeding by mosquitoes, we categorize the possible role
of many novel protein families that might have an impact in human physiology or potential to
act as novel antimicrobial agents.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Coomassie blue-stained PVDF membrane resulting from transfer of SDS-PAGE of 50 pairs
of homogenized glands of adult T. amboinensis. Sample was heated for 10 min at 85°C and
spun down before loading onto a NuPAGE gel (A) the supernatant and (B) the pelleted material.
Molecular weight markers are shown on the left of each gel. Indicated to the right of each gel
are the Edman degradation product obtained from the band and the best match to proteins
deducted either from this work or from Ædes ægypti (indicated by Aedes). Lower cases in the
peptide sequence indicate a mismatch in the sequence. PDI, protein disulfide isomerase; CR,
calreticulin.
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