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Abstract

Over the last 20 years, advancements in sequencing technologies have highlighted the unique
composition of the salivary glands of blood-feeding arthropods. Further biochemical and structural
data demonstrated that salivary proteins can disrupt host hemostasis, inflammation and immunity,
which favors pathogen transmission. Previously, a Sanger-based sialome of adult Ochlerotatus
triseriatus female salivary glands was published based on 731 expressed sequence tag (ESTS).
Here, we revisited O. triseriatus salivary gland contents using an Illumina-based sequencing
approach of both male and female tissues. In the current data set, we report 10,317 DNA coding
sequences classified into several functional classes. The translated transcripts also served as a
reference database for proteomic analysis of O. triseriatus female saliva, in which unique peptides
from 101 proteins were found. Finally, comparison of male and female libraries allowed for the
identification of female-enriched transcripts that are potentially related to blood acquisition and
virus transmission.

1. Introduction

The mosquito Ochlerotatus triseriatus, also known as Aedes triseriatus (Reinert, 2000), is
the main vector of La Crosse virus (LACV) in North America (Borucki et al., 2002). LACV
belongs to the Orthobunyavirus genus and is the etiological agent of La Crosse encephalitis
(LACE) (Beaty and Calisher, 1991). A predominately pediatric disease, LACE has a low
mortality rate (0.5%) and generally causes mild symptoms, including fever, lethargy and
headaches. However, a small subset of patients display long-term complications such as
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seizures and cognitive impairment (Rust et al., 1999; McJunkin et al., 2001). LACV is
maintained in nature through a cycle involving O. triseriatus and small mammals such
as chipmunks and tree squirrels. Additionally, infected female mosquitoes can vertically
transmit LACV to their progeny (Beaty and Calisher, 1991).

It is well established that mosquito saliva contains a complex mixture of proteins with
several potent pharmacological activities that interfere with vertebrate host hemostasis,
inflammation and immunity (Ribeiro and Arca, 2009). Moreover, it has been demonstrated
that mosquito saliva facilitates arbovirus transmission to vertebrate hosts (Le Coupanec et
al., 2013; Agarwal et al., 2016; Sun et al., 2020), prompting the idea of using salivary
proteins as potential targets for vaccine development (Manning et al., 2018). Mosquito saliva
also plays a role in sugar feeding (James and Rossignol, 1991; Lehane, 2010).

In the last two decades, advancements in sequencing technologies and improvements in
assembly and annotation tools (van Dijk et al., 2014) established a cost-efficient way to
explore the salivary gland contents (sialome) from a plethora of hematophagous vectors
(Ribeiro and Arca, 2009). Detailed sialome studies of several mosquito species paired

with biochemical and structural data highlighted their unique composition and allowed for
the identification of specific Aedes (Arca et al., 2007; Ribeiro et al., 2016), Anopheles
(Francischetti et al., 2002; Valenzuela et al., 2003; Calvo et al., 2006a) and Culex (Ribeiro
et al., 2004, 2018) salivary proteins. However, the composition of O. triseriatus salivary
glands has been less studied, with only a single Sanger-based transcriptome study published
(Calvo et al., 2010) and a handful of salivary activities demonstrated (Reno and Novak,
2005; Ribeiro et al., 1994). Here we present a deeper insight into the salivary gland contents
of O. triseriatus females using a next generation sequencing method paired with mass
spectrometry analysis. We also carried out a sialome analysis of O. triseriatus males, and sex
comparisons allowed for the identification of female-enriched transcripts that can potentially
contribute to blood feeding and virus transmission. This work not only represents the first
transcriptome of male O. triseriatus mosquitoes but also expands the current repertoire of
mosquito salivary proteins, serving as reference for further studies in the absence of an O.
triseriatus genome.

Materials and methods

Mosquito rearing

The O. triseriatus colony originated from larvae collected from used tires in Waterford, CT,
US that were generously donated by Dr. Doug E. Brackney (The Connecticut Agricultural
Experiment Station, New Haven, CT). Briefly, all mosquito stages were maintained at 28
°C, 80% relative humidity, with a 12-h light/dark cycle. Eggs were collected from blood-fed
females on wet fluted filter paper and were stored moist for at least two weeks to allow
complete embryo development. Stored eggs were immersed in cups containing distilled
water, and hatching was synchronized in a vacuum chamber. Stage 1 larvae were transferred
to large trays containing 1 L of distilled water. Two days post-hatch, stage 2 larvae were
distributed in trays at low density (~200 larvae per liter of distilled water per tray). Larvae
were fed on fish food (TetraMin) until the pupa stage was reached. In our conditions,
pupation usually occurred on day 7 post-hatch. Pupae were transferred to cups containing
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distilled water without fish food and were placed inside a cage. Adults were fed with

sugar (cotton balls immersed in 10% Karo syrup placed on top of the cages). Adults of

at least 4 days old were used for blood feeding. The day before blood feeding, the sugar
cotton balls were replaced with cotton balls soaked in distilled water. Mosquitoes were fed
using artificial membrane feeders (NDS Technologies, Inc, Vineland, NJ, US) covered with
Parafilm® M (Amcor, Ann Arbor, MI, US) filled with bovine whole blood in ACD obtained
from Lampire Biological Laboratories (Pipersville, PA, US) supplemented with 2.4 mM
ATP.

2.2. Salivary glands and saliva collection

Salivary glands from sugar-fed adult mosquitoes (1- to 3-day old) were dissected under a
stereomicroscope in sterile PBS pH 7.4 and immediately transferred to an Eppendorf tube
containing 100 pl of TRIzol (Invitrogen). Pools of salivary glands (50 pairs from females
and 100 from males) were stored at —80 °C until RNA extraction. More male than female
salivary glands were used to account for their lower number of transcripts (Ribeiro et al.,
2016). Three biological replicates per male and per female were used for transcriptomic
analysis. Saliva from starved female O. friseriatus mosquitoes was collected as described
previously (Kern et al., 2021). Briefly, 5- to 8-day old female O. triseriatus mosquitoes were
starved for 12 h, transferred to Petri dishes, and sedated on ice for 10 min. Mosquitoes

were secured to double-sided tape by sticking their dorsa and wings to the tape. To

promote salivation, mosquitoes were intrathoracically injected with 200 nL of 10.8 mg/mL
pilocarpine hydrochloride (Sigma P6503, St. Louis, MO, US) and were incubated at 27 °C
for 1 h prior to saliva collection. Mosquito salivation was initiated by inserting mouthparts
in P10 pipette tips containing 1 uL of mineral oil. The hypopharynx was carefully separated
from the outer sheath of the proboscis using fine forceps to encourage a higher yield of
saliva. Mouthparts were left partially inserted to avoid submersion of the maxillary palps.
Mosquitoes were left to salivate for 1 h, and the resulting emulsion of saliva and mineral oil
was expelled into a Protein Lo-Bind tube (Eppendorf, Enfield, CT, US) containing 10 pL of
PBS. The sample was centrifuged at 20,000x g for 5 min. The aqueous phase was recovered,
and the concentration of the resulting protein solution was measured by spectrophotometry
(DS-11, DeNovix). Two saliva samples were recovered from 50 mosquitoes each, containing
1.94 mg/mL and 1.03 mg/mL of protein, respectively.

2.3. Library preparation, sequencing, and analysis

Total RNA from mosquito salivary glands was isolated using TRIzol (Invitrogen) according
to the manufacturer’s instructions. RNA purity was checked using the NanoPhotometer®
spectrophotometer (IMPLEN, CA, US), and RNA integrity and quantitation were assessed
using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies,
CA, US). A total amount of 1 ug RNA per sample was used as input material for

the RNA sample preparations. Sequencing libraries were generated using NEBNext®
UltraTM RNALibrary Prep Kit for Illumina® (NEB, US) following the manufacturer’s
instructions. Briefly, mRNA was purified from total RNA using poly-T oligo-attached
magnetic beads. Fragmentation was carried out using divalent cations under elevated
temperature in NEBNext First Strand Synthesis Reaction Buffer (5X) or by sonication with
Diagenode Bioruptor Pico for breaking RNA strands. First strand cDNA was synthesized
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using random hexamer primer and M-MuLV Reverse Transcriptase (RNase H-). Second
strand cDNA synthesis was subsequently performed using DNA Polymerase | and RNase H.
Remaining overhangs were converted into blunt ends via exonuclease/polymerase activities.
After adenylation of DNA fragment 3" ends, NEBNext Adaptor with hairpin loop structure
were ligated to prepare for hybridization. To select cDNA fragments of ~150-200 bp in
length, the library fragments were purified with AMPure XP system (Beckman Coulter,
Beverly, US). Three microliters of USER Enzyme (NEB, US) were used with size-selected,
adaptor-ligated cDNA at 37 °C for 15 min followed by 5 min at 95 °C before PCR. PCR
was performed with Phusion High-Fidelity DNA polymerase, Universal PCR primers and
Index (X) Primer. PCR products were purified (AMPure XP system) and library quality

was assessed on the Agilent Bioanalyzer 2100 system. The fastq files were trimmed of the
Illumina adapters and low-quality sequences (Q < 20) using TrimGalore (https://github.com/
FelixKrueger/TrimGalore), merged into a single file and assembled using Abyss (Simpson et
al., 2009) with k values from 25 to 95 (with increments of 10) in single-stranded mode and
Trinity (Grabherr et al., 2011) in single-stranded F mode. The assemblies from Abyss and
Trinity were combined and filtered using CD-HIT (Fu et al., 2012). Coding DNA sequences
(CDS) with an open reading frame (ORF) larger than 150 nucleotides (nt) were extracted
based on BLASTp results to a subset of the non-redundant protein database and selected

if they began with a methionine and if fragments shared =70% similarity with a matching
protein. Additionally, all ORFs starting with a methionine and having at least 40 aa in length
were submitted to the signalP program (v. 3.0) (Bendtsen et al., 2004). The fragments that
presented a putative signal peptide were mapped to the ORFs, and the most 5” methionine
was selected as the starting methionine of the transcript. To assess assembly quality, the
BUSCO benchmark for universal single-copy orthologs using the Diptera database was used
(Seppey et al., 2019). For annotation, we used an in-house program that scans a vocabulary
of ~400 words and their order of appearance in the protein matches from BLASTp results,
including their e-values and coverage. Relative quantification of CDS was performed by
mapping the library reads to the extracted CDS using the RSEM tool (Li and Dewey, 2011).
The annotated CDSs were exported to a hyperlinked Excel spreadsheet.

2.4. Proteomic analysis of mosquito saliva

Saliva samples from O. triseriatus females were reduced in solution containing 50 mM
HEPES, pH 8.0, 10% acetonitrile and 5 mM DTT at 37 °C for 40 min. After cooling

to room temperature, the samples were supplemented with iodoacetamide to give a final
concentration of 15 mM. After 15 min of alkylation, 200 ng of trypsin were added, and
the samples were incubated at 37 °C for 15 h in a final volume of 40 pl. The solution

was evaporated to near dryness under vacuum at 50 °C. Twenty-five microliters of 0.1%
trifluoroacetic acid were added, and the pH was adjusted to 2.5 with the addition of 10%
trifluoroacetic acid. Samples with an estimated protein content of less than 2 pg were
desalted and concentrated with C18 pZip Tips. Samples containing up to 10 ug of protein
were desalted with C18 OMIX 10 solid phase extraction tips. The digests were eluted with
0.1% TFA, 50% acetonitrile and dried under vacuum. The peptides were dissolved in 12
ul 0.1% formic acid, 3% acetonitrile, which was used as the injection solvent. Digested
peptides were subjected to the LC-MS analysis using Orbitrap Fusion mass spectrometer
(ThermoFisher Scientific, West Palm Beach, FL, US) connected with an EASY nLC 1000
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liquid chromatography system. Nano-LC was carried out with a 5 pL injection onto a
PepMap 100 C18 3-um trap column (2 cm, ID 75 um) and a 2 um PepMap RSLC C18
column (25 cm, ID 75 pm), both from ThermoFisher Scientific. The LC was operated

at a 300 pL/min flow rate with a 100-min linear gradient from 100% solvent A (0.1%
formic acid, and 99.9% water) to 40% solvent B (0.1% formic acid, 20% water, and

79.9% acetonitrile) followed by a column wash. A standard data-dependent acquisition was
performed with a full MS spectrum and obtained by the Orbitrap for m/z 400-2000 at the
resolution of 120000 with EASY-IC calibration. The precursor ions, with charges from 2 to
8, were selected, isolated (1.6 m/z window), fragmented by CID, then scanned by the lon
Trap. Survey scans were performed every 2 s, and the dynamic exclusion was enabled for 30
S.

Acquisitions were searched against the NCBInr (06/2020) proteome using PEAKS v10
(Bioinformatics Solutions Inc, Ontario, CA) and a semitryptic search strategy with
tolerances of 6 ppm for MS and 0.5 Da for MS/MS, and carbamidomethylation of cysteine
as a fixed modification and oxidation of methionine as a dynamic modification allowing for
two missed cleavages. Peptides were filtered with a 0.5% false discovery rate (FDR) using a
decoy database approach and a 2 spectral matches/peptide requirement.

2.5. Statistical analysis

2.6.

Differential expression analysis between females and males was carried out using the EdgeR
package (Robinson et al., 2010) for R (Team, 2020). Statistical significance was considered
when p < 0.05 and FDR <0.05. The heat map was made using the gplots package for R.

Data availability

The transcriptome data was deposited to the National Institute for Biotechnology
Information (NCBI) under Bioproject PRINA793857 and Biosample accessions
SAMN24587577. The raw reads were deposited to the Short Reads Archive of the NCBI
under accessions SRR17427549 — SRR17427554, and the assembled CDS was deposited
to the Transcriptome Shotgun Assembly (TSA) under accession GJYJ00000000. The raw
proteomic data was deposited to the ProteomeX change platform under the accession
number PXD033588.

3. Results and discussion

3.1. Overall description of the O. triseriatus sialome

After removing adapter and low-quality sequences, we obtained a total of 112,826,168
reads. The de novo assembly using abyss and trinity generated over 180,000 sequences
from which 20,772 CDS were extracted based on their homology with previously identified
proteins or by the presence of a putative signal peptide. The relative quantification of

each CDS was performed using the RSEM tool. The libraries from female O. triseriatus
presented 41.3% + 1.4% of mapped reads, which is in range with other sialomes from
blood feeders (Ribeiro et al., 2017; Tirloni et al., 2020). Similar values were observed

in two male mosquito libraries (40.8% and 43.6%). However, one of our male samples
(male sample 1) presented 28.7% of mapped reads and had the highest number of primer

Insect Biochem Mol Biol. Author manuscript; available in PMC 2022 September 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal.

Page 6

contaminants (~40%) in comparison to the other samples (24% + 1.4%). Therefore, this
sample was removed from downstream analyses, including differential expression analysis
between males and females.

The remaining unmapped reads (~58.3%) were potentially from the 5" and 3° CDS UTRs,
from non-coding RNA, or from any sequence that failed to be extracted because it did

not generate an ORF with at least 150 nt, lacked a putative signal peptide, or failed to
produce matches against previously deposited proteins. Another possible explanation for the
unmapped reads could be the presence of a bias in our de novo strategy used to assemble
the CDS. To address this issue, we performed a BUSCO analysis of completeness using

the Diptera database as reference. The current dataset displayed a completeness of 70.7%
(65% single and 5.7% duplicated), 3.1% of fragmentation and 26.2% of missing sequences,
which is within range of previous genomic assemblies and other transcriptome assemblies
(Tirloni et al., 2020; Waterhouse et al., 2019; Lu et al., 2022), indicating no major bias in our
strategy.

For annotation and transcript differential expression analysis between females and males,
we selected CDS with at least 150 nt and 3 transcripts per million (TPM), resulting in
10,317 CDS. The heat map plot using the normalized TPM from each CDS resulted

in the clusterization of the female samples, while higher variability was found in male
libraries (Fig. 1). The annotated CDS were exported to a hyperlinked Excel spreadsheet
(Supplementary file 1). Functional classification of the filtered CDS into 27 groups revealed
that proteins belonging to the ‘secreted’ group were the most abundant salivary proteins
(Fig. 2) in both males, with an average of 862 CDS representing 52.3% of all mapped
reads, and females, with an average of 997 CDS accounting for 57.6% of all mapped reads.
Proteins involved in carbohydrate metabolism were the second most abundant functional
group with 138 CDS (14.3%) in males and 166 CDS (4.5%) in females (Supplementary
Table 1). These findings are in accordance with the previous sialome of adult O. triseriatus
female mosquitoes (Calvo et al., 2010).

We identified 33 protein families in the ‘secreted’ class in the current dataset. Similar to
other mosquito sialomes (Ribeiro et al., 2016; Valenzuela et al., 2003), the most abundant
salivary protein family found in O. friseriatus females was the D7 family, with 13 CDS
accounting for 44% of all secreted proteins (Table 1), followed by aegyptin-like proteins
(4 CDS, 12%) and conserved proteins with unknown function (177 CDS, 12%). In males,
conserved proteins with unknown function and unknown proteins (728 CDS) accounted
for 75% of all secreted proteins, highlighting the major knowledge gap between male and
female salivary proteins.

Comparison of the relative CDS quantification from females and males using the Edge

R package identified 285 differentially expressed transcripts (p < 0.05 and FDR <0.05),
with 200 transcripts upregulated and 85 transcripts downregulated in females (Table 2,
Supplementary file 2). As expected, transcripts from the ‘secreted’ class, which have been
previously shown to be related to blood acquisition, presented the highest number of
differentially expressed transcripts (Table 3), highlighting the ‘magic potion’ that blood
feeding arthropods possess to counteract host homeostasis and immunity.
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3.2. Overall description of the saliva from O. triseriatus females

In addition to male and female salivary gland transcriptomics, we performed mass
spectrometry on female O. triseriatus saliva. After data filtering, peptides from 101 proteins
were identified, from which 80 were identified in sample 1 and 91 identified in sample 2
(Supplementary file 3). Despite the presence of proteins that were only identified in one

of the samples, the heat map plot of the Log, (AUC) revealed a similar pattern between

the two samples (Fig. 3). Additionally, most proteins that were observed in a single sample
were identified in low abundances, suggesting that these proteins are present in lower
concentrations in O. triseriatus saliva, which could explain why they were not found in both
samples.

Further inspection of the LC-MS data revealed, in accordance with the transcriptome, that
the D7 family is the most abundant and most represented salivary protein from O. triseriatus
saliva. In the current data set, we identified 11 proteins belonging to the D7 family, and
together they accounted for 50.6% of all proteins identified by the LC-MS analysis (Table
4). Other highly abundant protein families we identified included members of the SGS
family (7 proteins, 6.9%), aegyptin-like proteins (5 proteins, 10.6%), Antigen-5-like proteins
(4 proteins, 6.5%), inhibitors from the serpin, TIL (trypsin inhibitor-like) and Kazal sub-
families (7 proteins, 3.2%) and apyrases (4 proteins, 4.2%). These proteins are commonly
reported in the saliva of other mosquitoes (Almeras et al., 2009; Fontaine et al., 2012).
Together, these six families account for 82% of all proteins identified. Interestingly, the
same protein families were found to be among the most abundant in our transcriptome
analysis, suggesting a correlation between transcripts with high TPM values and their
protein counterparts. To compare our proteomic and transcriptomic data, we determined

the Spearman correlation coefficient between the relative quantification of proteins identified
in the LC-MS analysis by the relative quantification of their transcripts (TPM), resulting in a
Rho = 0.5274 with p = 1.037 x 10~8(Supplementary Fig. 1). This result indicates a positive
correlation between transcripts and proteins.

3.3. Transcripts differentially expressed in the salivary glands of O. triseriatus females

and males

Below we present a discussion of the secreted salivary protein families found differently
expressed between male and female mosquitoes, and their possible functions in O. triseriatus

physiology.

3.3.1. 13 kDa family—Members of the 13 kDa protein family have been previously
reported in sialome studies of Ae. albopictus (Arca et al., 2007), Ae. aegypti (Ribeiro et

al., 2016), Cx. quiquefasciatus (Ribeiro et al., 2004) and the previous O. triseriatus sialome
(Calvo et al., 2010). Although named the 13 kDa family, mature proteins of this family range
from 11 to 14 kDa and share 10 conserved cysteine residues. In this study, we identified

two 13 kDa CDS in females (TPM = 3441 and 13.31) and one in males (TPM =0.11)
(Supplementary file 1). Differential expression analysis revealed that both transcripts are
upregulated in females (Table 3). Additionally, unique peptides from members of this family
were identified by LC-MS (Supplemental Table 3), confirming their presence in female
saliva and suggesting a potential role in blood acquisition. Interestingly, members of this
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family were also reported in the salivary glands of male Angpheles mosquitoes, and it was
suggested that they may act as an antimicrobial agent or be related to sugar feeding (Arca et
al., 2007). The biological function of this protein remains elusive thus far.

3.3.2. Aegyptin/30 kDa salivary allergen—Members of the 30 kDa protein allergen
family are among the most abundant proteins reported in sialome studies of mosquitoes,
including Anopheles sp. (Francischetti et al., 2002; Calvo et al., 2007a) and Aedes sp.
(Ribeiro et al., 2007). In the current data set, we identified four CDS belonging to this
protein family, and all were upregulated in female salivary glands (LogFC ranged from

8.2 t0 16.7) compared to male salivary glands (Supplementary file 1). Mass spectrometry
analysis of O. triseriatus female saliva also identified unique peptides belonging to members
of this family, indicating that these proteins are present in the saliva and are injected

into the host during blood feeding. Together, they were the third most abundant protein
family in mosquito saliva (Table 4). The function of aegyptin, originally identified in Ae.
aegypti salivary glands, is the most well understood. Aegyptin inhibits platelet aggregation
by specifically binding to collagen, disrupting its interaction with the physiological ligands
GPVI, integrin a2p2 and the Von Willebrand factor. However, aegyptin has no effect

on platelet aggregation induced by thrombin and other agonists (Calvo et al., 2007b).
Functional studies using transgenesis showed that mosquitoes with reduced aegyptin
expression in their salivary glands had longer probing times and significantly reduced
feeding success (Chagas et al., 2014). Interestingly, a second member of the 30 kDa protein,
the Ae. albopictus aegyptin-like protein (alALP), was recently reported, and its function
was characterized Jin vitroand in vivo. Recombinant alALP prolonged the activate partial
thromboplastin time (APPT), prothrombin time (PT) and thrombin time (TT) /n vitro, in
addition to prolonging tail bleed time in a mouse model. Although these findings suggest
alALP is an anticoagulant, its mechanism of action still remains to be elucidated (Li et al.,
2020). Despite the difference between aegyptin and alALP, it appears that the 30 kDa protein
family plays an important role during blood acquisition by modulating host homeostasis.

3.3.3. 34 kDa family—Members of the 34 kDa protein family have been reported in
Aedes sp. (Arca et al., 2007; Ribeiro et al., 2016) and Culex sp. (Ribeiro et al., 2004,
2018), but not in Angpheles (Calvo et al., 2006a, 2007a; Arca et al., 2005). In the previous
O. triseriatus sialome, a single CDS with 61% identity to an Ae. albopictus sequence was
reported (Calvo et al., 2010). Here, we report three CDS classified as members of the

34 kDa protein family. All three CDS were found exclusively in female salivary glands
with high TPM values (617-2479) (Supplementary file 1). Moreover, unique peptides from
two proteins were also identified in the LC-MS analysis of O. triseriatus saliva (Table 4),
confirming that proteins from this family are secreted. Together they represent the fourth
most abundant protein family in the mosquito saliva. Similar findings were reported in Ae.
aegypti, in which members of this family were overexpressed 50-fold in female salivary
glands compared to males (Ribeiro et al., 2016). As expected, our differential expression
analysis revealed that all three CDS were upregulated in females (Table 3). Although

the function of this family remains unknown, their high abundance in female salivary
glands suggests they are related to hematophagy. It is worth mentioning that a member of
this family of salivary protein was found to enhance dengue virus replication in cultured
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keratinocytes (Surasombatpattana et al., 2014). This work suggests that the 34 kDa protein
may suppress antiviral immune response in the earliest stages of infection.

3.3.4. 41 kDa family—In the current data set, we classified four CDS as members

of the 41 kDa protein family in both males and females (Supplemental file 1), while

the previous O. triseriatus sialome reported one CDS belonging to this family (Calvo

et al., 2010). Unique peptides from three were also identified in low concentrations

from O. triseriatus female saliva by LC-MS (Table 4). Members of this family were

also reported in the sialome of Ae. aegypti males and females (Ribeiro et al., 2016)

and in the non-blood feeding mosquito 7oxorhynchites amboinensis (Calvo et al., 2008).
Additionally, DEG (Differentially Expressed Genes) analysis revealed the presence of one
CDS (Ocseq_188668) downregulated in females (Table 3). To date, no members of this
family have been functionally characterized; however, the abundance of this protein family
in both male and female mosquitoes suggest a potential role related to sugar feeding rather
than to blood acquisition (Calvo et al., 2010).

3.3.5. Antigen 5—Antigen 5-like proteins belong to the CAP (cysteine-rich secretory
proteins, antigen 5 and pathogenesis-related protein 1) superfamily that is widely distributed
in different organisms (Tadokoro et al., 2020). Although this family is commonly reported in
the sialome of blood feeding arthropods (Tirloni et al., 2020; Lu et al., 2022; Charlab et al.,
1999), their functions are better understood in hornets and wasps because they are the most
abundant allergens in vespid venom (Lu et al., 1993; Monsalve et al., 2020). In mosquitoes,
antigen 5-like proteins have been reported in the salivary glands of both males and females
(Ribeiro et al., 2016; Arca et al., 2005), including in the non-blood feeding mosquito 7.
amboinensis (Calvo et al., 2008). In the first O. triseriatus sialome (Calvo et al., 2010), only
a single truncated antigen 5-like sequence was identified. In the present study, we identified
10 (4 complete and 6 truncated CDS) putative antigen 5-like transcripts in both male and
female salivary glands (Supplemental file 1). Differential expression analysis revealed the
presence of one upregulated and one downregulated CDS in females (Table 3). From the

10 CDS identified in female salivary glands, unique peptides from four were also found in
female saliva (Table 4). The role of antigen 5-like proteins in mosquito physiology is still
uncharacterized. Despite the presence of antigen 5-like proteins in both males and females,
a recent transcriptome comparing the salivary glands of Ae. aegypti males and females
reported the presence of antigen 5-like sequences 10- and 100-fold overexpressed in females
(Ribeiro et al., 2016), suggesting a possible role in blood acquisition. Additionally, the

role of antigen 5-like molecules in blood acquisition has been demonstrated in other blood
feeders. In the horsefly 7abanus yao, antigen 5-like proteins were isolated from salivary
glands and inhibited thrombosis, angiogenesis, and platelet aggregation (Ma et al., 2009,
2010; Xu et al., 2008). Moreover, in Dipetalogaster maximaand Triatoma infestans, antigen
5-like proteins had antioxidant potential and disrupted platelet aggregation induced by low
concentrations of collagen (Assumpcao et al., 2013). Together, these studies suggest the
potential role of antigen 5-like proteins in blood acquisition. In a recent study, Valenzuela-
Leon et al. (2022) found that a member of this family bound to the Zika virus envelope
protein with nanomolar affinities. However, this interaction had no effect on viral replication
in cultured endothelial cells and keratinocytes.
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3.3.6. Apyrases—Apyrases are enzymes that hydrolyse ADP and ATP to AMP (Plesner,
1995) and are further classified into three subfamilies: the 5’-nucleotidase family, the
Cimex-type apyrases and the homologs of the human B cell antigen CD-39 (Hughes, 2013).
Apyrases are commonly reported in the saliva of hematophagous vectors, including in ticks
(Mans et al., 1998), kissing bugs (Sarkis et al., 1986) and fleas (Cheeseman, 1998; Ribeiro et
al., 1990). In mosquitoes, apyrases belonging to the 5’-nucleotidase subfamily (Champagne
et al., 1995) have been found in several species (Reno and Novak, 2005; Ribeiro et al., 1984;
Cupp et al., 1994). Early studies comparing the composition of male and female Ae. aegypti
salivary glands revealed that the apyrase protein family is expressed specifically in the adult
female (Smartt et al., 1995). In agreement with previous studies, in the current data set,

we identified five CDS belonging to the 5’-nucleotidase subfamilies exclusively in female
samples with a high TPM range (3.1-2155) (Supplementary file 1). Mass spectrometry
analysis of O. triseriatus female saliva revealed the presence of unique peptides from four
different apyrases (Table 4), confirming that these proteins are secreted.

Apyrases from different blood feeders facilitate blood acquisition by inhibiting ADP-
induced platelet aggregation at the bite site (Ribeiro et al., 1985; Valenzuela et al.,

1998; Sun et al., 2006). Moreover, phylogenetic analysis of apyrases from different blood-
feeding arthropods supports the hypothesis that members of this family were selected
independently several times during evolution (Hughes, 2013), rein-forcing their key role
in blood acquisition.

3.3.7. D7 family—The D7 protein family was first described as a novel protein family in
Ae. aegyptisalivary glands (James et al., 1991). Later, it was shown that D7 proteins are,

in fact, distantly related to the odorant-binding protein (OBP) superfamily (Hekmat-Scafe
et al., 2000). Currently, the D7 family is subclassified into short forms that contain a single
OBP domain (15-20 kDa), or long forms that contain two OBP domains (24-30 kDa). Both
forms are commonly reported in mosquito sialome studies as the most abundant secreted
protein family. Interestingly, in Angpheles, short forms are the most highly expressed
transcripts, while in Aedes, the long forms are the most abundant (Arca et al., 2007; Ribeiro
et al., 2016; Francischetti et al., 2002; Calvo et al., 2007a). In addition to mosquito D7s,
sand fly D7s have been described (Valenzuela et al., 2002; Jablonka et al., 2019). The
previous O. triseriatus sialome reported four D7 family members (two short and two long
forms) (Calvo et al., 2010), and in the current study, we identified a total of four long and
nine short form D7s (Supplemental file 1). As expected, DEG analysis revealed that 11 of
the 13 D7 transcripts were upregulated in females (Table 3). LC-MS analysis also identified
unique peptides from nine of the 13 D7 proteins in the saliva of O. triseriatus females, and
the long forms were the most abundant, corresponding to 30% of all quantified salivary
proteins. The short D7 was the second most abundant protein (Table 4).

The role of D7 proteins in blood-feeding has been under intense study over the last few
years, resulting in the characterization of several members of this family across different
mosquito species. Early studies with short D7 proteins from the malaria vector An. gambiae
shed light on their ability to bind small agonists relevant to host hemostasis (serotonin,
epinephrine, norepinephrine and histamine). Structural data revealed that the D7 domain
has two additional helices when compared to the classic OBP domain (Martin-Martin et
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al., 2020a). Moreover, D7-complexed crystals allowed for the identification of key residues
involved in ligand stabilization (Ribeiro and Arca, 2009; Calvo et al., 2006b; Mans et

al., 2007). The functions of An. gambiae D7 long forms (AngaD7L1, L2, and L3) were
recently discovered (Smith et al., 2022). AngaD7L1 binds leukotriene C4 and thromboxane
A2 analog U-46619 while AngaD7L2 weakly binds leukotrienes B4 and D4. Interestingly,
AngaD7L3 is the first D7 long form from anophelines to bind serotonin. This protein

does not bind lipids. AngaD7L2 had a dose-dependent anticoagulant effect via the intrinsic
coagulation pathway by interacting with factors XII, Xlla, and XI. Although anopheline D7
short forms also display anti-coagulant activity, AngD7L2 is the only D7 long form to act
as a direct anticoagulant. AnSt-D7L1, a D7 long form from An. stephensi, bound cysteinyl
leukotrienes and inhibited platelet activation by binding to thromboxane A, (Alvarenga et
al., 2010). In Aedes, only long-form D7s have been characterized, and they bind cysteinyl
leukotrienes at their N-terminal domain, as well as biogenic amines at their C-terminal
domain (Calvo et al., 2009; Martin-Martin et al., 2020b, 2021). In Cx. quinquefasciatus, the
long D7 form CxD7L1 bound the platelet aggregator ADP while CxD7L2 retained biogenic
amine and biolipid binding activity also seen in Aedes D7 long forms (Martin-Martin

et al., 2020a). The function of short D7s in Aedes remains unknown, and it has been
speculated that these proteins do not have a biogenic binding function because they lack
the conserved residues relevant for this interaction (Mans et al., 2007). Yet the presence

of several upregulated transcripts in female salivary glands suggests their potential role in
blood acquisition.

3.3.8. Protease inhibitors—Serine peptidase inhibitors are frequently reported in
sialomes of blood-feeding vectors and are usually associated with the inhibition of host
complement and blood clotting cascades (Ribeiro and Arca, 2009). Here we report several
transcripts belonging to different types of serine peptidase inhibitors, including serpins,
Kazal, Kunitz, pacifastins and the TIL (trypsin inhibitor-like) subfamilies in both male and
female salivary glands (Supplemental file 1). The LC-MS analysis of female saliva identified
seven proteins classified as protease inhibitors, from which five were of the serpin subfamily
(Supplemental file 3), confirming that these inhibitors are secreted into the host.

Early studies with salivary gland extracts from different anophelines and culicines
highlighted the ability of mosquito saliva to interfere with human blood coagulation.
Additional experiments suggested that the saliva of anophelines targeted thrombin, while
the saliva of culicines targeted factor Xa (Stark and James, 1996). This was further
confirmed by the isolation of Ae. aegyptiand Ae. albopictus factor Xa that inhibited

serpin (Stark and James, 1998; Calvo et al., 2011) and the anti-thrombin anopheline from
An. albimanus (Valenzuela et al., 1999). Our DEG analysis revealed the presence of two
upregulated transcripts in females belonging to the serpin family, Ocseq_196173 (LogFC
=5.6) and Ocseq_184646 (LogFC = 7.6), suggesting a similar role in blood acquisition as
observed with Ae. aegypti serpin. Interestingly, two transcripts containing TIL domains were
downregulated in females, Ocseq_203815 (LogFC = -2.3) and Ocseq_192061 (LogFC =
-2.1). In a previous study, similar transcripts were identified in An. gambiae adult males,
and it was proposed that these inhibitors act as antimicrobial peptides (Calvo et al., 2006a).
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3.3.9. Odorant-binding proteins (OBP)—OBPs are small proteins with a
hydrophobic binding pocket commonly found in the sensory organs and salivary glands

of arthropods. In the sensory organs, OBPs play a key role in insect chemoreception,
contributing to the insect’s ability to locate food, hosts and mating partners (Zwiebel and
Takken, 2004). In our sialome analysis, we identified 13 transcripts with similarities to Ae.
aeqypti OBPs. However, all transcripts presented low TPM values, with a maximum value of
145 (Supplementary file 1). Moreover, only one OBP was identified in our LC-MS analysis
(Table 4), indicating that such proteins are in small concentrations in mosquito saliva.

With the exception of the D7 family, little is known about salivary OBPs. A microarray
study comparing salivary transcripts from Ae. aegypti 1, 3, 24 and 48 h post-feeding (hpf)
identified an OBP-like transcript to be downregulated at 1, 3 and 48 hpf and upregulated

at 24 hpf in comparison to naive-mosquitoes (Thangamani and Wikel, 2009). Additionally,
our differential expression analysis revealed the presence of two transcripts (Ocseq_221634
and Ocseq_221635) upregulated in females (Table 4), suggesting a possible role in mosquito
blood-feeding physiology.

3.3.10. Salivary gland surface protein (SGS)—Members of the SGS family are
multidomain proteins similar to bacterial proteins, and they appear to be exclusive to
mosquitoes (Arca et al., 2005; Korochkina et al., 2006). Interestingly, Ae. aegypti aaSGS1
was only found in female salivary glands and was not modulated during blood-feeding.
Moreover, the authors demonstrated that aaSGS1 is a potential receptor for Plasmodium
gallinaceum invasion (Korochkina et al., 2006; Kojin et al., 2021). The same study also
identified four SGS proteins in An. gambiae, with agSGSG4 and agSGS5 transcripts
expressed only in female salivary glands and agSGS2 and agSGS3 found in the thorax
(where the salivary glands are located in both males and females). In contrast to aaSGS1, a
second study exploring the role of salivary SGS from An. gambiae revealed that agSGS4 and
agSGS5 transcripts increase when a blood meal is provided (King et al., 2011).

In our current data set, we identified seven SGS-like transcripts upregulated in females. LC-
MS identified unique peptides from all seven proteins in mosquito saliva (Supplementary
files 1 and 3), confirming that, like Ae. aegyptiand An. gambiae, the O. triseriatus SGS
proteins are also secreted into the host. In addition to the first SGS protein reported in

Ae. aegypti, a recent sialome study comparing Ae. aegypti males and females identified 10
SGS-like transcripts overexpressed (over 100-fold) in female salivary glands (Ribeiro et al.,
2016). The sex differences, along with the distinct expression profiles in mosquito tissues,
suggest that SGS proteins play multiple roles in mosquito physiology.

3.3.11. Unknown proteins—In addition to the previously described families, we
identified differentially expressed transcripts that we failed to classify into other protein
families. These CDS either presented similarities to previously deposited sequences with no
known function or are novel sequences that have low or no homology to other sequences.
Therefore, they are potential new targets for future studies. In the current data set, we
identified 16 upregulated secreted transcripts and 8 downregulated transcripts in female
salivary glands (Table 4).
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Two upregulated transcripts in female salivary glands, Ocseq_181581 (LogFC = 11.4)

and Ocseq_182568 (LogFC = 8.4), were similar to a putative secreted protein in Ae.
aeqgypti (Supplementary Fig. 2). Unique peptides from both proteins were also found in

O. triseriatus female saliva (Supplementary file 3). Similarly, the CDS seqSigP-183016
was upregulated in female salivary glands (LogFC = 17.5) and found in saliva. This

CDS displayed a high degree of homology with previously deposited putative secreted
proteins from Ae. albopictus and Ae. aegypti (Supplementary Fig. 3). Together, these data
support the hypothesis that these proteins are secreted into saliva and injected into the host,
potentially contributing to blood acquisition and pathogen transmission.

4. Conclusion

In 2010, a Sanger-based sialome study of adult female O. triseriatus reported 159 protein
sequences of which 66 encoded putative secreted proteins (Calvo et al., 2010). Here, using
an Illumina-based approach, we reported 10,317 total CDS of which 1312 were considered
secreted proteins, providing a more complete overview of O. triseriatus salivary gland
contents. Mass spectrometry analysis of mosquito saliva identified unique peptides from
several proteins classified as secreted, confirming that these abundant salivary proteins are
secreted and injected into the host. Finally, sequencing male salivary glands allowed for
the identification of female enriched secreted transcripts that are potentially associated with
blood acquisition and virus transmission. In the absence of a O. triseriatus genome, the
data presented here serves as a comprehensive reference for O. triseriatus male and female
sequences for future studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Heat map plot of normalized TPM values of the 10,317 CDS identified in the sialome of O.

triseriatus females and males. The number of biological samples is shown at the bottom.
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Fig. 2.

Relative quantification of each functional class of the 10,317 CDS identified in the salivary
gland homogenates of male and female O. triseriatus adults. Error bars represent the
standard deviation of the mean from three (females) or two (males) biological replicates.
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Fig. 3.

Hgat map plot of proteins identified in O. triseriatus female saliva by mass spectrometry. The
area under the curve (AUC) of the features identified by each protein were determined and
normalized by applying the Log, function. Proteins that were not identified in one of the two
biological replicates are shown in gray color.
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Functional classification of differentially expressed transcripts identified in the salivary glands of O. triseriatus
when comparing females to males.

Class Upregulated Down regulated
Cytoskeletal 2 2
Extracellular matrix/cell adhesion 4 4
Immunity 8 5
Metabolism, amino acid 9 1
Metabolism, carbohydrate 7 3
Metabolism, energy 2 1
Metabolism, intermediate 2 -
Metabolism, lipid 16 5
Nuclear regulation 1 1
Oxidant metabolism/detoxification 5 2
Proteasome machinery 3 -
Protein export machinery 4 1
Protein modification machinery 12 3
Protein synthesis machinery 4 -
Secreted 63 20
Signal transduction 9 5
Transcription machinery 6 5
Transporters/storage 9 3
Transposable element 3 3
Unknown 14 1
Unknown, conserved 14 6
Metabolism, nucleotide - 2
Signal transduction, apoptosis - 2
Transcription factor - 1
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Secreted protein families found differentially expressed when comparing females and males O. triseriatus.

Protein family

Upregulated Down regulated

13 kDa

34 kDa

41 kDa

62 kDa
Aegyptin/30 kDa
Antigen 5
Apyrase

Basic tail

D7

Hormone binding
Inhibitor
Leu-rich

Mucin

OBP

Pro-rich

Protease

SGS

Unknown

2 -
3 -
- 1
1 -
3 _
1 1
4 -
1 _
11 -
- 1
2 2
1 _
- 1
2 _
1 _
8 6
7 _
16 8
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Functional classification of secreted proteins identified in the LC-MS/MS analysis of O. triseriatus female

saliva.
Family No. Prot. Avg.Area Area (%)
13kDa family 1 8.46E+08  0.919
34 kDa family 2 7.57E+09  8.220
41 kDa family 3 9.48E+06  0.010
56 kDa family 2 8.55E+07  0.093
62 kDa family 2 2.10E+09  2.280
Adenosine-deaminase 4 8.46E+08  0.919
Aegyptin/30 kDa 5 9.79E+09  10.631
Alpha-amylase 2 1.20E+07  0.013
Angiotensin-converting enzyme 1 6.12E+08  0.665
Antigen 5 4 6.02E+09  6.537
Apyrase 4 3.91E+09  4.246
Basic-tail 1 7.93E+07  0.086
Cholinesterase 1 1.64E+09 1.781
D7/long 3 2.84E+10  30.840
D7/short 6 1.82E+10 19.764
Immunity 7 1.02E+09  1.108
Inhibitor 7 2.92E+09  3.169
Leu-rich 1 4331500 0.005
Maltase 2 2.82E+08  0.306
Odorant-binding protein 1 15600000  0.017
Proteases 5 2.58E+07  0.028
SGS 7 6.32E+09  6.863
Unknown 29 1.37E+09  1.48
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