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Abstract

Ticks rely exclusively on vertebrate blood for their survival. During feeding ticks inject into their
hosts a sophisticated salivary potion that overcomes host hemostasis and adverse inflammatory
responses. These mediators may also enhance pathogen transmission. Knowledge of the tick
salivary protein repertoire may lead to vaccine targets to disrupt feeding and/or parasite
transmission as well as to the discovery of novel pharmacological agents. Male saliva may also
assist reproduction because males use their mouthparts to lubricate and introduce their
spermatophores into the females’ genital pore. The analyses of the sialomes of male and female
ticks independently allow us to understand the strategy used by each gender to feed
successfully.We sequenced cDNA libraries from pools of salivary glands from adult male and
female R. pulchellus feeding at different time points, using the Illumina HiSeq protocol. De novo
assembly of a total of 241,229,128 paired-end reads lead to extraction of 50,460 coding sequences
(CDS), 11,277 of which had more than 75% coverage to known transcripts, or represented novel
sequences, and were submitted to GenBank. Additionally, we generated the proteome, from the
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salivary gland extracts of male and female R. pulchellus, yielding a total of 454 and 2,063 proteins
respectively which were identified by one or more peptides with at least 95% confidence. The data
set is presented as an annotated hyperlinked Excel spreadsheet, describing 121 putative secreted
protein families. Female and male specific transcripts were identified.

Introduction

Blood-feeding arthropods depend on blood meals which are critical for their survival.
During the feeding process, the host's blood vessels and tissues at the bite site are
inadvertently damaged [1]. This results in the activation of the host's defense mechanisms
which include hemostasis, inflammatory and immune responses, and host grooming. To
counter these responses, hematophagous arthropods infuse saliva, which consists of a
cocktail of anti-clotting, anti-platelet, vasodilatory, anti-inflammatory and
immunomodulatory molecules, into the host. With the blood-feeding habit of arthropods
having independently evolved at least 20 times [2, 3], distinct strategies, protein scaffolds
and mechanisms have emerged to counter host responses. These salivary biomolecules have
undergone both convergent and divergent evolution, resulting in distinct protein scaffolds
exhibiting the same function and similar protein scaffolds with diverse functions. Thus large
numbers of biologically active proteins with great complexity and diversity could be found
in these salivary cocktails, where each arthropod may contain several hundreds to thousands
of components [2, 4]. Hence, the analyses of sialomes of hematophagous arthropods shed
light on numerous unique pharmacologically active components.

Some adult hematophagous arthropods are either facultative or obligatory blood-feeders.
However, in certain species (e.g., mosquitoes and horse-flies), females are facultative blood-
feeders while the males do not feed on blood at all [5]. This difference in feeding habit
between the sexes is reflected in their salivary components. For example, in the mosquito
Anopheles gambiae, anti-clotting and anti-platelet proteins are expressed exclusively in
females and assist them in blood-feeding, while anti-microbials, and maltases and other
enzymes that aid in digestion of plant sugar meals, are expressed in both sexes [6, 7]. On the
other hand, in obligatory blood-feeders (e.g., ticks, tsetse flies, and kissing bugs) both sexes
feed on blood. However, there are differences in feeding behaviors. For example, female
ticks feed on a larger volume of blood as compared to males, and their body weight can
increase to more than 100-fold after feeding [8-11]. This is in contrast to males, which rarely
engorged to higher than two-fold their body weight. Additionally, tick saliva may have
distinct roles in their reproduction. Male tick mouthparts, unlike female mouthparts, are
actively engaged in reproduction; their mouthparts penetrate the female's genital pore while
pushing-in the spermatophore [12]. Male ticks actively salivate on the spermatophore
surface before introducing it into the female, and saliva may assist this process by
lubricating it or preventing it to adhere to the tick surfaces while transiting into the female
genital pore [13]. However, it is not known whether ticks salivate during their long
copulation. The relationship between the salivary gland components and sexual differences
in feeding or sexual behavior of the ticks is not well understood. In this study, we have
shown for the first time that salivary gland extracts (SGEs) from female Rhipicephalus
pulchellus (zebra tick) inhibit blood coagulation factor Xa and thrombin four fold higher
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than that of male ticks suggesting the possibility of male R. pulchellus using different
strategies from females to obtain their blood meals. In an attempt to relate to their
physiological disparity, we have unraveled the transcriptome and proteome of the salivary
glands of male and female R. pulchellus separately. We have found that numerous proteins
are overexpressed in a gender-specific pattern. We analyzed a single class of Kunitz-type
serine protease inhibitors in detail, and further classified them into five subclasses.
Quantitative PCR data suggests that male and female R. pulchellus selectively express
certain subclasses of these proteins. This approach of examining the male and female
sialomes of ticks independently has opened up opportunities to discover new salivary
proteins and to have an initial look into various strategies deployed by each sex enabling
them to feed successfully off their hosts, and determine candidate male salivary proteins that
may assist reproduction.

Material and Methods

Tick rearing: Animal protocol used

The R. pulchellus tick species was the kind gift of Dr. Milan Kozanek (Institute of Zoology
SAS, Bratislava) who collected it on 05/15/2007 in West Tsavo, Kenya (determined by
M.Slovak). The ticks were reared under laboratory conditions [14] in the Institute of
Zoology, SAS, Slovakia. Ticks used in the experiments resulted from the fourth breeding
generation. Briefly, the ticks were maintained at a temperature of 24 + 2 °C in desiccators
filled with concentrated KCI solution, with 85-90% relative humidity and a photoperiod of
16:8 h (L:D). White New Zealand rabbits were used as hosts for all stages and also for
feeding of adult ticks for the given intervals mentioned in the experiments below. The usage
of animals in these experiments was approved by the State Veterinary and Food
Administration of the Slovak Republic (permit numbers 928/10-221 and 1335/12-221).

Library construction and sequencing

Salivary glands from the following time points were pooled as follows: Unfed, 1, 3 and 7
hours, 1, 2, 3, 4, 5, 6, 7 days. Six male and six female ticks per time point were used, except
for 1 day where 12 ticks were used from each sex. Ticks were dissected in ice-cold sterile
PBS, pH 7.2 and tissues were washed three times in the same solution before being put into
RNAIlater (Qiagen). The SGs in RNAlater were kept in 4 °C for a minimum of 48 hours to
ensure penetration of RNAlater solution into the tissue, and kept frozen in —=20 °C till ready
for shipment. mMRNA was isolated from the salivary glands using a Micro-FastTrack 2.0
mRNA isolation kit (Invitrogen, San Diego, CA) according to the manufacturer's protocol.
The extracted mRNA was fragmented using a Covaris E210 (Covaris, Woburn, MA).
Library amplification was performed using eight cycles to minimize the risk of over-
amplification. Unique barcode adapters were applied to each library. Individual libraries
were quantitated by gPCR and then pooled in an equimolar ratio before sequencing on a
HiSeq 2000 (Illumina) with ver. 3 flow cells and sequencing reagents. Two lanes of the
HiSeq machine were used. To avoid lane bias, the two libraries were run together in both
lanes, yielding a total of 102,013,516 paired ended sequences from adult females and
139,215,612 sequences from adult male ticks (100 nt long). Raw data were processed using
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RTA 1.12.4.2 and CASAVA 1.8.2. mRNA library construction, and sequencing was done
by the NIH Intramural Sequencing Center (NISC).

Transcriptome assembly and bioinformatics

Reads were assembled with the Abyss software [15, 16] with various k values (every even
number from 50 to 96). Because the Abyss software tends to miss highly expressed contigs
[17], we have also run the Trinity assembler [18] on the raw data. The resulting assemblies
were joined by an iterative blast and cap3 assembler [19]. Coding sequences were extracted
using an automated pipeline, based on similarities to known proteins, or by obtaining coding
sequences from the larger open reading frame (ORF) of the contigs containing a signal
peptide. A non-redundant set of the coding and their protein sequences were mapped into a
hyperlinked excel spreadsheet which is presented as supplemental file 1. Signal peptide,
transmembrane domains, furin cleavage sites and mucin type glycosylation were determined
with software from the Center for Biological Sequence Analysis, Denmark [20-23]. Detailed
bioinformatic analysis of our pipeline can be found in our previous publication [19]. To map
the raw Illumina reads to the coding sequences and determine their sex bias, raw reads from
each library were blasted to the coding sequences using blastn with a word size of 25 (-W 25
switch) and allowing recovery of up to 3 matches. The 3 matches were used if they had less
than two gaps and if their scores were equal to the best score. The resulting blast file was
used to compile the number of reads each CDS received from each library, and also to count
the number of hits at each base of the CDS, allowing for the determination of the average
CDS coverage, maximum coverage and minimum coverage. These results can be
statistically tested by a X2 test (using the number of reads per CDS), the results of which are
reported significant if P<0.05 and no CDS had an expected value of 5 or less. Phylogenetic
analyses were done with ClustalX and Mega [24, 25].

Salivary gland extracts preparation

Salivary glands were homogenized in 150 pl of PBS (pH 7.2), using a handheld
homogenizer in a micro tube. The mixture was centrifuged at 15,000 rpm and the
supernatant was harvested. The pellet was resuspended and the process of extraction was
repeated to increase protein yield. The proteins from these two extractions were pooled and
dried with either a freeze drier or a centrifugal evaporator. SGEs were stored at 4°C until
further use.

Enzymatic inhibition assays

Activities of SGEs and partially purified fractions were determined with enzyme assays
where they were tested for inhibition of either thrombin or FXa amidolytic activity. The
enzyme activity was monitored by using a chromogenic substrate, specific to the enzyme.
All assays were of a 40 pl reaction, performed in a 384-well microtiter plate at room
temperature. 10 pl of enzyme (6.6 nM thrombin / 5.3 nM FXa in 50 mM Tris, 120 mM
NaCl, 5 mM CaCl, and 1% BSA) and 10 ul of protein were pre-incubated in the reaction
well for 10 min. Subsequently, 20 ul of substrate (52238, 200 pM, for thrombin; S2222, 2
mM, for FXa) was added into the mixture and the kinetics of the reaction was monitored
immediately with a microplate reader (Tecan M200) at 405 nm. The substrates upon
cleavage by its corresponding enzymes, release a chromogenic compound, p-nitroaniling,
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which can be measured at 405 nm. Percentage inhibition of the enzyme by the protein was
calculated relative to the initial velocity of the control reaction without tick proteins (10 pl
PBS) which was taken to be 0%. For the activities of the crude extracts, total amount of
protein in SGEs were first quantitated via the Bradford assay (Bio-rad). 15 g of proteins
were used for this assay. As for the HPLC fractions, 10 pl from each fraction was used
directly for the assay.

Size exclusion chromatography

Proteomics

Salivary gland extracts were separated by size exclusion chromatography with Superdex 75
10/300 GL (GE Healthcare). 50 mM Tris, pH 7.4, was used for equilibration of the column
and salivary glands were reconstituted in 1 ml of deionized water and loaded into the
column. Protein elution was monitored at a UV wavelength of 280 nm and 215 nm. The
flow rate used was 0.8 ml/min and the proteins eluted were collected as 0.8 ml fractions. For
both male and females, the numbers of salivary glands were standardized as 200 pairs for
this experiment.

Salivary gland extracts were reconstituted with deionized water and 50 pg of protein of
concentration 1 pg/ul was used as starting material. Reduction was performed with Tris(2-
carboxyethyl)phosphine (TCEP) (5 mM) at 60 °C for 1 h, and alkylation with iodoacetamide
(40 mM) at room temperature for 10 min. 1.7 ug of trypsin (Promega) was then added to the
mixture and incubated at 37 °C for 16 h. Sample mixture was then desalted using Sep-Pak
C18 cartridges (Waters), lyophilized and reconstituted with 50 ul of 5% acetonitrile and
0.05% formic acid for LC MS/MS analysis.

For each sample, 2 ug was injected into a reverse phase column (75 pm x 150 mm,
ReproSil-Pur C18-AQ, 3 um, 120 A (Eksigent)). The mobile phase A used was 2%
acetonitrile, 0.1% formic acid and mobile phase B was 98% acetonitrile, 0.1% formic acid.
The gradient (in terms of mobile phase B percentage) for the liquid chromatography was as
follows: 5% for 1 min, 5-12% for 2 min, 12-30% for 120 min, 30-90% for 1 min and lastly
held at 90% for 11 min, with a flow rate of 300 nl/min. MS analysis was performed with the
TripleTOF™ 5600 system (AB SCIEX). Data acquisition was performed in information
dependent mode, where the mass range was set to 400-1250 m/z with an accumulation time
of 250 ms per spectrum. A maximum of 20 precursor ions were subjected to MS/MS
analysis, with dynamic exclusion enabled for a duration of 15 s. Proteins were identified
using the ProteinPilot™ Software v. 4.5 (AB SCIEX) which uses the Paragon™ Algorithm.
ID focus was set to biological modification (refer to supplemental file 2 for the full list of
modifications as set by default within the program), with cysteine alkylation by
iodoacetamide, digestion by trypsin, and search effort set to thorough. The database used for
the search was the proteins derived from the transcriptome of R. pulchellus, containing
50,460 protein sequences. The false discover rate (FDR) analysis was also performed
simultaneously with the Proteomics System Performance Evaluation Pipeline (PSPEP)
feature in the software. It adopts a decoy database search strategy in which the protein
database sequences were reversed and searched against. The reported FDR for both male
and female proteomes for proteins with at least 95% confidence were less than 1% based on
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the global FDR fit. Only proteins with at least one peptide of >95% confidence are reported
and hits which corresponded to the reversed sequences were removed. Peptide and protein
hit summaries are available on supplemental file 2. Proteome MS/MS data is also available
in supplemental file 1 (columns BG-CF), including hyperlinks to all peptides found for the
particular protein (columns BN and CA).

RNA Isolation and first-strand cDNA synthesis

Salivary glands in RNAlater were thawed and weighed. Salivary glands from male (12.8
mg) and female (20.5 mq) ticks were used for RNA extraction. Total RNA was extracted
using the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. Total RNA (1
ug from each sample) was used for first-strand cDNA synthesis using the Reverse
Transcription & cDNA Synthesis Kit (Clontech) with the SMART Moloney Murine
Leukemia Virus (MMLYV) Reverse Transcriptase (Clontech), following the manufacturer's
instructions.

Quantitative Real Time — Polymerase Chain Reaction (QRT-PCR)

The gRT-PCR analyses were performed using “StepOne™ Real-Time PCR

Systems* (Applied Biosystems) and analysed using the “StepOne™ Software* (v2.1;
Applied Biosystems). Each PCR reaction had a total final volume of 10 pl comprising of 5
ul of KAPA SYBR® FAST ABI Prism® 2X qPCR Master Mix (KAPA Biosystems), 25 ng
of cDNA, and forward and reverse primers (125 nM each). Each reaction was set up in
technical duplicates i.e. two reactions for the target gene and two for the internal control
from the same cDNA. The experiment was confirmed with a biological replicate. PCR
protocol used was follows: Initial denaturation and hot-start activation at 95°C for 20 s,
followed by 40 cycles of denaturation at 95°C for 3 s and annealing/extension at 63°C for 30
s. Melting curve analysis was done from 60°C to 95°C at the end of each PCR run, for
detecting non-specific PCR product and/or primer-dimer co-amplification. For
normalization, f-actin was used as the internal control gene. Results were expressed as
relative quantitation (RQ) in reference to mRNA of the female gene for each set of genes,
using the AACt method.

Availability of supporting data

Raw sequences were deposited on the Sequence Read Archive (SRA) from the NCBI under
bioproject accession PRINA170743. The individual reads received accession numbers
SRR521835, SRR521944, SRR521951 and SRR521953. A total of 11,227 coding sequences
and their translations were submitted to the Transcriptome Shotgun Assembly project
deposited at DDBJ/EMBL/GenBank under the accessions GACK01000001-
GACKO01011227.

Results and Discussion

Anticoagulant activity

To understand the differences in blood-feeding habits between male and female ticks, we
examined the anticoagulant activity of salivary gland extracts. Equivalent amounts (15 pg)
of proteins from male and female SGEs were assayed for anti-FXa and anti-thrombin
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activities. Female SGEs inhibit both FXa and thrombin (89% and 86% inhibition,
respectively), while male SGEs had lower inhibitory effects (20% and 26% inhibition,
respectively) (Figure 1A). Subsequently, both SGEs (200 pairs each) were fractionated using
size exclusion liquid chromatography, and each fraction was evaluated for FXa and
thrombin inhibitory activities (Figure 1B and 1C). The protein elution profiles of both male
and female SGEs are distinct from each other, indicating differences in saliva composition.
Only some observed differences can be assigned to higher protein amounts in female SGEs
(four-times) compared to males. Inhibitor elution profiles of female SGEs show two major
inhibitors of FXa (FXal-1 and FXal-2), and one major inhibitor of thrombin (TI-1).
Interestingly, in male SGEs, only a small peak of FXal-2 was found; FXal-1 and TI-1 were
clearly absent. This corroborates poor inhibition of FXa and thrombin by male SGEs (Figure
1A), indicating distinct differences in the composition of male and female R. pulchellus
SGEs, particularly in their anticoagulant protein content.

R. pulchellus sialotranscriptome

To delineate the differences in salivary composition, we generated two separate
sialotranscriptomes of R. pulchellus, one for each sex. The mRNA sequences from the
salivary glands of male and female ticks were determined using next generation sequencing.
A total of 50,460 coding sequences (CDS) were extracted from the combined assembly of
139,215,612 and 102,013,516 paired-end sequences (100 nt long) from males and females,
respectively. The CDS were classified into four main categories — housekeeping proteins
(H), putative secreted proteins (S), transposable elements (TE), and proteins of unknown
function (U) (Table 1 and Figure 2A). In summary, 7,134 CDS (22.8% reads) were
associated with the S class, 11,499 CDS (25.6% reads) from the H class, 2,195 CDS (4.2%
reads), including fragments, from the TE class. Finally, 47.4% of the reads were mapped to
29,632 putative CDS of unknown function and these CDS were not further analyzed. This
class may contain secreted peptides. The proportion of S class transcripts was similar to a
previously deep sequenced tick sialotranscriptome (23.7%) [19]. All CDS and their matches
to several databases are available as a spreadsheet in supplemental file 1. For each CDS, the
numbers of reads derived from the male and female libraries, along with a chi-squared test
for the significance of the differences in their read counts are tabulated.

R. pulchellus proteome

To confirm the presence of putative proteins from the transcriptome, we used shotgun
proteomics to identify proteins in the SGEs of male and female adult R. pulchellus. The
transcriptome was used as a database for the proteome. In total, 2,231 proteins were
identified by one or more high confidence (>95%) peptides, of which 1,777 and 169 proteins
were found exclusively in females and males respectively, and 285 proteins in both sexes.
Out of the 2,231 proteins, 221 (9.9%) were of the S class, 1966 (88.1%) from the H class, 7
(0.3%) from the TE class and 37 (1.7%) from the U class (Figure 2B). The discrepancies
seen between the transcriptome and proteome can be due to several factors. Firstly, the
proteomics work was performed on six days fed adult ticks in comparison to a mixture of
unfed, and various time points of fed adults ticks (refer to methods) in the transcriptome.
Thus the proteome may have a bias towards proteins that are found after six-day feeding.
Secondly, the inherent constrains of proteomics limits the number of proteins that can be
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detected. Due to lower sensitivity in detection limits, proteins existing in lower abundance
may not be identified. The nature of proteins themselves also affects detection in MS. For
example, in highly glycosylated proteins (mucins, some TIL family members and Rhip
45-10), glycosylated tryptic peptides are either too large (particularly with N-glycosyl
moiety) or masses do not match the peptide sequences ‘computationally generated’ from the
transcriptome. In other cases (e.g. glycine-rich proteins) tryptic peptides are too large for the
set limits in MS/MS due to the lower frequency and unfavorable distribution of Lys and Arg
residues. Lastly, transcriptomics also contributes to the discrepancies. The number of reads
may not directly represent the level of expressed proteins as other parameters such as
translation efficiency and protein turnover. In addition, the assembly of reads sometimes
produces fragmented transcripts resulting in more than one CDS for a single protein.
Further, some peptides spanning over such fragmented regions will not be identified.

Housekeeping proteins

The 11,509 CDS associated with housekeeping function were further classified into 24
functional classes (Table 2). Protein synthesis machinery, transcription machinery and
protein export machinery were among the top five classes, which were expected from an
organ associated with a glandular function. The top two classes were signal transduction and
hypothetical conserved proteins with unknown function [26]. It is possible that some of
these conserved proteins may belong to the other four classes, once we understand their
function. Several housekeeping proteins could have a role in the synthesis of small
antagonists or agonists, or if secreted, they might play a direct role in saliva. Some enzymes
involved in oxidative metabolism and detoxification, such as catalases, selenoproteins,
peroxidases, thioredoxin peroxidases, could detoxify host oxidants associated with
inflammation [27]. Cytochrome P450 enzymes could participate in the syntheses of
prostaglandins known to be secreted in tick saliva [28-32]. Soluble epoxide hydrolases, if
secreted, may affect host prostanoids [33, 34]. Some CDS of sphingomyelinases and
deoxyribonucleases also show presence of signal peptides; such secreted enzymes could
affect host immunity signaling [35] and affect host neutrophil extracellular traps (NETS)
[36], respectively. Two of these deoxyribonucleases, RpIx75-684313 and RpIx75-682728,
were found exclusively in females; 351 and 183 reads were found in females as compared to
only two and three reads in males, respectively. Lastly, sulfotransferases may inactivate
dopamine, a secretagogue found in the salivary gland of ticks [37].

Several transcripts encoding putative housekeeping proteins were found differentially
expressed in males and females. Tyrosine aminotransferase and one 4-aminobutyrate
transferase were overexpressed (>50-fold) in females. This was reflected in the proteome
where tyrosine aminotransferase was only found in females, and 4-aminobutyrate transferase
had 18 high confidence peptides in females but only two in males. This may be explained by
the increased gluconeogenesis in females as they take larger blood meals than males. An a-
fucosidase (RplIx75-667813) with signal peptide, indicative of secretion, could be a
lysosomal enzyme, but may be actually secreted in saliva; it is 80-fold overexpressed in
females. Males, on the other hand, have increased transcription (54-58-fold) for
galactosyltransferases and a-1,4-N-acetylglucosaminyltransferase indicating higher amounts
of glycoproteins or glycolipids which could be associated with the lubricating function of
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saliva during reproduction [13]. Twenty two transcripts coding for monocarboxylate
transporters were overexpressed (52-404-fold) in females, while six ABC type transporters
were overexpressed (169-382-fold) in males. Prolyl-4-hydroxylases, involved in post-
translational modification of proline to hydroxyproline [38], were found overexpressed (over
300-fold) in males. Males also have increased expression (100-fold) of the doublesex
transcription factor [39], which is associated with male sex differentiation. Finally, males
also have increased expression (270-450-fold) of dopamine B-monooxygenase, an enzyme
that catalyzes oxidation of dopamine to noradrenaline. This enzyme could be associated to
the detoxification of dopamine, as in the case of the sulfotransferases mentioned above, or in
modifying female products during fecundation, if secreted, and indeed it has a signal peptide
indicative of secretion.

Transposable elements

CDS encoding TEs are commonly found in sialotranscriptomes, and were also found in R.
pulchellus. Both class | (Ty3/Gypsy, L1, Jockey, Bell, Outcast and Copia) and class Il (hAT,
Pogo, P, piggyback and tigger) elements [40] were identified. Several of these elements,
such as tigger sequence RpTe-704693, have intact transposases. The recently discovered
element sola2 [41] was also represented. A new family of TEs matching the PFAM domain
(DDE_4 superfamily endonuclease) was found, and is similar to Ixodes transposons
(Repbase accession: ISAEU-1_BF) [42]. Penelope-derived transcripts were also found
abundantly.

Several transposons also show differential expression; RpSigp-1811, RpTe-11787 and
RpTe-15723 are highly expressed in females and RpSigp-101516 and RpSigp-908814 in
males. Some TE classes are abundantly transcribed, including several Gypsy elements with
more than 20,000 reads mapped to their transcripts; RpTe-910969 was mapped from 65,688
reads and expressed in females 37-fold higher than in males. Most of the proteins associated
with these Gypsy transcripts have frame shifts indicating these may function more as
regulators of transposition than active transposition. It was recently proposed that TEs are
associated with gene expression regulation [43]. The observed differential expression of TEs
between sexes may contribute to gender-dependent gene expression in R. pulchellus salivary
glands. Seven TEs were identified by MS from female SGEs indicative of their translation.

Putative secreted proteins

The putative secreted proteins were classified into various families following a previous
review [44] and recent transcriptomes [19, 45, 46]. Accordingly, 121 different families of
coding sequences were identified (Table 3). They are divided into two general groups,
ubiquitous protein families and tick-specific families. The ubiquitous protein families
include, enzymes such as metalloproteases, serine proteases, carboxypeptidases, dipeptidyl
peptidases, lipases, pyrophosphatases and apyrases, and non-enzymatic proteins such as
members of the antigen 5 protein family, and proteinase inhibitors of the Kunitz, Kazal,
serpin, cystatin, thyropin and trypsin inhibitor-like (TIL) domain families. In addition,
immunomodulatory proteins, such as lysozyme, defensins, MD-2-related lipid-recognition
(ML) domain peptides, ixoderin, peptidoglycan recognition proteins and thioester proteins
(TEP), are secreted by ticks to counter the host immune system. The tick-specific protein
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families include glycine-rich proteins (serve as tick cement), mucins (lubrication), evasins
(bind host cytokines), DA-p36 (immunosuppressor), ixodegrins (potential anti-platelet
agents) and tick-specific protease inhibitors such as carboxypeptidase inhibitors. In addition,
members of lipocalin and the basic tail families were also found. Lipocalins bind to
histamine, serotonin or inflammatory prostanoids. Seven additional groups of proteins, many
representing multiple families, are described in Table 3 that have no known function, of
which most were found uniquely in R. pulchellus.

We have also extracted 5,265 CDS that represent putative small secreted peptides varying
from 40-100 amino acid residues, grouped into 33 families according to their similarities.
Except for matches to R. sanguineus peptides, no similarities are apparent to other known
proteins. Although it is unclear whether they are artifacts (extracted from non-coding RNA)
or real, they serve as targets for mass spectrometry experiments. Indeed a few peptides were
identified by MS, such as RpSigp-496390 and RpSigp-663980, supporting existence of
some of them in tick SGEs.

It is remarkable that 48% of S class reads map to glycine-rich proteins, which assist the tick
to attach to their host (Table 2). Together with mucins (11% reads), lipocalin family (10%
reads) and immunoglobulin G binding proteins (9% reads), they account for 78% of the S
class reads. As glycine-rich proteins and mucins do not produce suitable tryptic peptides, as
mentioned above, they were not identified in the proteome. The top classes of proteins that
were identified in the proteomes were the lipocalin family (28%), proteases (12%) and the
proteinase inhibitor domains (17%).

As noticed in previous sialomes of blood sucking arthropods, unique protein families were
found at the genus or even at the species level [44]. This may be due to the host immune
pressure which accelerates evolution of salivary gland genes. Previous families thought to be
exclusively metastriate were found to have homologs in I. scapularis, albeit with a relatively
low similarity, indicative of fast divergence of these salivary proteins [44].

Ubiquitous protein families

Enzymes: Proteases were conspicuously represented in tick sialomes, including
metalloproteases of the reprolysin family, M13 type peptidases, serine proteases, asparaginyl
proteases and dipeptidyl peptidases.

The zinc metalloproteases, ubiquitous enzymes found in metazoans, are associated with
embryonic development, inflammation, angiogenesis and connective tissue remodeling,
among other functions (see [47, 48]). Tick salivary metalloproteases distinctly have a
Reprolysin_2 PFAM domain, typical of snake venom enzymes, as well as the
ZnMc_salivary_gland motif from the Conserved Domain Database (CDD). These enzymes
are important components of snake venoms where they cause hemorrhage in their prey [49].
In tick saliva, they were found to be associated with disrupting the hemostatic system of
their hosts via fibrinolysis [50] and angiogenesis inhibition [51]. Although the genome of
Ixodes scapularis contains only six such proteins with more than 450 amino acid residues
(and some more fragments) (JMCR, unpublished), a previous deep transcriptome analysis of
Amblyomma maculatum retrieved 47 near full-length sequences of this family within three
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superclades and nine clades, based on strong bootstrap support greater than 75% [19]. Many
of these clades are due to A. maculatum specific expansions. Similarly, the
sialotranscriptome of R. pulchellus allowed the extraction of 98 sequences coding for typical
tick salivary metalloproteases, 51 of which are full length or near full length. Phylogenetic
analysis indicates eight major clades that have more than 75% support (Figure 3), which
contain at least four distinguished subclades for a total of at least 12 clades. No
monospecific clade is now apparent, but expansions that are typical of tandem gene
duplications are found, as on clade 1V for R. pulchellusand clades IC and V111 for A.
maculatum. Several R. pulchellus metalloproteases appeared distinctly sex biased. For
example, RpIx75-57164, RpSigp-931308, RpIx75-721814 and RpIx75-240814 were
overexpressed in females (>100-fold), while RpIx75-919895 are overexpressed in males
(57-fold). In accordance with its transcript level bias among sexes, RpIx75-57164 was
detected by proteomics in females with 29% coverage but was not detected in males.
Proteomic analysis also revealed the product RpIx75-951936 to be highly expressed, with
over 50% coverage in females and 21% coverage in males.

M13 domain/neprilysin proteases are involved in the inactivation of hormone peptides. In
ticks, they could function by destroying inflammatory peptidic mediators such as cytokines,
anaphylatoxins or bradykinin from the hosts. While most members of this family are
extracellular, some are membrane bound via a transmembrane helix. Ten R. pulchellus M13
proteases were found without this transmembrane helix indicating they are secreted, similar
to A. maculatum homologs, which are 50-70% identical to the R. pulchellus sequences.
RplIx75-695314 and RpIx75-901875 were identified in both male and female proteomes.

Serine proteases are ubiquitous and commonly found in sialotranscriptomes of blood feeding
ticks and insects where they may function as a fibrinolysin [52]. The sialotranscriptome of
R. pulchellus reveals 19 CDS for these proteins. Remarkably, several of these appear to be
male-specific, five of which have 61 to 268 times more expression in males than females.
All these proteins were identified solely in males by MS experiments. These enzymes could
thus be associated with the reproductive biology of ticks, which are successful practitioners
of oral sex [12]. Male-specific seminal fluid serine proteases are known to occur in
Drosophila [53] and the human prostate-specific antigen (PSA) is a serine protease [54, 55].
It is possible that some male salivary proteins are exerting a function homologous to seminal
fluid proteins of other animals. We additionally report a legumain (RpIx75-689581) that is
male specific in R. pulchellus (>600-fold more expression). This enzyme was also found
only in male SGEs by MS. The only other salivary legumain (Rplx75-534217) was found to
be equally expressed in both sexes, and was identified only in female glands via MS. The
specific function of serine proteases and legumains in tick saliva remains unknown.

Dipeptidyl peptidases were reported as the kininase found in I. scapularis saliva [56]. These
enzymes are responsible for the destruction of bradykinin, thus interfering with the host's
tick rejection reactions. Two dipeptidyl peptidases were reported for R. pulchellus. The
protein encoded by Rplx75-19165 was found by MS to be expressed in females, with 39%
coverage, with its transcripts six times more abundant in females than in males.
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Serine carboxypeptidases with unknown function in feeding or reproduction were found by
MS and their transcript expression are enriched in male glands. Particularly, RpIx75-906737
and Rplx75-906740 were identified by MS with 21% coverage in male glands only. On the
other hand, RpSigp-677431 and RpSigp-677433 (equivalently expressed in both sexes),
were identified by MS in both sexes.

Apyrases are enzymes hydrolyzing ATP and ADP to AMP thus suppressing agonists of
inflammation and platelet aggregation. Mosquito and tick apyrases belong to the 5
nucleotidase family and lack the carboxyterminal membrane domain linking them to a
phosphoglycoinositol membrane anchor [57, 58]. Twenty coding sequences were found
representing this protein family. RpIx75-419942 and RpIx75-419943 were found in only
female SGEs, while RpIx75-907283 and RpIx75-907282 were found only in males
reflecting the transcription bias. Nucleotidases catalyzing the hydrolysis of dinucleotides
(ectonucleotide hydrolase/phosphodiesterase) were found, in which some are overexpressed
in male salivary glands. These enzymes may hydrolyze diadenosine polyphosphates released
by platelets, attenuating their role in hemostasis and inflammation [59, 60].

Ribonuclease coding transcripts were found overexpressed in female glands; the products
for two enzymes (RplIx75-670367 and RplIx75-938568) were found by MS solely in females.

Proteinase inhibitor domains: The following families of protease inhibitor domains were
found abundantly expressed in the sialotranscriptome of R. pulchellus (Table 3): Kunitz,
serpin, TIL (associated with serine proteinase inhibition), and cystatin and thyropin
(associated with cysteine proteinase inhibition and immunosuppression).

The Kunitz domain is 50-60 amino acid residues in length and their fold is conserved by
three disulphide bonds. Most Kunitz domain containing proteins inhibit serine proteases,
although some also block ion channels [61, 62]. In some tick saliva proteins, Kunitz
domains are found in tandem; depending on the number of Kunitz domains, they are
classified as monolaris, bilaris, trilaris and so on. Some are well known inhibitors of various
proteases in the coagulation cascade. For example, Ixolaris, a bilaris isolated from I.
scapularis, is an anticoagulant that binds both factor V1la and factor X thus inhibiting the
extrinsic pathway [63-67]. In the R. pulchellus transcriptome, 197 members containing
Kunitz domains have been identified (Table 3). Six monolaris, two bilaris and one tetralaris
proteins were overexpressed in females (>100-fold). In the proteome, one monolaris, five
bilaris and one tetralaris proteins were identified in females, as compared to only one
monolaris protein in males. Further in the text the bilaris protein family will be analyzed in
detail.

Serpins are ubiquitous serine protease inhibitors and several in tick salivary glands act as
clotting inhibitors or chymase inhibitor [68-70]. We have identified 23 serpins in the R.
pulchellus transcriptome. Notably, several were expressed exclusively in males, such as
RplIx75-772874 having 2,559 reads from males and only two from females. Not surprisingly
the protein was identified only in male SGEs by MS. It is possible that this serpin plays a
role in tick reproduction as does serpins in the seminal fluid of Drosophila [71, 72] and
prostatic secretions of humans [73].
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Cystatins are ubiquitous inhibitors of cysteinyl proteases. Some tick salivary cystatins show
immunosuppressive and anti-inflammatory activities [74-81]. Several cystatin coding
sequences were overexpressed in males, two of which are over 1,000-fold overexpressed
(RpSigp-19398 and RpSigp-384543) and their protein products were detected by MS only in
males. Cystatins were also detected in human seminal fluid [82, 83].

The TIL family in R. pulchellus contains 95 members, including peptides closely related to
tick elastase inhibitors, which also have antimicrobial activity [84]. Proteins with multiple
TIL domains (biTIL, triTIL and polyTIL) were also recognized. Many of these transcripts
were gender biased. RpSigp-666840 was 716 times overexpressed in males and its product
was detected by MS only in male glands. Several others were found by MS in either sex
reflecting their expression bias.

Immunity-related: Sialotranscriptomes of hematophagous animals contain antimicrobial
peptides and other proteins associated with immunity. The sialotranscriptome of R.
pulchellus reveals four different lysozymes, one of which (RpIx75-909446) appears male
specific and was found only in male SGEs by MS. In addition, 22 defensins were found, of
which one (RpSigp-635550) was identified by MS only in males.

Full-length thioester containing proteins (TEP), involved in innate immunity [85, 86] were
identified. MS identification was achieved solely from female tissues. Pathogen-recognition
proteins, such as ML-domain containing proteins [87], peptidoglycan-binding proteins [88],
galectins and ficolins (ixoderin) [89] were identified. Three out of six galectins were
identified by MS in females only.

Tick-specific families, at least one member of which has a known function

Antimicrobial peptides: Microplusin is a histidine-rich peptide from R. microplus [90], six
homologs of which were found in R. pulchellus. Two microplusins (RpIx75-675437 and
RplIx75-675436) are highly female biased (190- and 257-fold) and were found by MS only
in female glands. The 5.3 kDa peptide family was initially described in I. scapularis
sialotranscriptomes, some members were upregulated following infection with Borrelia
burgdorferi [91]. Later, one of its members was shown to be an antimicrobial [92]. R.
pulchellus has four contigs matching members of this peptide family, in which one
(RpIx75-680620) was highly expressed in female SGEs (>50-fold).

Tick-specific protease inhibitors: The tick salivary carboxypeptidase inhibitor is a 97
amino acid residue peptide found in R. bursa that stimulates fibrinolysis by inhibiting the
thrombin-activated fibrinolysis inhibitor [93, 94]. Haemaphisalis and A. maculatum ticks
also have this protein family [95]. R. pulchellus sialotranscriptome reveals 13 CDS that are
32- 88% identical to the canonical R. bursa protein, indicating the diversity of this peptide
family within a single genome. One of these CDS (RpSigp-946756) was more than 80 times
overexpressed in female ticks, though it was not found in the proteome. Another protein
(RpSigp-946756) was found in females only.

The basic tail protein family in found in abundance in . scapularis, one member of which
was shown to inhibit clotting factor Xa [96]. In metastriates, this family is much smaller.
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Nine CDS were found in the R. pulchellus sialotranscriptome, one of which
(RplIx75-966959) was 36-fold overexpressed in females and was found by MS only in
female tissues. The 18.3 kDa family was shown by PSI-BLAST analysis to be part of the
basic tail superfamily [44]. This family is abundant in both metastriate and prostriate ticks,
and is well represented within the R. pulchellus sialotranscriptome. The diversity of this
family is verified by their best matching metastriate tick proteins available in the NR
database which varies from 33-65% identity. None of them have been functionally
characterized.

Glycine-rich proteins and mucins: Ticks use a cement-like substance to attach themselves
to their hosts [97]. These proteins are rich in glycine and are somewhat similar to spider silk
proteins. Some of these proteins have been used as anti-tick vaccines [98-100]. The
sialotranscriptome of R. pulchellus presents 151 CDS, including 26 that have over 100,000
reads mapped to them, indicating the abundance of these transcripts. Although this class of
proteins constituted almost half of the total number of S class reads, only 14 were identified
by MS. This low detection rate in MS can be explained by their sequence, which has fewer
arginine and lysine residues. Thus, most tryptic fragments were too large for MS/MS
sequence determination.

Mucins are proteins with a large number of N-acetyl-galactosamine residues linked to serine
or threonine [101]. However, their primary sequence is not conserved and they have large
regions of repeats with low complexity. Similar to the glycine-rich proteins, some members
are highly expressed and 15 have over 10,000 reads mapped to their CDS. Four of these
highly expressed CDS are male specific and may have to do with reproduction [13]. For
example, RpSigp-99535 is 890-fold overexpressed in males and was found by MS only in
male SGEs. Although there were 118 members found in the transcriptome, only six (four
exclusively in males and two exclusively in females) were detected in the proteomes. This
could be due to their high levels of glycosylation and large glycosylated peptides are not
amenable for MS/MS sequencing.

Lipocalins: Although lipocalins are ubiquitous, tick salivary lipocalins have no sequence
similarity to other known proteins, but are recognized by their typical barrel-like structure
[102] revealed in crystal structures [103, 104]. Literally lipocalin means ‘a cup of lipid’, as
their barrel structure contains normally a lipophilic interior where lipids bind and can be
carried in the aqueous environment. Tick salivary lipocalins can function by scavenging
biogenic amines [103-105] or lipidic mediators of inflammation [106, 107], normally using
binding sites inside the barrel, but also by acting as anti-complement proteins using their
side chains on the outer surface [108]. Supplemental file 1 displays 350 coding sequences
that are assigned to the lipocalin class. Some of these do not have any direct match by
BLAST or RPS-BLAST to known lipocalins, but they cluster at 40% similarity to members
of the lipocalin family and hence are grouped as a subcategory putative lipocalins. Several
lipocalins show sex biased expression, 38 and 7 are overexpressed (>100-fold) in females
and males, respectively. Mass spectrometry identified 59 of the 350 predicted lipocalins.

Ixodegrins: Ixodegrins are ~100-residue polypeptides that contain an RGD tripeptide
flanked by cysteines [44, 109] similar to disintegrins — platelet aggregation inhibitors found
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in snake venom [110, 111]. R. pulchellus sialotranscriptome contains several peptides but in
most, RGD is replaced by RED sequence. Three ixodegrins were identified by MS in female
glands.

DA-p36 family: DA-p36 is a 36 kDa immunosuppressive protein of isolated from the
salivary glands of Dermacentor andersoni [112]. This family is widely found in metastriate
ticks and 28 were identified in R. pulchellus. Fifteen were overexpressed in females
(10-390-fold), while none were overexpressed in males (<3.8-fold). Seven members of this
family were identified by MS — 3 exclusively in females, 1 in males, and 3 in both sexes.

Evasins: Evasins are cytokine-binding proteins isolated from the tick R. sanguineus [113,
114]. This family is found in all sialotranscriptomes of metastriate, but not in prostriate
ticks. The family is extremely divergent; the best matches to R. pulchellus proteins provide
only 26-56% identity at the primary sequence level. Four evasins were female specific
(50-230-fold) while one evasin was male specific (54-fold).

Immunoglobulin G binding proteins: Tick immunoglobulin binding proteins help to
scavenge host IgG that leaks into the hemolymph and salivary members of this family
recycle host 1gG from ticks back to hosts [115-118]. Male-only forms of this protein were
identified in R. appendiculatus [118] and were shown to help their female counterparts feed.
The sialomes of R. pulchellus reveals several transcripts with expression virtually in males;
for example, the transcript coding for RpSigp-668710 has over 480,000 reads mapped to it
from the male library, but only 202 reads from the female library. Other members were also
overexpressed in males (>1,000-fold). RpIx75-464069, which was 1,715-fold overexpressed
in male glands, was found solely in male glands by MS.

Tick-specific, unknown function—Fifty eight families of proteins are tick specific and
have no known function. This group includes 34 families of small proteins (<100 residues)
that have no similarities to other known proteins and could be erroneously deduced from
non-coding RNA. Only one peptide match was found for members of this group.

Prostriate/metastriate families: The members of “Fibronectin-domain protein” and
“Hematopoietic-stem cell progenitor” families in prostriate and metastriate ticks are quite
similar, suggesting they may have housekeeping function. Alternatively, they may be of low
antigenicity to their hosts either because of their low expression or lack of strong epitopes.
The transcriptome confirms their low levels of expression, making up less than 0.01% reads
of the S class. However, Rplx75-854185 was identified by MS in female glands.

The 8.9 kDa family was found in all tick sialomes. Sixty CDS were found in the R.
pulchellus sialotranscriptome (Supplemental file 1). Some of these peptides have disintegrin
domains. Both male and female specific expression were observed; RpIx75-940640,
RpSigp-798933 and RpSigp-675391 were overtranscribed in females (12-26-fold) and were
detected by MS only in female glands, while RpSigp-7927, RpSigp-972527, RpSigp-509737
and RpSigp-709817 were overtranscribed in male glands (4, 186, 650 and 994 -fold) and
were detected by MS only in male glands.
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The 23 kDa and 24 kDa protein families of ixodids were also represented in the R.
pulchellus sialotranscriptome. Rplx75-677306 (24 kDa family) was found by MS in glands
from both sexes.

The “one of each” family was initially thought to be only found in metatriates, where only
one gene from the family was found in a tick. However, this was contradicted in the
sialotranscriptome of A. maculatum, where several CDS were found. In addition, homologs
were also found in |. scapularis. We here report 14 additional CDS for this diverse family, 4
of which were identified by MS in only female SGEs, in accordance with their female-
biased transcription (39-172 times overexpressed).

Previously thought to be metastriate-specific families: Seven protein families that were
identified previously as metastriate specific were found to have homologs in the I.
scapularis proteome (Table 3). Two members of “Insulin growth factor binding proteins”
(IGFBP) family were found in A. variegatum, a short form with only the insulin growth
factor-binding protein homologs (IB) SMART domain, and a long form with additional
Kazal and immunoglobulin (IG) domains [119]. The sialomes of R. pulchellus reveals six
proteins of the short variety, which matches not only metastriate, but also |. scapularis
proteins (Supplemental file 1).

A deduced protein from R. appendiculatus ESTs [44] was annotated as orphan as it had no
similarities to other known proteins, but it matches R. pulchellus proteins having a weak
Somatomedin SMART domain.

Metastriate specific families: There are seven additional protein families which are
metastriate-specific. Five were previously described, while two, the 9 kDa protein family
and the Rhip 45-304 family, were deorphanized with the R. pulchellus sialotranscriptome.
The female-biased Rhip 45-304 family (~200-250 residues) was so named because the
members cluster at 45% similarity within cluster 304 of the database protein clusterization
algorithm. An alignment of this family of proteins with sequences from other ticks revealed
three identities and 36 similarities (Figure 4A). Phylogenetic analysis indicates a robust
clade with R. appendiculatus and R. pulchellus sequences, but no other robust clade of
mixed species (Figure 4B). RpIx75-16871 protein was identified by MS only in female
glands.

Rhipicephalus specific families: Three protein families from R. pulchellus have similarities
exclusively to R. appendiculatus proteins and may represent genus-specific proteins.
RpIx75-569044 and RpIx75-697446 from the 45-236 family were identified by MS in male
SGEs.

Gender differences in transcript and protein expression

As indicated in the above sections, many transcripts were found differentially expressed in
male or female salivary glands, in many cases remarkably so, with hundreds to thousands
fold more reads in one sex. Figure 5A shows an overall number of reads from each class of
secretory proteins. It is evident that some classes were more highly expressed in one sex. It
is interesting to note that the total number of upregulated transcripts (10-fold or more) in
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females was almost twice that of males (1148 vs. 612) (Table 4 and 5, and supplemental file
1). This may be attributable to the difference in feeding habits between male and female
ticks, as previously mentioned. Females secrete more proteins that allow a larger blood
meal. This increased intake of blood necessitates metabolic difference to process it.

The majority of the transcripts overexpressed in females (45%) and males (58%) were of the
U class, but many have signal peptides indicative of secretion and could be novel peptides.
The S class transcripts that were upregulated in females (32%, 371 CDS) belong to
metalloproteases, lipocalins, glycine-rich proteins and other typical tick specific families,
such as evasins and 8.9 kDa family members (Table 5). In contrast, the S class transcripts
that were upregulated in males (21%, 133 contigs) include metalloproteases, serine
proteases, an asparaginyl peptidase and an ectonucleotide pyrophosphatase along with eight
IgG binding proteins [115-117, 120], and protease inhibitors of the serpin, cystatin, Kunitz
or TIL families (Table 4 and 5, and Figure 5B). As mentioned above, IgG binding proteins
may help their female counterparts feed, while four serpins and 11 cystatins (females have
only one of each in their enriched group) may be involved in reproduction as previously
proposed [13] (Table 5). The H class transcripts that are upregulated in females (19%)
included transporters and enzymes involved in gluconeogenesis (4-aminobutyrate
aminotransferase and tyrosine transaminase). DNAses may actually be secreted and prevent
NET formation [36]. Similarly, female lipases may be secreted [121]. On the contrary, the H
class transcripts upregulated in males (17%) included sulfotransferases, sulfatases and multi-
drug transporters for detoxification, and amino acid, ABC, and monoamine transporters.
They also code for enzymes targeting aromatic amino acids, such as dopamine f3-
monooxygenase and aromatic-L-amino-acid/L-histidine decarboxylase, which may be
associated with hormone or pheromone metabolism [122]. Lipases (with >400-fold more
reads in males) and long-chain acyl-CoA synthetase indicate exceptional lipid metabolism in
male salivary glands. The TE class transcripts that are upregulated in males (3%) include
transcription factor doublesex, which is associated with sex-specific gene expression [123,
124].

The proteome data, although not geared for detailed quantitative measurements, similarly
indicated many differentially expressed proteins, mainly when we consider those proteins
found in only one of the two sexes. Of 2,243 proteins identified with at least one high-
confidence peptide match, 286 were detected in both sexes, while 174 and 1,783 were
identified only in male or female tissues, respectively (Table 6 and 7, Figure 5C). Although
the number of proteins identified in females was about 10 times that of males, most of them
are accounted for by housekeeping proteins (1,466 in females vs. 74 males). Among these
proteins are notably those responsible for the transcription, synthesis, modification and
export of proteins. This strongly corroborates with the transcriptome data where there were
almost twice as many transcripts that were overexpressed in females as compared to males.
In addition, a significant number of signal transduction proteins were found in females. A
total of 226 secretory proteins were identified in the proteome — 31 found in both sexes, 77
exclusively in males, and 118 exclusively in females. The lipocalin family was found
abundantly in both genders, which corresponds to the transcriptome where this family had
the third most abundant reads. The signal intensity of the MS-identified proteins presented
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no correlation with the transcript abundance (not shown). This may result from the
continuous infusion of this class of proteins since the organ was taken from feeding ticks.

Do male salivary products display seminal-fluid properties?

Male tick saliva assists reproduction following the observation that both soft and hard ticks
salivate copiously on the surface of their spermatophores before pushing them with their
mouthparts into the female's genital pore [13]. Male saliva was postulated to avoid stickiness
of the spermatophore when it is being transferred from the male genitalia into the females’.
It is possible that in addition to this lubricating or anti-stickiness property of saliva, male
salivary molecules may play a role traditionally played by arthropod male accessory glands
to increase the female's fecundity [125]. Male ticks remain with their mouthparts inside the
female's genital pore for several hours after successful spermatophore transfer, perhaps as a
mechanism of guarding the females from other males and thus avoid sperm competition
[12], but whether they transfer additional fluids into the females is unknown. Histological
studies of tick salivary glands have described male-specific alveolus and cells [126-128] that
were postulated to assist tick reproduction [13]. Using a differential display approach,
differential male salivary gene expression was observed when males were feeding together
with and without female conspecific ticks [129, 130]. Another previously reported salivary
gland transcriptome of male and female R. haemaphysaloides ticks have detected, by
suppression subtractive hybridization protocols, 17 male-specific transcripts that include a
serine protease, cytochrome P450, an IgG binding protein and metalloproteases [131], in
concordance with our findings. We here propose that at least some male-specific salivary
gland proteins play a role in tick reproduction. Among these candidates are serpins, cystatins
and serine proteases which are ubiquitously found in seminal fluids from Drosophila to
humans, and also metalloproteases and legumains mentioned above. The differentially male
expressed cytochrome P450 may be involved in the production of prostaglandins or other
eicosanoids. Male housekeeping enzymes linked to lipid metabolism may relate to
additional secreted lipidic products. Male-specific mucins may also fall under this class of
seminal-fluid like proteins and the male upregulated galactosyl-transferase may assist the
post-translational modifications abundant in mucins. While hypothesis-driven research states
their hypothesis in the introduction of their work, discovery driven research states its
hypothesis in their discussion. This work allows hypothesizing the several transcripts
mentioned above to be involved in tick reproduction. RNAI experiments can now be
designed and the hypothesis tested.

Gender-dependent expression of Bilaris proteins

While male differentially-expressed transcripts can be hypothesized to play a role in
reproduction, it is also possible that they result from males expressing a different anti-
hemostatic cocktail than females, due to their different feeding requirements and/or to
diversify their antigenic cocktail.

As shown in Figure 1, the saliva of male ticks contained less FXa and thrombin inhibitors.
Thus, in an attempt to search for male-specific anticoagulants, we further analyzed the
bilaris proteins (with two tandem Kunitz domains) in the transcriptome, as this class of
proteins has some well-characterized anticoagulants [132, 133].
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We have identified 81 coding sequences for bilaris proteins in the R. pulchellus
transcriptome. By systematic analysis, we classified them into five subclasses based on their
number of cysteine residues, as well as their length (Figure 6A). In a typical Kunitz domain,
the fold is conserved by three conserved disulphide bonds: C1-C6, C2-C4 and C3-C5. In the
first subclass, both Kunitz domains have all three disulphide bonds conserved. In all other
subclasses, the first Kunitz domain contains all three conserved disulphide bridges.
However, marked differences are seen in the second Kunitz domain. In the second subclass,
cysteine residues C2 and C4 are substituted, resulting in the loss of one disulphide bridge in
the second Kunitz domain. This is seen in ixolaris [63]. Similarly, proteins in subclass Il
has cysteine residues C3 and C5 substituted, thus it also has only two disulphide bridges in
the second Kunitz domain. In subclass 1V and V, an additional pair of cysteine residues, is
present at the C-terminal of the second Kunitz domain. However, subclass V has a long
proline-rich inter-domain segment (73 - 85 residues). It is interesting to note that even within
each subclass, similarity between the individual proteins, not taking into account isoforms,
are low; the majority of the proteins within a subclass had less than 40% identity to each
other. Proteins within each subclass were aligned and the consensus sequence for each
subclass was generated and aligned with other subclasses (Figure 6B). This alignment
further highlights the characteristic differences across the five subclasses and the low
conservation of sequences in the inter-cysteine regions within as well as out of each
subclass. The variations in the inter-cysteine regions suggest diverse functions for these
proteins despite similar structures. They might target different proteases and their
complexes, and inhibit them through different mechanisms.

All bilaris proteins were aligned using ClustalW and a phylogenetic tree was constructed
(Figure 7). Proteins from the same subclass clustered together even though they had low
sequence homology. Figure 7 also shows the abundance of reads from the transcriptome for
each contig. In order to have a better comparison of the difference in number of reads of
each contig from each sex, the normalized number of female reads was divided by the
normalized number of male reads. Figure 8A illustrates the number of fold differences of
each contig. There were altogether eight contigs in which one sex had more than 10 times
the number of reads than the other; seven were higher in females while one was higher in
males. It was interesting to see that the majority of subclass Il bilaris proteins (10 of 12)
were more highly expressed in females, while the majority of subclass I and 1V bilaris
proteins (16 of 19 and 28 of 34 respectively) were higher in males. This further suggests that
male and female ticks employ different sets of proteins to target the host hemostatic system.

As data from the transcriptome only gives us a rough estimate on the level of expression of
these proteins, we performed quantitative real time — polymerase chain reaction (QRT-PCR)
experiments. This allowed us to compare the relative abundance of mRNA of each gene in
males and females, and thus the relative level of expression. As we were interested in
subclass II, 111 and IV, four genes were chosen from each subclass (full sequences of chosen
genes are listed in the Appendix). However, we were unable to successfully amplify one
gene from subclass Il. gRT-PCR was performed using p-actin as an internal control and the
level of expression of males are shown in reference to the female genes (Figure 8B). The
proteins from subclass IV were indeed highly expressed in males, with two of them
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expressed more than 2000 times higher in males than females. This corresponds to the
elevated number of male reads we see in the transcriptome for proteins belonging to
subclass 1V, and serves to validate the overall transcriptional differences observed between
genders.

Bilaris proteins are potentially important in anticoagulant function and may target various
parts of the coagulation cascade. There appears to be distinct pattern of expression of this
group of proteins. The functional studies of these proteins may help us delineate additional
aspects of differential feeding habits between male and female ticks.

Conclusions

This work represents the first deep-sequencing transcriptome of ticks aimed at
distinguishing salivary gender-specific transcripts, and the first sialotranscriptome of R.
pulchellus. As a product of discovery-driven research, this work deposited 11,227 publicly
available CDS to GenBank that will serve as a discovery platform for future identification of
pharmacologically interesting molecules and other studies. These coding sequences served
the basis for a preliminary proteomics study where 460 and 2,069 proteins were identified
from male and female salivary glands, respectively. The identification of male specific
products is hypothesized, for at least some of them, to play a role in tick reproduction taking
into account the involvement of tick mouthparts in spermatophore transfer [13]. Candidate
“seminal fluid-like” salivary proteins identified can be the substrate for RNAi experiments
to attempt disruption of tick reproduction. On the other hand, a gender specialization in the
anti-hemostatic salivary cocktail is postulated, and a detailed study of the bilaris family of
serine protease inhibitors was performed, followed by gPCR experiments that served to
validate the overall transcriptional differences observed between genders.
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H Housekeeping proteins
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Significance

This annotated Rhipicephalus pulchellus database represents a mining field for future
experiments involving the resolution of time-dependent transcript expression in this tick
species, as well as to define novel vaccine targets and discover novel pharmaceuticals.
Gender specific proteins may represent different repertoires of pharmacological reagents
to assist feeding by each sex, and in males may represent proteins that assist reproduction
similarly to seminal proteins in other animals.
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Figure 1. Anticoagulant activity of R. pulchellussalivary gland extracts
(A) The amidolytic activities of thrombin and FXa were measured in the presence of 15 ug

of female or male crude salivary gland extracts. Female extracts were able to inhibit both
thrombin and FXa to higher than 80% while male extracts inhibited the enzymes lower than
20%. (B) Crude salivary gland extracts from female ticks were subjected to fractionation by
size exclusion chromatography. (C) Crude salivary gland extracts from male ticks were
subjected to fractionation by size exclusion chromatography. Fractions from (B) and (C)
were tested for their ability to inhibit the amidolytic activity of FXa and thrombin. Female
extracts inhibited FXa (FXal-1 and FXal-2) and thrombin (TI-1) while male extracts only
inhibited FXa to a small extent (FXal-2).
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Figure 2. Components of R. pulchellus transcriptome and proteome
Both transcriptome (A) and proteome (B) were classified into four categories —

housekeeping, secreted, transposable elements and unknown. Secretory products are shown
in more details, with further classification. The charts represent proportion of CDS and
proteins in the transcriptome and proteome respectively.
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Figure 3. Phylogenetics of the salivary metalloproteases of ticks
The evolutionary history was inferred using the Neighbor-Joining method [134]. The

optimal tree with the sum of branch length = 75.51 is shown. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Poisson correction
method [135] and are in the units of the number of amino acid substitutions per site. The rate
variation among sites was modelled with a gamma distribution (shape parameter = 1). The
analysis involved 170 amino acid sequences. All ambiguous positions were removed for
each sequence pair. There were a total of 823 positions in the final dataset. Evolutionary
analyses were conducted in MEGADS [25]. The bar at the top indicates 50% amino acid
divergence. Sequences from GenBank are recognized by having the first 3 letters of the
genus name, followed by the first 3 letters of the species name, followed by their accession
numbers. Rhipicephalus pulchellus sequences start with RP. Other sequences were derived
from a tick sialomes review [2]. Markers of the same color are used for genus, and marker
shape for species differentiation.
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Figure 4. Novel metastriate tick salivary family
(A) Clustal alignment. The symbols above the alignment indicates for * identity of residues,

“:” similarity and “.” indicates less similarity. (B) Phylogenetic evolutionary history was
inferred using the Neighbor-Joining method [134].The bootstrap consensus tree inferred
from 10000. Branches corresponding to partitions reproduced in less than 50% bootstrap
replicates are collapsed. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (10000 replicates). All ambiguous positions were
removed for each sequence pair. There were a total of 360 positions in the final dataset. The
bar at the bottom indicates 50% amino acid divergence. Other conditions as in figure 1. The
sequences were obtained from previous publications [2, 19]. The R. pulchellus sequences
start with Rp and can be obtained from supplemental file 1.
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Figure 5. Differential expression of secretory proteins
(A) The number of reads from male and female R. pulchellus belonging to the secretory

class in increasing order. (B) Transcripts which are expressed more than 10 times in either
sex, together with their classification. (C) Proteins which were found only in one sex in the

proteome.
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Figure 6. Five subclasses of bilaris proteins
(A) Schematic representation of the five subclasses of bilaris proteins. Subclass I has two

full tandem Kunitz domains, each three conserved disulphide bonds, represented by the solid
lines. A typical Kunitz domain disulphide bond pairing is as follows: C1-C6, C2-C4 and C3-
C5. Subclass Il and 111 has two missing cysteine residues C2, C4 and C3, C5, respectively,
in the second Kunitz domain, resulting in a loss of a disulphide bond. Missing disulphide
bonds are represented by the bold dashed line. Subclass 1V and V has two extra cysteine
residues in the second Kunitz domain, one located between the typical C4 and C5 cysteine
residues, and the other after the C6 cysteine residue. This extra disulphide bond is
represented by a bold solid line. However, subclass V contains a long inter-domain, proline-
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rich segment (~ 80 residues and represented by the bold dotted line. (B) Alignment of
consensus sequences of the five bilaris subclasses showing conserved disulphide bridges.
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Figure 7. Phylogenetics and associated number of reads of bilaris CDS
81 CDS belonging to the bilaris class were aligned with ClustalW and a phylogenetic tree

was drawn using the Neighbor-Joining method in MEGADS [25]. The subclass of each CDS

is indicated by the symbol on the left of the accession number. The number of reads

Page 38

12000

associated with each CDS is indicated by the bar chart, where red represents reads from the
female library, and blue from the male library. Proteins that were identified in the female
proteome are marked with a @ beside the bar chart.
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Figure 8. Expression difference of bilaris proteins between male and female ticks
(A) Fold difference in the transcriptome is expressed over number of male reads. Seven

transcripts were highly expressed in females while one was highly expressed in males.
These sex biased transcripts which were more than 10 fold expressed in either sex are
highlighted in grey. The subclass of the bilaris proteins are indicated beside the transcript
name. It is noted that most of subclass I, I1l and IV were expressed by males, and subclass 11
and V in females, as tabulated in the inset. Transcripts marked with an asterisk (*) were used
for RT-PCR studies. (B) RT-PCR was performed on selected bilaris proteins from subclass
I1, 111 and IV. Comparison of expression is in reference to females. Two independent
biological samples were used to obtain the standard deviation.
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Table 1

Functional classification of extracted coding sequences (CDS) from the sialotranscriptome of adult
Rhipicephalus pul chellus ticks.

Class CDS Associated Reads 9% Total reads
Secreted 7,134 16,080,727 22.83
Housekeeping 11,499 18,001,992 25.56
Transposable elements 2,195 2,989,302 4.24
Unknown 29,632 33,351,022 47.36
Total 50,460 70,423,043 100
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Table 2

Page 41

Functional classification of extracted coding sequences (CDS) from the putative housekeeping class from the
sialotranscriptome of adult Rhipicephalus pulchellus ticks.

Class CDS Associated Reads 9% Total reads
Unknown conserved 2,243 4,083,858 22.6856
Signal transduction 2,092 2,452,172 13.6217
Transcription machinery 1,319 1,749,731 9.7197
Protein synthesis machinery 467 1,637,732 9.0975
Protein export 827 1,239,885 6.8875
Transporters and channels 721 1,068,327 5.9345
Energy metabolism 212 1,026,836 5.7040
Extracellular matrix 335 632,742 3.5148
Proteasome machinery 442 585,484 3.2523
Lipid metabolism 446 502,702 2.7925
Protein modification 266 500,861 2.7823
Nuclear regulation 424 415,586 2.3086
Cytoskeletal proteins 316 413,798 2.2986
Carbohydrate metabolism 304 403,332 2.2405
Protein modification/Protease 193 267,022 1.4833
Transcription factor 210 252,611 1.4032
Amino acid metabolism 140 223,972 1.2442
Nucleotide Metabolism 172 122,319 0.6795
Nuclear export 71 107,089 0.5949
Oxidant metabolism/Detoxification 72 100,617 0.5589
Other immune related proteins 77 74,336 0.4129
Intermediary metabolism 62 60,342 0.3352
Detoxification 7 59,983 0.3332
Storage 11 20,655 0.1147
Total 11,499 18,001,992 100
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Table 3

Functional classification of extracted coding sequences (CDS) from the putative secreted class from the
sialotranscriptome of adult Rhipicephalus pulchellus ticks.

Class CDS Associated Reads % Total reads

Enzymes

Metalloproteases

Typical tick ZnMc_salivary_gland_MPs CDD motif 98 180,020 1.1195
Large ADAM's proteases - probably housekeeping 5 4,059 0.0252
Other Zn metalloproteases, including collagenases 7 6,128 0.0381
M13 family peptidase 14 25,327 0.1575
Dipeptidyl peptidase 2 13,064 0.0812
Serine protease 17 12,921 0.0804
Male specific salivary serine protease 2 32,135 0.1998
Suchi serine protease 2 3,421 0.0213
Zinc carboxypeptidase 2 9,147 0.0569
Serine carboxypeptidase - may be lysosomal 19 43,212 0.2687
Legumain/asparaginyl peptidase 2 6,916 0.0430
Chitinase 2 2,106 0.0131
5'-nucleotidase/Apyrase 20 28,812 0.1792
Ribonuclease 4 4,892 0.0304
Ectonucleotide pyrophosphatase/phosphodiesterase family 3 5,489 0.0341
Lipase 4 2,591 0.0161
Inositol phosphatase 4 3,734 0.0232
Antigen 5 family 20 65,252 0.4058
Proteinase inhibitor domains
Serpins 23 10,468 0.0651
Monolaris 81 125,953 0.7833
Bilaris 65 94,581 0.5882
Trilaris 33 37,042 0.2304
Tetralaris 6 32,425 0.2016
Pentalaris 4 44,321 0.2756
Hexalaris 1 368 0.0023
Heptalaris 2 4,770 0.0297
Similar to Kunitz domain 10 10,995 0.0684
Cystatins 20 73,488 0.4570
Thyropins with two domains 4 2,786 0.0173
IGF/KAZAL/IG domain family 2 2,019 0.0126
Chymotrypsin-elastase inhibitor ixodidin - TIL domain 33 636,225 3.9564
MonoTil 13 26,055 0.1620
BiTil 35 96,191 0.5982
TriTil 12 50,388 0.3133
PolyTil 2 12,311 0.0766
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Class CDS Associated Reads % Total reads
Til-Like 1 31 0.0002
Immunity associated products
Lysozyme 4 2,397 0.0149
Defensins 22 5,555 0.0345
TEP proteins 23 50,188 0.3121
ML domaini 9 1,533 0.0095
Galectin 6 7,046 0.0438
Peptidoglycan recognition protein 6 7,098 0.0441
Ixoderin/Ficolin 6 17,076 0.1062
Tick specific protein families, at least one family member has known function
Antimicrobial peptides
Microplusin 6 14,525 0.0903
5.3 kDa antimicrobial family 4 317 0.0020
Protease inhibitors
Carboxypeptidase inhibitor 13 17,373 0.1080
Basic Tail 12 18,408 0.1145
18.3 kDa family 14 12,823 0.0797
Glycine rich superfamily 151 7,640,865 47.5157
Mucins 118 1,840,933 11.4481
Lipocalin family
Group | 209 309,678 1.9258
Group Il 20 34,862 0.2168
Group 11 13 45,186 0.2810
Group IV 10 24,295 0.1511
Group V 16 25,277 0.1572
Group VI 13 176,753 1.0992
Group VII 17 17,945 0.1116
Group VIII - Deorphanized Dermacentor lipocalin family 19 20,816 0.1294
New lipocalin family Rhipicephalus family X11 5 7,271 0.0452
Other putative lipocalins 64 912,901 5.6770
Ixodegrins 21 45,029 0.2800
DA-P36 family 31 36,142 0.2248
Evasin 22 19,746 0.1228
Immunoglobulin G binding protein 12 1,382,686 8.5984
Function Unknown
Found in prostriates and metastriates
Fibronectin domain containing protein family 2 157 0.0010
Hematopoietic-stem cell progenitor 2 1,551 0.0096
8.9 kDa family 60 114,278 0.7107
23 kDa family 7 3,072 0.0191
24 kDa family 9 3,193 0.0199
One of each protein family - now Ixodidae 14 3,505 0.0218
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Class CDS Associated Reads % Total reads

Previously thought as metastriate specific
1g domain containing secreted peptide 4 1,814 0.0113
Deorphanized Ixodidae Rhip 45-937 4 1,901 0.0118
Insulin growth factor binding protein - also found in Ixodes 6 2,065 0.0128
Amblyomma maculatum family 40-33 9 2,599 0.0162
Deorphanized metastriate-Rhipicephalus family X1V 4 912 0.0057
Deorphanized metastriate family 40-80 1 626 0.0039
Somatomedin domain protein family 4 599 0.0037

Metastriate specific
28 kDa Metastriate family 18 17,340 0.1078
16 kDa family 2 8,950 0.0557
8 kDa Amblyomma family 5 2,135 0.0133
10 kDa acidic metastriate 1 6,626 0.0412
Ixostatin-like 10 12,781 0.0795
Deorphanized Dermacentor 9 kDa expansion 5 1,102 0.0069
Rhip 45-304 - deorphanized on A. maculatum sialome 4 13,864 0.0862

Rhipicephalus specific families
Rhip 45-141 17 2,401 0.0149
Rhip 45-151 15 3,199 0.0199
Rhip 45-236 2 22,601 0.1405

Short protein families possibly secreted
Rhip 50-70 6 1,431 0.0089
Rhip 50-10 107 16,133 0.1003
Rhip 50-45 26 21,670 0.1348
Rhip 50-18 79 10,396 0.0646
Rhip 45-25 64 21,119 0.1313
Rhip 45-85 16 1,445 0.0090
Rhip 40-92 23 2,214 0.0138
Rhip 45-2 623 179,776 1.1180
Rhip 45-10 43 15,020 0.0934
Rhip 45-11 162 36,474 0.2268
Rhip 45-16 105 21,708 0.1350
Rhip 45-22 56 13,453 0.0837
Rhip 45-27 62 13,982 0.0869
Rhip 45-28 53 41,876 0.2604
Rhip 45-29 56 11,234 0.0699
Rhip 45-37 43 2,067 0.0129
Rhip 45-48 37 7,106 0.0442
Rhip 45-49 35 4,196 0.0261
Rhip 45-56 33 8,522 0.0530
Rhip 45-61 30 52,808 0.3284
Rhip 45-66 28 2,827 0.0176
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Class CDS Associated Reads % Total reads
Rhip 45-69 27 11,930 0.0742
Rhip 45-72 26 4,828 0.0300
Rhip 45-73 26 2,433 0.0151
Rhip 45-77 25 11,873 0.0738
Rhip 45-82 24 2,064 0.0128
Rhip 45-95 22 5,455 0.0339
Rhip 45-130 18 2,533 0.0158
Rhip 45-132 18 771 0.0048
Rhip 45-133 18 1,524 0.0095
Rhip 45-143 17 3,894 0.0242
Rhip 45-144 17 3,781 0.0235
Remaining peptides of large small family 40-1 3,340 619,033 3.8495

Other secreted proteins - includes fragments 208 272,152 1.6924

Conserved secreted protein 16 21,361 0.1328

Total 7,134 16,080,727 100
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Differential expression of genes in male and female salivary glands in the transcriptome

Table 4

Class Females* % Total Males* % Total
Secreted 416 34.87 142 22.87
Cytoskeletal 14 117 0 0.00
Extracellular matrix/cell adhesion 12 1.01 4 0.64
Metabolism, amino acid 5 0.42 6 0.97
Metabolism, carbohydrate 7 0.59 12 1.93
Metabolism, energy 3 0.25 2 0.32
Metabolism, lipid 12 1.01 7 1.13
Metabolism, nucleotide 6 0.50 0.00
Oxidant metabolism/detoxification 2 0.17 11 177
Proteasome machinery 1 0.08 1 0.16
Protein export machinery 1 0.08 1 0.16
Protein modification machinery 11 0.92 7 1.13
Signal transduction 15 1.26 8 1.29
Signal transduction, apoptosis 1 0.08 0 0.00
Storage 1 0.08 0 0.00
Transcription factor 3 0.25 4 0.64
Transcription machinery 3 0.25 4 0.64
Transporters/storage 67 5.62 16 2.58
Transposable element 43 3.60 18 2.90
Unknown 521 43.67 354 57.00
Unknown, conserved 49 411 24 3.86
Total 1193 100 621 100

*
More than 10 times overexpressed
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Table 5

Differential expression of genes that encode secretory proteins in male and female salivary glands in the
transcriptome

Females Males

Enzymes

=
oo

Metalloproteases

Serine protease

Male specific salivary serine protease
Legumain/asparaginyl peptidase

5'-nucleotidase/Apyrase

Ribonuclease

Ectonucleotide pyrophosphatase/phosphodiesterase family

Lipase

o B O N O O O O
w O B O N P N O O,

Antigen 5 family

Proteinase inhibitor domains

-

Serpins

=
-

Monolaris
Bilaris
Trilaris

Tetralaris

P O O B W »

Similar to Kunitz domain
Cystatins
Chymotrypsin-elastase inhibitor ixodidin - TIL domain 11

MonoTil

N O © kB A B RPN

BiTil
Immunity associated products
Lysozyme

Defensins

w o

TEP proteins

o O

Ixoderin/Ficolin 1
Tick specific protein families, at least one family member has known function
Antimicrobial peptides
Microplusin 2 0
5.3 kDa antimicrobial family 1 0
Protease inhibitors
Carboxypeptidase inhibitor 1
Basic Tail 2
18.3 kDa family 2
Glycine rich superfamily 19

o N O O

Mucins 8
Lipocalin family
Group | 62 15
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Females Males
Group Il 7 1
Group 11 9 0
Group IV 7 0
Group V 5 2
Group VI 4 1
Group VII 3 0
Group VIII - Deorphanized Dermacentor lipocalin family 9 1
New lipocalin family Rhipicephalus family XI1 0 0
Other putative lipocalins 20 6
Ixodegrins 8 1
DA-P36 family 15 0
Evasin 8 2
Immunoglobulin G binding protein 0 8
Function Unknown
Found in prostriates and metastriates
8.9 kDa family 22 6
24 kDa family 3 0
One of each protein family - now Ixodidae 11 0
Previously thought as metastriate specific
Insulin growth factor binding protein - also found in Ixodes 3 0
Amblyomma maculatum family 40-33 2 0
Deorphanized metastriate-Rhipicephalus family X1V 0 1
Somatomedin domain protein family 2 0
Metastriate specific
28 kDa Metastriate family 3 0
8 kDa Amblyomma family 1 0
Ixostatin-like 2 1
Deorphanized Dermacentor 9 kDa expansion 2 0
Rhip 45-304 - deorphanized on A. maculatum sialome 4 0
Short protein families possibly secreted 64 25
Other secreted proteins - includes fragments 25 10
Conserved secreted protein 3 0
Total 416 142
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Table 6

R. pulchellus salivary gland proteins identified in the proteome

Page 49

All proteins* Found in both sexes Found in male only Found in female only

Class Number % of total Number % oftotal Number % oftotal Number 9% of total
Secreted 221 9.91 31 10.88 7 45.56 113 6.36
Cytoskeletal 126 5.65 9 3.16 3 1.78 114 6.42
Extracellular matrix/cell adhesion 46 2.06 3 1.05 3 1.78 40 2.25
Immunity 12 0.54 3 1.05 0 0.00 9 0.51
Metabolism, amino acid 62 2.78 21 7.37 2 1.18 39 2.19
Metabolism, carbohydrate 89 3.99 24 8.42 6 3.55 59 3.32
Metabolism, energy 63 2.82 30 10.53 5 2.96 28 1.58
Metabolism, intermediate 29 1.30 5 1.75 0 0.00 24 1.35
Metabolism, lipid 81 3.63 15 5.26 5 2.96 61 3.43
Metabolism, nucleotide 45 2.02 12 421 7 4.14 26 1.46
Nuclear export 18 0.81 1 0.35 0 0.00 17 0.96
Nuclear regulation 89 3.99 1 0.35 2 1.18 86 4.84
Oxidant metabolism/detoxification 39 1.75 14 4.91 2 1.18 23 1.29
Proteasome machinery 74 3.32 2 0.70 0 0.00 72 4.05
Protein export machinery 134 6.01 10 3.51 2 1.18 122 6.87
Protein modification machinery 197 8.83 29 10.18 13 7.69 155 8.72
Protein synthesis machinery 131 5.87 16 5.61 1 0.59 114 6.42
Signal transduction 243 10.89 16 5.61 5 2.96 222 12.49
Signal transduction, apoptosis 42 1.88 2 0.70 3 1.78 37 2.08
Storage 5 0.22 3 1.05 0 0.00 2 0.11
Transcription factor 20 0.90 1 0.35 0 0.00 19 1.07
Transcription machinery 167 7.49 8 2.81 9 5.33 150 8.44
Transporters/storage 57 2.55 4 1.40 6 3.55 47 2.64
Unknown, conserved 197 8.83 22 7.72 9 5.33 166 9.34
Transposable element 7 0.31 0 0.00 0 0.00 7 0.39
Unknown 37 1.66 3 1.05 9 5.33 25 141
Total 2231 100 285 100 169 100 1777 100

Identified by at least 1 peptide of 95% confidence
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Table 7

Functional classification of secretory R. pulchellus salivary gland proteins identified in the proteome

All proteins* Found in both sexes Found in malesonly  Found in females only
Class Number % oftotal Number % oftotal Number % oftotal Number 9% of total
Enzymes
Metalloproteases 6 2.71 1 3.23 1 1.30 4 3.54
M13 family peptidase 2 0.90 2 6.45 0 0.00 0 0.00
Dipeptidyl peptidase 1 0.45 0 0.00 0 0.00 1 0.88
Serine protease 3 1.36 0 0.00 2 2.60 1 0.88
Male specific salivary serine 2 0.90 0 0.00 2 2.60 0 0.00
protease
Zinc carboxypeptidase 1 0.45 0 0.00 0 0.00 1 0.88
Serine carboxypeptidase - may be 10 4.52 0 0.00 9 11.69 1 0.88
lysosomal
Legumain/asparaginyl peptidase 2 0.90 0 0.00 1 1.30 1 0.88
5'-nucleotidase/Apyrase 8 3.62 2 6.45 2 2.60 4 3.54
Ribonuclease 2 0.90 0 0.00 0 0.00 2 177
Inositol phosphatase 2 0.90 0 0.00 0 0.00 2 177
Antigen 5 family 1 0.45 0 0.00 1 1.30 0 0.00
Proteinase inhibitor domains
Serpins 7 3.17 1 3.23 5 6.49 1 0.88
Monolaris 2 0.90 0 0.00 1 1.30 1 0.88
Bilaris 5 2.26 0 0.00 0 0.00 5 4.42
Tetralaris 1 0.45 0 0.00 0 0.00 1 0.88
Similar to Kunitz domain 1 0.45 0 0.00 1 1.30 0 0.00
Cystatins 2 0.90 0 0.00 2 2.60 0 0.00
Chymotrypsin-elastase inhibitor 1 0.45 0 0.00 1 1.30 0 0.00
ixodidin - TIL domain
BiTil 11 4.98 2 6.45 5 6.49 4 3.54
TriTil 8 3.62 0 0.00 8 10.39 0 0.00
Immunity associated products
Defensins 1 0.45 0 0.00 1 1.30 0 0.00
TEP proteins 4 1.81 0 0.00 0 0.00 4 3.54
Galectin 3 1.36 0 0.00 0 0.00 3 2.65

Tick specific protein families, at least one family member has
known function

Antimicrobial peptides

Microplusin 3 1.36 0 0.00 1 1.30 2 1.77
Protease inhibitors

Carboxypeptidase inhibitor 1 0.45 0 0.00 0 0.00 1 0.88

Basic Tail 1 0.45 0 0.00 0 0.00 1 0.88
Glycine rich superfamily 14 6.33 3 9.68 2 2.60 9 7.96
Mucins 6 271 0 0.00 4 5.19 2 177

Lipocalin family
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All proteins* Found in both sexes Found in malesonly  Found in females only
Class Number % oftotal Number % oftotal Number 9% oftotal Number 9% of total
Group | 34 15. 38 7 22.58 13 16. 88 14 12.39
Group Il 3 1.36 1 3.23 0 0.00 2 1.77
Group 11 4 1.81 0 0.00 0 0.00 4 3.54
Group IV 1 0.45 0 0.00 0 0.00 1 0.88
Group V 3 1.36 0 0.00 0 0.00 3 2.65
Group VI 2 0.90 1 3.23 0 0.00 1 0.88
Group VIII - Deorphanized 1 0.45 0 0.00 0 0.00 1 0.88
Dermacentor lipocalin family
New lipocalin family
Rhipicephalus family XII 2 0.90 0 0.00 2 2.60 0 0.00
Other putative lipocalins 13 5.88 4 12.90 4 5.19 5 4.42
Ixodegrins 3 1.36 0 0.00 0 0.00 3 2.65
DA-P36 family 7 3.17 3 9.68 1 1.30 3 2.65
Immunoglobulin G binding protein 1 0.45 0 0.00 1 1.30 0 0.00
Function Unknown
Found in prostriates and
metastriates
Hematopoietic-stem cell progenitor 1 0.45 0 0.00 0 0.00 1 0.88
8.9 kDa family 7 3.17 0 0.00 4 5.19 3 2.65
24 kDa family 1 0.45 1 3.23 0 0.00 0 0.00
One of each protein family - now 4 1.81 0 0.00 0 0.00 4 3.54
Ixodidae
Metastriate specific
28 kDa Metastriate family 4 1.81 1 3.23 1 1.30 2 1.77
10 kDa acidic metastriate 1 0.45 0 0.00 0 0.00 1 0.88
Ixostatin-like 2 0.90 2 6.45 0 0.00 0 0.00
Rhip 45-304 - deorphanized on A. 1 0.45 0 0.00 0 0.00 1 0.88
maculatum sialome
Rhipicephalus specific families
Rhip 45-236 2 0.90 0 0.00 2 2.60 0 0.00
Short protein families possibly 2 0.90 0 0.00 0 0.00 2 1.77
secreted
Other secreted proteins - includes 9 4.07 0 0.00 0 0.00 9 7.96
fragments
Conserved secreted protein 2 0.90 0 0.00 0 0.00 2 1.77
Total 221 100 31 100 7 100 113 100



