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Abstract
The salivary glands of blood sucking arthropods contain a redundant ‘magic potion’ that counteracts
their vertebrate host’s hemostasis, inflammation, and immunity. We here describe the salivary
transcriptome and proteomics (sialome) of the soft tick Ornithodoros coriaceus. The resulting
analysis helps to consolidate the classification of common proteins found in both soft and hard ticks,
such as the lipocalins, Kunitz, cystatin, basic tail, hebraein, defensin, TIL domain, metalloprotease,
5′-nucleotidase/apyrase, and phospholipase families, and also to identify protein families uniquely
found in the Argasidae, such as the adrenomedullin/CGRP peptides, 7DB, 7 kDa, and the RGD
containing single Kunitz proteins. Additionally, we found a protein belonging to the cytotoxin protein
family that has so far only been identified in hard ticks. Three other unique families common only
to the Ornithodoros genus were discovered. Edman degradation, 2D and 1D PAGE of salivary gland
homogenates followed by tryptic digestion and HPLC MS/MS of results confirms the presence of
several proteins. These results indicate that each genus of hematophagous arthropods studied to date
evolved unique protein families that assist blood feeding, thus characterizing potentially new
pharmacologically active components or antimicrobial agents.
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1. Introduction
Soft ticks (Argasidae) feed exclusively on blood, but unlike the related hard ticks (Ixodidae)
that feed for several days, soft tick meals last at most one hour. Argasidae also feed repeatedly
as adults, laying smaller egg batches per meal than hard ticks. In their adaptation to blood
feeding, arthropods have evolved a sophisticated cocktail of salivary components that disarm
their host’s hemostatic system (consisting of platelet aggregation, vasoconstriction, and blood
clotting), as well as opposing inflammatory and immunologic reactions [1]. Salivary
transcriptomes (sialotranscriptomes; “sialo”; Greek: saliva, spittle, foam from the mouth; the
salivary glands) of several hard tick species [2–7], as well as from the soft ticks Ornithodoros
parkeri and Argas monolakensis [8–10] have been characterized. These studies indicate that
the transcriptome repertoire of hard ticks have a larger complexity than those of soft ticks,
probably deriving from the increased needs of hard ticks to counteract their hosts’ immune,
inflammatory and angiogenic responses that occur on prolonged feeding. On the other hand,
these same transcriptomes indicate a large common expansion of genes coding for several
protein families, including metalloproteases, cysteine-rich proteins similar to metalloprotease
domains (the ixostatins and ixodegrins), lipocalins, Kunitz-domain containing proteins, RGD-
containing peptides, defensins, and many novel protein families that may include antimicrobial
proteins. Argasidae-specific families have also been identified.

In the present study, we enlarge the dataset of Argasidae salivary gland transcripts by exploring
that of Ornithodoros coriaceus, a vector of epizootic bovine abortion in the western U.S.
[11–13]. The main protein families found in argasid and ixodid sialotranscriptomes display a
low degree of similarity, which supports the idea that salivary proteins are evolving at a very
fast rate compared to that of housekeeping proteins. The current dataset also contributes to
expanding the tick sialotranscriptome landscape and aids in the eventual mapping of the
evolutionary pathways leading to the diverse protein family expansions observed today.

2. Materials and methods
2.1. Ticks

Tick salivary gland extracts were prepared by collecting glands from O. coriaceus adult ticks.
Glands were dissected by first bisecting the tick and then teasing the salivary glands away from
the other internal organs and the tick exoskeleton. Glands were rinsed by immersion in PBS
and added to 10 μl of distilled water (for 1D or 2D gel electrophoresis), or RNA later overnight
at 4°C (for mRNA extraction), and stored frozen at −75°C until further analysis.

2.2. Chemicals
Standard laboratory chemicals were purchased from Sigma Chemicals (St. Louis, MO) if not
specified otherwise. Formic acid and trifluoroacetic acid (TFA) were obtained from Fluka
(Milwaukee, WI). Trypsin was purchased from Promega (Madison, WI). HPLC-grade
acetonitrile was from EM Science (Darmstadt, Germany), and water was purified by a
Barnstead Nanopure system (Dubuque, IA).

2.3. Salivary gland isolation and library construction
O. coriaceus salivary gland mRNA from 5 pairs of glands was isolated using the Micro-
FastTrack mRNA isolation kit (Invitrogen, San Diego, CA). The PCR-based cDNA library
was made following the instructions for the SMART cDNA library construction kit (Clontech,
Palo Alto, CA). This system utilizes oligoribonucleotide (SMART IV) to attach an identical
sequence at the 5′ end of each reverse-transcribed cDNA strand. This sequence is then utilized
in subsequent PCR reactions and restriction digests.
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First-strand synthesis was carried out using PowerScript reverse transcriptase at 42°C for 1 h
in the presence of the SMART IV and CDS III (3′) primers. Second-strand synthesis was
performed by a long-distance (LD) PCR-based protocol using Advantage™ Taq Polymerase
(Clontech) mix in the presence of the 5′ PCR primer and the CDS III (3′) primer. The cDNA
synthesis procedure resulted in the creation of SfiI A & B restriction enzyme sites at the ends
of the PCR products that are used for cloning into the phage vector. The PCR conditions were:
95°C for 20 sec; 24 cycles of 95°C for 5 sec, 68°C for 6 min. A small portion of the cDNA
obtained by PCR was analysed on a 1.1% agarose gel to check for the quality and range of
cDNA synthesised. Double-stranded cDNA was immediately treated with proteinase K (0.8
μg/ml) at 45°C for 20 min, and the enzyme was removed by ultrafiltration though a Microcon
(Amicon Inc., Beverly, CA) YM-100 centrifugal filter device. The cleaned, double-stranded
cDNA was then digested with SfiI at 50°C for 2 h, followed by size fractionation on a
ChromaSpin–400 column (Clontech). The profile of the fractions was checked on a 1.1%
agarose gel, and fractions containing cDNAs of more than 400 bp were pooled and concentrated
using a Microcon YM-100.

The cDNA mixture was ligated into the λ TriplEx2 vector (Clontech), and the resulting ligation
mixture was packaged using the GigaPack® III Plus packaging extract (Stratagene, La Jolla,
CA) according to the manufacturer’s instructions. The packaged library was plated by infecting
log-phase XL1-Blue Escherichia coli cells (Clontech). The percentage of recombinant clones
was determined by performing a blue-white selection screening on LB/MgSO4 plates
containing X-gal/IPTG. Recombinants were also determined by PCR, using vector primers (5′
λ TriplEx2 and 3′ λ TriplEx2 sequencing primers) flanking the inserted cDNA and visualising
the products on a 1.1% agarose/EtBr gel.

2.4. Sequencing of the O. coriaceus cDNA library
The O. coriaceus salivary gland cDNA library was plated on LB/MgSO4 plates containing X-
gal/IPTG to an average of 250 plaques per 150-mm Petri plate. Recombinant (white) plaques
were randomly selected and transferred to 96-well MICROTEST™ U-bottom plates (BD
BioSciences, Franklin Lakes, NJ), containing 100 μl of SM buffer (0.1 M NaCl; 0.01 M
MgSO4; 7 H2 O; 0.035 M Tris-HCl (pH 7.5); 0.01% gelatin) per well. The plates were covered
and placed on a gyrating shaker for 30 min at room temperature. The phage suspension was
either immediately used for PCR or stored at 4°C for future use.

To amplify the cDNA using a PCR reaction, 4 μl of the phage sample was used as a template.
The primers were sequences from the λ TriplEx2 vector and named pTEx2 5seq (5′-TCC GAG
ATC TGG ACG AGC-3′) and pTEx2 3LD (5′-ATA CGA CTC ACT ATA GGG CGA ATT
GGC-3′), positioned at the 5′ end and the 3′ end of the cDNA insert, respectively. The reaction
was carried out in 96-well flexible PCR plates (Fisher Scientific, Pittsburgh, PA) using TaKaRa
EX Taq polymerase (TAKARA Mirus Bio, Madison, WI) on a GeneAmp® PCR system 9700
(Perkin Elmer Corp., Foster City, CA). The PCR conditions were: one hold of 95°C for 3 min;
25 cycles of 95°C for 1 min, 61°C for 30 sec; 72°C for 2 min. The amplified products were
analysed on a 1.5% agarose/EtBr gel. cDNA library clones (1,100) were PCR amplified, and
the ones showing single band were selected for sequencing. Approximately 200–250 ng of
each PCR product was transferred to Thermo-Fast 96-well PCR plates (ABgene Corp., Epsom,
Surray, UK) and frozen at −20°C before cycle sequencing using an ABI3730XL machine.

2.5. Bioinformatic tools and procedures used
Expressed sequence tags (EST) were trimmed of primer and vector sequences, clusterised, and
compared with other databases as described [14]. The BLAST tool [15], CAP3 assembler
[16], ClustalW [17], and Treeview software [18] were used to compare, assemble, and align
sequences and to visualise alignments. For functional annotation of the transcripts we used the
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tool BlastX [19] to compare the nucleotide sequences to the non-redundant (NR) protein
database of the National Center for Biotechnology Information (NCBI, National Library of
Medicine, NIH,) and to the Gene Ontology (GO) database [20]. The tool, reverse position
specific Blast (RPSBLAST) [19] was used to search for conserved protein domains in the Pfam
[21], SMART [22], Kog [23], and conserved domains databases (CDD) [24]. We have also
compared the transcripts with other subsets of mitochondrial and rRNA nucleotide sequences
downloaded from NCBI and to several organism proteomes downloaded from NCBI (yeast),
Flybase (Drosophila melanogaster), or ENSEMBL (Anopheles gambiae). Segments of the
three-frame translations of the EST (because the libraries were unidirectional, ix-frame
translations were not used), starting with a methionine found in the first 300 predicted amino
acids (AA), or the predicted protein translation in the case of complete coding sequences, were
submitted to the SignalP server [25] to help identify translation products that could be secreted.
O-glycosylation sites on the proteins were predicted with the program NetOGlyc [26].
Functional annotation of the transcripts was based on all the comparisons above. Following
inspection of all these results, transcripts were classified as either Secretory (S), Housekeeping
(H) or of Unknown (U) function, with further subdivisions based on function and/or protein
families. Phylogenetic analysis and statistical neighbor-joining (NJ) bootstrap tests of the
phylogenies were done with the Mega package [27]. Glycosylphosphatidylinositol (GPI)
anchor predictions was made using FragAnchor [28].

2.8. Proteome characterization using Edman sequencing
Five pairs of O. coriaceus salivary glands were dissected, placed in 50 μl water and immediately
frozen at −80°C. The glands were sonicated and centrifuged at 16,000 g for 10 min. The
supernatant (soluble fraction, 30 μg of protein) of O. coriaceus salivary gland homogenate was
mixed with LDS (lithium dodecyl sulfate) loading buffer in the presence of β-mercaptoethanol
(2%, v/v) and electrophoresed in a 4% to 12% NuPAGE gel (MES buffer). The proteins in the
gel were then electroblotted to PVDF membranes in 10 mM CAPS-methanol (10%, v/v) buffer,
pH 11. The membrane was stained with 0.025% Coomassie blue, de-stained in 50% methanol
without acetic acid, and the bands sequenced by Edman degradation. Identification of proteins
was performed using in-house software. The matches can be verified in Supplemental Tables
S1 and S2 where a lower case letter represents a mismatch and the upper case single letter a
match. Notice that the insoluble fraction can contain otherwise soluble proteins that
precipitated in the absence of ions (solubilized in water) or that had affinity for membrane
fractions.

2.9. Proteome characterization using two-dimensional (2D) gel electrophoresis and tandem
mass spectrometry

2D gel electrophoresis was performed using ZOOM IPGRunner System (Invitrogen) under
manufacturer’s recommended running conditions. Briefly, approximately 90 μg of sample
proteins (five pairs of salivary glands) were solubilized with 155 μl rehydration buffer (7 M
urea, 2 M thiourea, 2% CHAPS (3-[(3-Cholamidopropyl)dimethylammonio]-1-
propanesulfonate), 20 mM DTT, 0.5% carrier ampholytes, pH 3–10). The samples were
absorbed by rehydration ZOOM strips (7 cm; pH 3–10 NL) overnight at room temperature and
then focused under manufacturer’s recommended conditions. The focused IPG strips were
reduced/alkylated/equilibrated with reducing and then alkylation reagents dissolved in the
sample buffer. The strips were then applied onto NuPAGE 4% to 12% Bis Tris ZOOM gels
(Invitrogen). The gels were run under MOPS buffer and stained with SeeBlue staining solution
(Bio Rad, Hercules, CA). A total of 60 spots were selected for tryptic digestion based on their
staining intensity. Protein identification of 2D gel-separated proteins was performed on
reduced and alkylated trypsin-digested samples prepared using standard mass spectrometry
protocols. Tryptic digests were analyzed by coupling the Nanomate (Advion BioSciences)—
an automated chip-based nano electrospray interface source—to a quadrupole time-of-flight
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tandem mass spectrometer (QStarXL MS/MS System, Applied Biosystems/Sciex, Foster City,
CA). Computer-controlled data-dependent automated switching to tandem mass spectrometry
(MS/MS) provided peptide sequence information. AnalystQS software (Applied Biosystems/
Sciex) was used for data acquisition. Data processing and databank searching were performed
with Mascot software (Matrix Science, Boston, MA). The NR protein database from the NCBI
was used for the search analysis, as was a protein database generated during the course of this
work.

2.10. Proteomic characterization using 1D gel electrophoresis and MS/MS
The soluble (S) and the insoluble (pellet, P) protein fractions (see section 2.8 above) from
salivary gland homogenates from O. coriaceus corresponding to 100 μg of protein were both
solubilized in reducing Laemmli gel-loading buffer. The samples were boiled for 10 min and
50 μg of protein was loaded and resolved on a NuPAGE 4% to 12% Bis-Tris precast gel with
antioxidants and visualized by staining with SimplyBlue (Invitrogen). Each gel lane was sliced
into approximately 30 (S)–31 (P) gel slices, de-stained, and digested overnight with trypsin at
37°C. Peptides were subsequently extracted and desalted using ZipTips (Millipore, Bedford,
MA) and resuspended in 0.1% TFA prior to MS/MS analysis.

Nanoflow reversed-phase liquid chromatography (RPLC)-MS/MS was performed using a
1100 nanoflow LC system (Agilent Technologies, Palo Alto, CA) coupled online with a linear
ion trap (LIT) MS (LTQ; ThermoElectron, San José, CA). NanoRPLC columns were slurry
packed in-house with 5 μm 300 Å pore-size C-18 phase (Jupiter, Phenomenex, CA) in a 75
μm i.d. × 10-cm fused silica capillary (Polymicro Technologies, Phoenix, AZ) with a flame-
pulled tip. After sample injection, the column was washed for 20 min with 98% mobile phase
A (0.1% formic acid in water) at 0.5 μl/min, and peptides were eluted using a linear gradient
of 2% mobile phase B (0.1% formic acid in acetonitrile) to 42% mobile phase B for 40 min at
0.25 μl/min, then to 98% B for an additional 10 min. The LIT-mass spectrometer was operated
in a data-dependent MS/MS mode in which each full MS scan was followed by seven MS/MS
scans where the seven most abundant molecular ions were dynamically selected for collision-
induced dissociation (CID) using a normalized collision energy of 35%. Dynamic exclusion
was applied to minimize repeated selection of peptides previously selected for CID.

Tandem mass spectra were searched using SEQUEST on a 20-node Beowulf cluster against
an O. coriaceus proteome database with methionine oxidation included as dynamic
modification. Only tryptic peptides with up to two missed cleavage sites meeting a specific
SEQUEST scoring criteria were considered as legitimate identifications [delta correlation
(ΔCn) ≥ 0.08 and charge state-dependent cross correlation (Xcorr) ≥ 1.9 for [M+H]1+, ≥ 2.2 for
[M+2H]2+ and ≥ 3.1 for [M+3H]3+]. We further identified those peptides where two or more
fragments were identified from a single gel fraction to make a protein call, as indicated in
Figure 9, Table 4, and Supplemental Table S2.

3. Results and Discussion
3.1. cDNA library characteristics

A total of 1,089 clones were sequenced and used to assemble a database (see Supplemental
Table1) yielding 726 clusters of related sequences, 628 of which contained only one EST. As
in our previous papers [2, 7, 29], the consensus sequence of each cluster is named either a
contig (deriving from two or more sequences) or a singleton (deriving from a single sequence).
For simplicity sake, this manuscript uses ‘cluster’ to denote sequences deriving both from
consensus sequences and from singletons. The 726 clusters were compared using the program
BlastX, BlastN, or RPSBLAST [19] to the NR protein database of the NCBI, to a gene ontology

Francischetti et al. Page 5

J Proteomics. Author manuscript; available in PMC 2009 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



database [20], to the CDD of the NCBI [24], and to a custom-prepared subset of the NCBI
nucleotide database containing either mitochondrial or rRNA sequences.

Because the libraries used are unidirectional, three-frame translations of the dataset were also
derived, and open reading frames starting with a methionine and longer than 40 AA residues
were submitted to SignalP server [25] to help identify putative-secreted proteins. The EST
assembly, BLAST, and signal peptide results were loaded into an Excel spreadsheet for manual
annotation and can be browsed as Supplemental Table S1.

Four categories of expressed genes derived from the manual annotation of the contigs (Table
1). The putatively secreted (S) category contained 17.5% of the clusters and 31.5% of the
sequences, with an average number of 2.7 sequences per cluster. The housekeeping (H)
category had 23% and 22% of the clusters and sequences, respectively, and an average of 1.45
sequences per cluster. Fifty-nine percent of the clusters, containing 46% of all sequences, were
classified as unknown (U), because no functional assignment could be made. This category
had an average of 1.2 sequences per cluster. A good proportion of these transcripts could derive
from 3′ or 5′ untranslated regions of genes of the above two categories, as was recently indicated
for a sialotranscriptome of An. gambiae [30]. We also found three transcripts possibly related
to transposable elements (TE class), a common occurrence in sialotranscriptomes.

3.2. Housekeeping (H) genes
The 167 clusters (comprising 242 EST) attributed to H genes expressed in the salivary glands
of O. coriaceus were further characterized into 14 subgroups according to function (Table 2).
Not surprisingly for an organ specialized in secreting polypeptides, the two larger sets were
associated with protein synthesis machinery (68 EST in 51 clusters) and energy metabolism
(80 EST ion 37 clusters), a pattern also observed in other sialotranscriptomes [8–10,29,31,
32]. We have arbitrarily included in the H category a group of 28 EST that grouped into 26
clusters, representing highly conserved proteins of unknown function, presumably associated
with cellular function, but still uncharacterized. They are named ‘conserved proteins of
unknown function’ in Supplemental Table S1, immediately preceding the clusters of the TE
class. These sets may help functional identification of the ‘conserved hypothetical’ proteins as
previously reviewed [33]. The complete list of all gene clusters, along with further information
about each, is given in Supplemental Table S1.

3.3. Possibly secreted (S) class of expressed genes
Inspection of Supplemental Table S1 indicates the expression of several expanded gene
families, including those coding for lipocalins, Kunitz domain-containing polypeptides and
mucins, among others (Table 3). Lipocalin members alone represent 30 clusters and 137 EST,
or 13% of the total number of sequenced clones, a pattern observed previously in both hard
and soft ticks ticks [2, 8, 9]. Similarly, Kunitz domain- and basic tail-containing peptides
account for 20 clusters and 65 EST. Several other peptide families, described in greater detail
below, were also observed.

3.4. Analysis of the O. coriaceus sialotranscriptome
Several clusters of sequences coding for H and S polypeptides indicated in Supplemental Table
S1 are abundant and complete enough to extract consensus sequences of novel sequences.
Additionally, we have performed primer extension studies in several clones to obtain full- or
near-full-length sequences of products of interest. A total of 104 novel sequences, 74 of which
code for S proteins, are grouped together in Supplemental Table S2. Table 4 has a summary
of the secreted subset, with links to GenBank.
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Following is a detailed description of the full-length or near-full-length transcripts found in
the salivary glands of O. coriaceus:

3.5 Putative salivary secreted proteins having ubiquitous domains or with known function
3.5.1. Lipocalins—Ticks and triatomine bugs, among the remaining blood-sucking
arthropod orders studied so far, uniquely and abundantly express many members of the
lipocalin family in their salivary glands [2,8,9,31,34–37], clearly an example of convergent
evolution. The function of only a few of these proteins are known, and they vary from nitric
oxide carriers in Rhodnius [38], to small ligand binders such as serotonin in both Rhodnius and
ticks [39,40] and as anticlotting and anticomplement found in Rhodnius [41,42] and soft ticks
[43], respectively. A recent review of tick lipocalins revealed several hundreds such sequences
found in diverse tick sialotranscriptomes, indicating the large expansion and divergence of this
protein family in ticks [44].

Eighteen sequences of salivary lipocalins (one of which is truncated) were mined from the
O. coriaceus sialotranscriptome (Supplemental Table S2). Some of these may be alleles from
the same gene, such as the pairs OC-2/OC-3, as they are more than 90% identical, or they may
reflect recent or conserved gene duplication events. These sequences were aligned using the
program ClustalW [17] with other tick lipocalins existing in the NR database of the NCBI,
which gave sequence similarity (using BLASTP) to either of the 18 O. coriaceus lipocalins.
The alignment was submitted to the MEGA package [27] to produce the phylogram shown in
Figure 1. Bootstrap support (above 75%) was obtained for 15 clades as indicated by the Roman
numerals in Figure 1. Inspection of these clades indicates: i) no metastriate sequence grouped
with prostriate-derived sequences, as expected from the phylogeny, possibly a reflection of the
rapid evolution rate of this protein family to the point of losing recognition of a common
ancestor. ii) Monophyletic clades (Ia, IIa, III, IVa, VI, VIIIa, Xa, XII, XIII, XIV, and XV)
indicate either recent gene duplication events in different species or the occurrence of concerted
evolution or gene conversion that can homogenize tandem arrayed genes within a degree of
similarity [45, 46], as previously proposed for the evolution of tick proteins [47, 48]. Clade Ia
(Fig. 1) contains the most abundant group of expressed lipocalins in O. coriaceus salivary
glands (OC-6, OC-7 and OC-8, OC-28, OC-29, and OC-60) and groups in Clade I with
moubatin, OMCI, TSGP2, and TSGP3, proteins previously described for Ornithodoros
savigny and Ornithodoros moubata [49, 50], and several other lipocalins from O. parkeri [8].
OC-169 is a single protein sequence from O. coriaceus in Clade II, that has an expanded family
of seven O. parkeri sequences. Of interest, clade I abounds with O. coriaceus, O. moubata and
O. savigny sequences but has only two O. parkeri sequences. This result may reflect either
recent gene expansions or gene conversion mechanisms, as indicated above. Clade IV contains
four O. coriaceus lipocalins grouping with a single O. parkeri sequence. Clade V has one
protein each of O. coriaceus and O. parkeri, as is the case with clades IX and XI. The function
of these proteins can only be speculated upon. The members of clade IVa OC-43, OC-2, and
OC-3 have the PFAM motif of histamine-binding lipocalins, and do have the motif C-D-[VIL]-
x(7,17)-E-L- [WY]-x(11,30)-C representing the AA fold involved in histamine binding as
deduced from the crystal structure of lipocalins co-crystallized with biogenic amines
(unpublished observations). As expected, they are abundantly expressed proteins that would
bind these biogenic amines, which accumulate to near micromolar levels during inflammation
and hemostasis. The lipocalins in clade Ia, however, are also abundantly expressed. They
significantly co-localize within clade I with lipocalins from African ticks, such as moubatin,
TSGP2, and TSGP3, and O. parkeri proteins, some of which have recently shown to bind
leukotriene B4 and thromboxane A2 (unpublished observations). A branch without significant
bootstrap support leads to clades IX–XII, which includes the O. savignyi lipocalin (gi|
25991438) and the A. monolakensis protein (gi|114152974), both of which were shown to
avidly bind cysteinyl leukotrienes such as LTC4 (unpublished observations). No O.
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coriaceus sequence was found to group with the O. moubata inhibitor of complement activation
(gi|49409517) [43], which is a member of clade I, and appears to be exclusive of African
Ornithodoros species (unpublished observations). It is possible that in addition to these
mediators, lipocalins will be found that bind platelet aggregation factor or adenosine
nucleotides, as is the case with Rhodnius [51, 52].

3.5.2. Kunitz-domain containing polypeptides—The Kunitz domain characterizes
many protease inhibitors. It was first identified in the pancreatic Kunitz inhibitor, also known
as aprotinin or bovine pancreatic trypsin inhibitor [53]. Multiple Kunitz domains may occur
in a single protein, thus providing for inhibition in multiple protease amplification cascades
such as occur with the vertebrate tissue factor pathway inhibitor of the extrinsic blood
coagulation cascade [54]. The tick sialomes have been studied to date contain a large number
of Kunitz domain-containing polypeptides [2,6–9,55]. Some of these tick proteins have been
characterized functionally and shown to have both expected and unexpected functions.
Expected functions include inhibition of blood clotting at different target proteases, such as
the proteins named ixolaris [56,57] and penthalaris [58]. Unexpected functions are related to
inhibition of platelet aggregation, a function that evolved by a unique incorporation of an RGD
motif into the Kunitz domain, first described by Mans et. al in 2002 [59]. The RGD peptide
competes with fibrinogen binding to platelet receptor αIIbβ3, thus preventing platelet
aggregation [59]. So far, this RGD acquisition into a Kunitz domain has been found exclusively
in the Argasidae.

Supplemental Table S2 presents the full-length sequences of six polypeptides containing
Kunitz domains with RGD-motifs, three with a single and three with double domains.
Alignment of the mono Kunitz proteins of O. coriaceus with the other known Kunitz/RGD
peptides of the Argasidae shows that two of the three proteins of O. coriaceus have the
canonical RGD domain, and one has instead a RRD domain (Fig. 2). Of note, the O.
moubata homologue (gi|544163) has a RED instead of a RGD but is a potent inhibitor of platelet
aggregation [60], as are those of O. savigny [59, 61]. The O. coriaceus proteins have six
conserved cysteine residues, as do those derived from the African species, O. moubata and O.
savigny, but differ from the American tick O. parkeri, which have only four conserved
cysteines. A. monolakensis Kunitz/RGD peptides, named monogrins [10] contain the canonical
RGD domain and six-cysteine backbone, but additionally contain an extra carboxyterminus
domain. The bootstrapped phylogram derived from the alignment (Fig. 2B) shows that the
proteins cluster by species, indicating either that gene duplication events occurred after the
lineages split from the common ancestor or that they have evolved in a concerted way within
each genome. The exclusive finding of this family among Argasidae suggests either that this
was an ‘invention’ of soft ticks after the split of the ancestral tick into the two existing lineages
or that this gene family was lost in the hard ticks.

The three double-Kunitz domain-containing proteins from O. coriaceus shown in
Supplemental Table 2 were compared by ClustalW with known tick salivary proteins also
containing two Kunitz domains with sizes varying from 140 to 200 AA residues (Fig 3A). The
resulting alignment reveals a common cysteine backbone and a single additional conserved
phenylalanine residue, indicating the vast divergence of this tick superfamily. The bootstrapped
phylogram (Fig 3b) indicates monophyletic family expansions, as indicated by clades I, II, IV,
and VI, but also families conserved between genera, as in clades III, V, and VI, the latter
containing all O. coriaceus sequences and one O. parkeri sequence. To date, the only member
of this superfamily shown in Fig 3B to have a known function is Ixolaris, from Ixodes.
scapularis (gi|15077002 shown in clade IV), which is a blood-clotting inhibitor acting on the
extrinsic Xase complex [56, 62]. The divergence of this superfamily suggests other proteases
may be targeted. The C-terminal Kunitz domains of the proteins in clade VI also possess the
RGD-motif found in the single-domain RGD proteins (Fig. 3A). This was previously observed
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for the O. parkeri protein found in clade VI [8] and suggests that this clade forms an orthologous
group with a probable conserved function that involves targeting of integrins.

Double-Kunitz domain thrombin inhibitors (Monobin, Ornithodorin, and Savignin) that belong
to the Kunitz family have been characterized in the salivary glands of A. monolakensis, O.
moubata and O. savignyi, respectively, indicating that thrombin inhibitors were conserved in
the ancestral soft tick lineage. Single Kunitz-domain fXa inhibitors (fXaI and TAP) have also
been described for O. moubata and O. savignyi, but were absent in A. monolakensis [10,63–
65]. It was suggested that the fXa-inhibitors evolved exclusively in the Ornithodorinae lineage
[10]. Of interest are the absence of both thrombin and fXa-inhibitors in the sialome of O.
coriaceus, similar to O. parkeri [8]. It would thus seem that the thrombin and fXa inhibitors
have been lost in related Nearctic Ornithodoros genera. Whether these gene losses were due
to ancestral host preference or a chance event that occurred in the ancestral lineage of Nearctic
Ornithodorinae remains to be determined. The fXa inhibitors could also have evolved after the
divergence of African and Nearctic Ornithodoros species.

3.5.3. Cystatin-like molecules—All cystatins studied to date are tight binding inhibitors
of papain-like cysteine proteinases (e.g., cathepsins B and L). At the structural level, three
distinct loops form the interaction interface of cystatins with their target enzymes. Highly
conserved AA can be found in these loops (underlined in the multiple alignment shown in Fig.
4), i.e., a conserved glycine in the N-terminal loop (marked with the number ‘1’ in Fig. 4), a
QXVXG in the second loop (also known as the cystatin motif, marked with the numeral ‘2’ in
Fig. 4), and a PW dipeptide in the third loop (marked with the numeral ‘3’ in Fig. 4) [66]. Since
the first description of chicken egg-white cystatin [67], members of this family have been
described in protozoa, invertebrates, vertebrates, and plants. We have previously described two
cystatins in the sialotranscriptome of hard ticks [2,68], while cystatins have been also
characterized from other organs of soft and hard ticks [69–71]. Actually, the salivary cystatins
from the hard tick I. scapularis (named as sialostatin L and sialostatin L2) are the first to be
described as lacking the PW motif in their third loop. Moreover, they show a stringent
specificity against mainly cathepsin L and cathepsin S, 1thus displaying anti-inflammatory and
immunomodulatory properties [72,73]. In Supplemental Table S2 and Figure 4, we present
two cystatin-like sequences obtained from the sialotranscriptome of O. coriaceus. Given their
high similarity on AA sequence level, they may correspond either to products of two different
alleles of the same gene or to products of two different genes that resulted from a recent
duplication event in the genome of this soft tick. Alignment of the two O. coriaceus salivary
cystatin protein sequences with one truncated sequence found in the O. parkeri
sialotranscriptome, two extensively characterized sequences from I. scapularis, and other
vertebrate and invertebrate cystatins reveals that these soft tick cystatin-like proteins not only
lack the PW motif within their third loop but also the cystatin motif within the second loop,
making it questionable whether they display any activity against papain-like cysteine proteases.
Given the difference in the feeding behavior between hard and soft ticks, the functional
characterization of these new cystatins may shed light into further differences between these
two families in the inhibitory potential of their salivary gland secretion. Finally, all secreted
cystatins display a conserved pair of disulfide bonds [66], which in the O. coriaceus proteins
is quite out of phase when compared with the other sequences, including the salivary cystatin
of O. parker. This observation further enhances the idea of a unique fold and activity—if any
—for these ‘atypical’ soft tick cystatins.

3.5.4. Calcitonin/adrenomedulin family peptide—In a previous study of the
sialotranscriptome of O. parkeri [8], a peptide with similarity to vertebrate peptides of the
adrenomedulin family was found. Peptides of this family have never before been described in
the sialotranscriptomes of blood-sucking arthropods. We presently describe four peptides in
the sialotranscriptome of O. coriaceus having weak similarity to adrenomedulin and stronger

Francischetti et al. Page 9

J Proteomics. Author manuscript; available in PMC 2009 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



similarity to vertebrate vasodilatory peptides of the calcitonin-gene related peptide (CGRP)
family. Alignment of the 4 sequences of O. coriaceus with the adrenomedulin-like peptide of
O. parkeri reveals 21 sites of identities or closely related AA (Fig. 5), including two conserved
cysteines. The O. parkeri sequence has a unique carboxyterminus tail similar to vertebrate pro-
hormones, and it was suggested [8] it could be cleaved by a serine protease to produce the
mature peptide at exactly the site of the last conserved Lys residue (Fig. 5). The function of
this peptide family, which appears to be unique to Onithodoros, is unknown, but may be related
to vasodilatory function.

3.5.5. Possible mucin—The protein sequence named OC-57 has a Gly- and Ser-rich
carboxy terminal region and possibly functions as a mucin, a broad category of proteins that
often do not share any similarity except for high Ser or Thr content, to which glycosyl residues
may be attached. These types of transcripts have been found frequently in blood-sucking
arthropod sialotranscriptomes.

3.5.6. Antimicrobial peptides and other immunity-related products—
Antimicrobial peptides (AMP) and other immunity-related products have been commonly
found in sialotranscriptomes of blood-feeding arthropods. We presently describe three families
of such polypeptides in Supplemental Table S2, including members of the hebraein/
microplusin, defensin, and TIL domain-containing peptides. These families include: i)
Hebraein [74] and microplusin [75] are histidine rich AMP previously described in hard ticks.
The alignment of the O. coriaceus proteins with those well characterized proteins of
Rhipicephalus microplus and Amblyomma hebraeum, as well as homologues from I.
scapularis, Ixodes ricinus, O. parkeri and A. monolakensis (Fig. 6A) shows six conserved Cys
and multiple conserved His residues in both the carboxy and amino termini, often followed by
acidic residues (Glu or Asp) at positions +1 or +2 following the His repeats. The phylogram
(Fig. 6B) shows strong bootstrap support for one O. coriaceus clade, one mixed clade of one
O. coriaceus and one O. parkeri clade, one Rhipicephalus and Amblyomma clade, and one
Ixodes clade containing the sequences of I. ricinus and I. scapularis. One A. monolakensis
sequence roots with the Ornithodoros sequences, but without strong bootstrap support. This
family of proteins is apparently a good marker for tick phylogeny. ii) Supplemental Table S2
additionally presents a truncated defensin peptide that shows considerable similarity to other
previously described defensins from hard and soft ticks. iii) The trypsin inhibitor-like (TIL)
cysteine-rich domain is found in trypsin inhibitors and in other extracellular proteins. Ixodidin,
a peptide from hemolymph of R. microplus, has such a domain and exercises chymotrypsin/
elastase inhibitory activity as well as antimicrobial activity [76]. Two TIL polypeptides are
shown in Supplemental Table S2. OC-100 has a single, while OC-86 has two TIL domains.
Their similarity to other tick proteins is revealed mostly in the conserved pattern of Cys
residues.

3.5.7. Enzymes—A fibrinogen-specific metalloprotease activity has been biochemically
characterized previously in the saliva of I. scapularis [77,78], consistent with the
sialotranscriptome finding of an expanded gene family coding for this enzyme class [2,7].
These metalloproteases are also a common finding in snake venoms [79]. Recently, six such
enzymes were characterized from the tick Haemaphysalis longicornis [80]. Metalloprotease
fragments have been also found in the soft ticks A. monolakensis and O. parkeri [8,9].
Supplemental Table S2 presents evidence for the presence of such salivary enzyme in O.
coriaceus in the form of the 5′ truncated clones OC-372 and OC-676. The longer clone
(OC-372) indicates a ORF coding for 217 AA containing the HEXXH zinc-binding motif of
the enzyme active site in addition to the CDD domain indicative of salivary arthropod
metalloproteases. This enzyme may participate in fibrinolytic reactions in addition to other
possible physiologic interventions.
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Transcripts coding for secreted phospholipases of the A2 family (PLA2) have been found in
sialotranscriptomes of mosquito, sand flies, and both hard and soft ticks; however, only in the
hard tick Amblyomma americanum was the activity demonstrated to occur in dopamine-
stimulated saliva [81,82]. It is proposed that the enzyme promotes hemolysis of the ingested
red cells and thus facilitates digestion [83]. Three 5′ truncated clones were found in the
sialotranscriptome of O. coriaceus having the CDD motif indicative of PLA2 of the bee venom-
like class. These enzymes are quite divergent, indicating fast evolution, or selection of different
ancestral paralogues to account for a salivary function.

OC-79 matches the C-terminal domain of 5′-nucleotidases, being a candidate for salivary
apyrase, which is a common activity in the saliva of blood-sucking arthropods that destroy
ADP, an important signal triggering platelet aggregation in vertebrates [84], and also destroys
ATP, a pro-inflammatory and pain inducing nucleotide [1]. The salivary apyrase of mosquitoes
was shown to derive from an enzyme of the 5′-nucleotidase family [85]. More recently, the
salivary apyrase of the mosquito Aedes aegypti was expressed and shown to hydrolyze ADP
and ATP, as predicted, but not AMP [86]. 5′-nucleotidases are typically membrane bound,
extracellular enzymes. Binding to the membrane is associated with a GPI anchor on the C
terminal domain of the enzyme [87,88]. Notably, hematophagous arthropod salivary apyrases
of the 5′-nucleotidase family lack the AA sequence required for a GPI anchor, allowing the
enzyme to be secreted. Within this context, OC-79 also lacks the required GPI anchor motif,
as predicted by the program FragAnchor [28].

3.6 Polypeptides belonging to unique tick protein families, most having unknown function
3.6.1. Basic or acidic tail proteins found in both Argasidae and Ixodidae—This
class of proteins, initially described in hard ticks of the Ixodes genus [2,7,68], was also found
in the soft ticks A. monolakensis [9]and O. parkeri [8]. They range from 10 to 20 kDa, and
have in common the presence of basic (usually lysine) or acidic (usually glutamate) residues
on their carboxyterminus, although an Ixodes subfamily lacking the charged tail also exists.
The sialotranscriptomes of O. coriaceus are rich in this class of proteins, ten full-length versions
of which are shown in Supplemental Table S2. Most of these proteins have the PFAM domain
TSGP1, indicative of the tick salivary gland peptide group 1. Only one member of this family,
from I. scapularis and named Salp14 (gi|15428308), has been shown to exert anticlotting
activity [89].

3.6.2. Cytotoxin family found in Argasids and Ixodids—OC-574 codes for a protein
similar to a salivary protein previously described in I. scapularis, and to several deducted
protein sequences deriving from tick EST [44]. Homologues from soft ticks have not been
previously described. Alignment of these related sequences produce the Prosite block N-R-D-
x(7)-G-x(13,16)-C-x(12,13)-C-x(16)-G-x(53,55)-L-N-x(2)-R [90] which is specific to this
protein family, as it does not retrieve additional proteins from the NR protein database.

3.6.3. Glycine-rich protein family also found in Ixodidae—OC-130 codes for a Gly-
rich protein with similarity to a salivary I. scapularis protein deposited at GenBank, as well as
Amblyomma variegatum and Rhipicephalus proteins deducted from publicly available EST
[44]. Members of this family have not been found previously in Argasidae. The function of
this unique protein family is unknown.

3.6.4. 7DB family found in Argasidae—The sialotranscriptome of A. monolakensis
revealed a unique gene family coding for Cys-rich peptides with seven disulphide bonds, named
the 7DB family [9]. Members of this protein family were also found in O. parkeri [8].
Supplemental Table S2 presents three additional members of this family found in the O.
coriaceus sialotranscriptome. The function of this unique Argasidae protein family is unknown.
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3.6.5. 8-kDa family and other peptides unique to Argasidae—OC-98 and OC-197
belong to a protein family also found in the sialome of O. parkeri that includes a conserved
framework of six cysteines. The Cys residue pattern corresponds to the 8-kDa cysteine-rich
family of soft and hard tick proteins previously described [8,10]

3.6.6. Peptides unique to the Argasidae—OC-93 and OC-129 belong to a novel family
of small (5 kDa) disulphide-rich proteins that is also conserved in O. parkeri. Supplemental
Table S2 presents six other peptides of mature molecular masses varying from 4.4–5.6 kDa
that have similarities to previously described Ornithodoros peptides, albeit varying from 33%
to 47% identity only.

3.6.7. Additional putative secreted peptides of unique protein families—Six
additional polypeptide sequences with indication of a signal sequence are presented in
Supplemental Table S2. They have no homology to known protein sequences. Some of these
peptides may be carboxy terminal regions of transporters, as these proteins tend to have internal
domains starting with a Met that may produce a false indication of signal peptide in the SignalP
program.

3.7. Housekeeping and transposable element-derived proteins
Supplemental Table S2 describes 31 full-length sequences coding for housekeeping proteins,
including 2 proteins with a weak Niemann-Pick type C2 domain (which may be involved in
lysosomal metabolism or in immune reactions), 14 ribosomal proteins, and 1 reverse
transcriptase fragment.

3.8. Preliminary characterization of the salivary proteome of O. coriaceus
To obtain information on protein expression in the salivary glands of O. coriaceus, we
performed a redundant and complementary proteomic approach using i) one-dimensional (1D)
polyacrylamide gel electrophoresis (PAGE) protein separation followed by blotting the
proteins onto a PVDF membrane and performing Edman degradation of the bands (Fig. 7);
ii) two-dimensional (2D) gel electrophoresis separation of the homogenate followed by tryptic
digest and MS/MS of the Coomassie blue-stained bands (Fig. 8); and iii) high density 1D gel
electrophoresis followed by tryptic digestion and reverse-phase HPLC/MS/MS of the indicated
bands (Fig. 9), to attempt increased coverage of lower molecular mass peptides. The data of
these three experiments are summarized below, and in Table 4.

3.8.1. 1D-PAGE followed by blotting to PVDF membrane and Edman degradation
—Soluble O. coriaceus salivary glands proteins (30 μg) were treated with sodium dodecyl
sulfate (SDS) buffer before applying to the gel bed. A strong band is visible above the 17-kDa
marker, where the amino terminal sequences for the abundantly transcribed lipocalins OC-2
(predicted mass 15 kDa) and OC-15 (16 kDa) were found. The strong band between the 6- and
14-kDa marker retrieved the predicted mature amino terminus of OC-21, a basic tail protein
with predicted mature mass of 7.3 kDa.

3.8.2. 2D-PAGE followed by tryptic digestion and MS/MS—Soluble O. coriaceus
salivary gland proteins (90 μg) were separated by 2D SDS-PAGE. The stained protein bands
were excised from the gel and submitted to tryptic digestion followed by MS/MS identification.
The resulting electropherogram, similar to the 1D gel, is dominated by a cluster of bands
indicating a MW ranging from 14–28 kDa and slightly acidic pI (Fig. 8). Many bands are found
between the 14- and 6-kDa marker at the limit of resolution of the gel. Several bands were
identified as lipocalins by tryptic digestion and MS/MS of the products. Additionally, a member
of the 7DB cysteine-rich protein family was found. These results are summarized in Figure 7,
in Table 4, and in column AL of Supplemental Table S2.
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3.8.3. 1D-PAGE followed by tryptic digestion, RP-HPLC, and MS/MS—To further
explore the expression of polypeptides in O. coriaceus salivary glands, we submitted both the
soluble (S) and insoluble pellet (P) fractions of salivary gland homogenates to PAGE followed
by in-gel tryptic digestion of 30 (S) or 31 (P) gel fragments, and reverse-phase HPLC/MS/MS
of the digested products. Results of this experiment lead to a much greater identification of
polypeptides, as shown in Figure 9, in Table 4, and in Supplemental Table S2. Twenty of the
21 lipocalins indicated in Supplemental Table S2 were identified by at least two unique peptides
derived from the same gel fraction. Peptide coverage greater than 30% of the mature protein
was found for 15 lipocalins. Two MS fragments indicating lipocalin OC-80 were identified in
a gel position between the 36.5- and 55-kDa marker on the (S) gel, suggest that this lipocalin
may be multimeric or associated with other masses. The remaining lipocalins are generally
found in close agreement with their estimated molecular masses or slightly higher. Six basic
tail peptides were identified, all in their expected gel positions except for OC-517, which shows
itself at a location consistent with twice the expected molecular mass. Three double-Kunitz
proteins were identified, as well as a protein similar to Ixodid cytotoxins. Cystatins were also
identified. The Gly-rich protein (OC-130) was identified at its expected gel location. MS
peptide fingerprints matching the 5′-nucleotidase was found at the 66-Kda marker, the expected
position for this enzyme. The metalloproteases (OC-372) and phospholipase (OC-92) enzymes
were also identified, both near the 36.5-kDa marker. A phospholipase has been characterized
previously in A. americanum [81,82], with an estimated molecular mass (by gel filtration) of
45 kDa.

It is interesting to consider that the solubilised pellet fraction allowed identification of many
proteins not found in the soluble fraction, even though the proteins identified are typically
secreted proteins. Perhaps because the homogenization was made in water to avoid ions that
could interfere with electrophoresis, the proteins lacked the ‘salt in’ effect and precipitated.
Alternatively, the high concentration of proteins and membranes may have caused many
proteins bind to each other or to the membranes, as might be the case of the basic tail proteins
that tend to bind to negatively charged membranes [91]. Increased concentration of the pellet
may have also helped to increase the MS signal following tryptic digestion, thus enhancing
finding of MS matches to our database.

4. Conclusion
This sialotranscriptome study is the third produced to date from salivary glands of soft ticks,
joining those of O. parkeri [8] and A. monolakensis [9]. Taking into consideration the several
salivary transcriptomes of hard ticks, including the genera Ixodes, Amblyomma, Dermacentor,
and Rhipicephalus, this work serves to consolidate and generalize the profile of common
proteins found in the salivary glands of both hard and soft ticks as well as a subset of protein
families that appear to be unique to soft ticks. Additionally, transcripts coding for orphan
transcripts may indicate the unique pathways taken by blood-sucking arthropods in their fast
evolution of salivary pharmaceuticals.

Multigenic gene families common to all ticks include the lipocalin, Kunitz, cystatin, and basic
tail superfamilies. As indicated before, the basic tail family appears to descend from a
thrombospondin-repeat ancestor [2]. Metalloproteases, phospholipase A2, and 5′-nucleotidase/
apyrase were also found in both Argasidae and Ixodidae. Antimicrobial peptides of the hebraein
and defensins families are also found in both soft and hard ticks, as well as TIL domain-
containing peptides that might act as antimicrobial peptides. The truncated product OC-574
matches a salivary protein from I. scapularis and other ixodid salivary proteins, indicating a
possible common ancestry of this unique protein without significant matches to other known
proteins.
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Protein families that appear unique to soft ticks found in the transcriptome of O. coriaceus
include polypeptides weakly similar to the vertebrate protein calcitonin gene-related peptide,
which aligns well with the adrenomedulin-like protein of O. parkeri (Fig. 5). Notice also that
the RGD motif-containing Kunitz family also appears to be exclusive to soft ticks. Other
expanded salivary protein families of the Argasidae include the 7DB family, which might have
evolved from the basic tail family [9] and the argasid 7-kDa family. Supplemental Table S2
indicates three other proteins from O. coriaceus having best matches with similar-sized
proteins of O. parkeri, albeit at a low degree of sequence conservation, indicating the rapid
evolution of these proteins. For example, OC-64 has only 33% identity to its O. parkeri
homologue, while OC-194 has 47% identity over 86% of the O. parkeri homologue and much
poorer matches to other proteins found in the NR database, numbering over 4 million proteins
at present. The peptide OC-64 was found in the 1D gel experiment (Fig. 9). Supplemental Table
S2 additionally presents nine peptides ranging in molecular mass from 3.4 to 6.3 that have no
similarity to any other protein in the NR database when compared by the blastp program. As
in all sialotranscriptome studies done thus far, the vast majority of the identified proteins have
no confirmed or known function.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Unrooted phylogram of the O. coriaceus salivary lipocalins with other tick salivary lipocalins.
The O. coriaceus sequences are indicated by OC-X where X is the number shown in
Supplemental Table S2. The remaining sequences derived from the non-redundant (NR)
protein database of the National Center for Biotechnology Information (NCBI) and are
represented by five letters followed by the NCBI gi| accession number. The five letters derive
from the first three letters of the genus and the first two letters from the species name. The
protein sequences were aligned by the Clustal program [17], and the phylogram was done with
the Mega package [27] after 5,000 bootstraps with the neighbor-joining algorithm. The bar at
the bottom represents 20% amino acid substitution; circles indicate O. coriaceus sequences
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reported in this work; squares represent sequences deriving from other Ornithodoros ticks;
triangles represent sequences from A. monolakensis. Remaining sequences are from metastriate
ticks. Roman numerals represent groups of two or more sequences that reside on a clade with
bootstrap support larger than 75%, as indicated by the numbers on the tree nodes.
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Fig. 2.
The single-Kunitz family of Argasidae. A) ClustalW alignment of the known single-Kunitz
peptides from the Ornithodoros and Argas genera (excluding the signal peptide region). The
line above the alignment marks the RGD domain region. Cysteine residues are marked in black
background. Other identical residues are marked in yellow (gray) background. B) Unrooted
phylogram of the alignment. OC-labeled sequences are from O. coriaceus. Remaining
sequences are from O. parkeri, O. moubata, O. savignyi, and A. monolakensis. For other details,
see legend of Fig. 1.
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Fig. 3.
Comparison of the double-Kunitz/Bilaris salivary proteins of O. coriaceus with other tick-
derived double-Kunitz proteins. A) ClustalW alignment (excluding the signal peptide region).
B) Unrooted phylogram of the alignment. OC-labeled sequences are from O. coriaceus. For
additional information, see legend of Fig. 1.

Francischetti et al. Page 24

J Proteomics. Author manuscript; available in PMC 2009 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Alignment of the O. coriaceus salivary cystatins with cystatins. The O. parkeri sequence is a
truncated sequence. Other sequences have their signal peptide excluded. The numbers above
the figure indicate the conserved regions of vertebrate sequences. Sequences starting with OC
are from O. coriaceus. Other sequences are: ORNPA_Sal: O. parkeri salivary cystatin; IXOSC
sequences are for sialostatin L and L2, respectively; IXORI_MG is for I. ricinus midgut
cystatin; ORMO_MG refers to O. moubata midgut cystatins, and HAELO_MG the midgut
cystatin of Haemaphysalis longicornis. HOMSA_SA and HOMSA_SN are for human
cystatins, and GALGA_EW is for chicken egg white cystatin. For other details see Fig. 1 and
text.
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Fig. 5.
Alignment of the adrenomedulin/calcitonin peptide family of Ornithodoros ticks. Conserved
cysteines are shown in black background. Signal peptide is shown in gray background. Other
marked amino acids are conserved in the five sequences shown.
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Fig. 6.
The Hebraein/microplusin family of tick antimicrobial peptides. Cysteine residues are
indicated in black background. Histidine residues in the amino and carboxy termini are marked
in red (gray). Acidic residues following His residues at position +1 or +2 are also indicated.
A) Clustal alignment. B) Unrooted phylogram showing bootstrap values >75%. The bar at the
bottom indicates 10% amino acid change. Sequences starting with OC- are from O.
coriaceus. Remaining sequences are named with the first three letters of the genus and first
two letters of the species name, followed by the NCBI accession number.

Francischetti et al. Page 27

J Proteomics. Author manuscript; available in PMC 2009 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
1D gel electrophoresis of O. coriaceus salivary gland homogenates. After electrophoresis, the
proteins were transferred to a PVDF membrane, stained with Coomassie blue, and bands
submitted to Edman degradation. Numbers on the left indicate molecular weight marker
positions in the gel. OC-2 and OC-15 are lipocalins; OC-21 is a basic tail protein. For
experimental details, see Materials and methods.
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Fig. 8.
2D gel electrophoresis of O. coriaceus salivary gland homogenates. Numbers on the left
indicate molecular weight marker positions in the gel. The + and − signs indicate the anode or
cathode side of the IEF dimension, which ranged from pH 3–10. Gel bands that were identified
to a protein (following tryptic digestion and mass spectrometry) are shown in the gel. In some
cases, more than one band accounted for the same protein, possibly due to trailing or multiple
isoforms. The bands labeled with Lip OC-X correspond to lipocalins where X is the number
of the OC-X protein found in Supplemental Table S2. Similarly, 7DB is for a protein of the
7DB family. For experimental details, see Materials and methods.
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Fig. 9.
1D gel electrophoresis of O. coriaceus salivary gland homogenates followed by tryptic
digestion and HPLC MS/MS of results. Soluble (S) and insoluble (Pellet) salivary gland
homogenates of O. coriaceus were dissolved in reducing SDS buffer and applied to a
polyacrylamide gel. After electrophoresis, each gel was sliced into 28 (S) or 31 (Pellet) fractions
and submitted to tryptic digest and reverse-phase HPLC MS/MS. Numbers on the left indicate
molecular weight marker positions in the gel. The bands labeled with Lip X correspond to
lipocalins where X is the number of the OC-X protein found in Supplemental Table S2.
Similarly, BT is for basic tail proteins, Muc for mucin, Cy for cystatin, DK for double Kunitz,
Pl for phospholipase, Mt for metalloprotease, Ctx for cytotoxin-like, 5Nuc for 5′-nucleotidase/
apyrase, GR for glycine rich, and U for Unknown protein. Other protein matches can be found
in Supplemental Table S2.
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Table 2
Functional classification of housekeeping transcripts

Function Clusters Sequences Sequences/Cluster

Energy metabolism 37 80 2.16
Protein synthesis 51 68 1.33
Unknown conserved 26 28 1.08
Cytoskeletal 7 11 1.57
Transcription machinery 11 11 1.00
Transporters/Storage 5 11 2.20
Nuclear regulation 8 9 1.13
Proteasome machinery 6 7 1.17
Protein modification 5 5 1.00
Lipid, amino acid and carbohydrate
metabolism

3 3 1.00

Protein export 3 3 1.00
Detoxication metabolism 3 3 1.00
Immunity 1 2 2.00
Transcription factors 1 1 1.00
 Total 167 242
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Table 3
Functional classification of transcripts coding for secreted proteins

Family Clusters Sequences Sequences/Cluster

Lipocalins 30 137 4.57
Basic tail 14 46 3.29
Other 29 40 1.38
Antimicrobials 13 28 2.15
Kunitz 6 19 3.17
Similar to various Argasidae proteins 9 16 1.78
 7 DB Argasidae family 6 9 1.50
 CGRP related peptide 4 14 3.50
Cystatins 2 11 5.50
Metalloproteases 7 7 1.00
RGD containing disagregins 3 7 2.33
Lipases 3 6 2.00
5′ nucleotidase/apyrase 1 3 3.00
Total 127 343

J Proteomics. Author manuscript; available in PMC 2009 December 2.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Francischetti et al. Page 34
Ta

bl
e 

4
D

es
cr

ip
tio

n 
of

 sa
liv

ar
y 

se
cr

et
ed

 p
ol

yp
ep

tid
es

 d
ep

os
ite

d 
in

 G
en

B
an

k,
 w

ith
 su

m
m

ar
y 

of
 p

ro
te

om
ic

 e
xp

er
im

en
ts

Se
q 

na
m

e
G

en
B

an
k 

ac
ce

ss
io

n
nu

m
be

r 
an

d 
lin

k 
to

N
C

B
I

St
at

us
D

es
cr

ip
tio

n
M

at
ch

 to
 1

D
ge

l E
dm

an
(F

ig
. 7

)

M
at

ch
 to

 2
D

ge
l M

S/
M

S
re

su
lts

 (F
ig

.
8)

M
at

ch
 to

 1
D

PA
G

E
 H

PL
C

M
S/

M
S 

re
su

lts
(F

ig
. 9

)

L
ip

oc
al

in
 fa

m
ily

O
C

-1
5

17
20

51
07

8
C

om
pl

et
e

Sa
liv

ar
y 

lip
oc

al
in

Y
Y

Y
O

C
-4

3
17

20
51

15
4

C
om

pl
et

e
Sa

liv
ar

y 
lip

oc
al

in
Y

O
C

-4
1

17
20

51
14

6
C

om
pl

et
e

Sa
liv

ar
y 

lip
oc

al
in

Y
O

C
-2

17
20

51
09

0
C

om
pl

et
e

Sa
liv

ar
y 

lip
oc

al
in

Y
Y

O
C

-3
17

20
51

11
6

C
om

pl
et

e
Sa

liv
ar

y 
lip

oc
al

in
Y

Y
O

C
-6

2
17

20
51

21
0

C
om

pl
et

e
Sa

liv
ar

y 
lip

oc
al

in
Y

O
C

-8
0

17
20

51
23

6
C

om
pl

et
e

Sa
liv

ar
y 

lip
oc

al
in

Y
O

C
-1

69
17

20
51

08
4

C
om

pl
et

e
M

ou
ba

tin
-li

ke
 li

po
ca

lin
Y

O
C

-6
77

17
20

51
21

8
C

om
pl

et
e

Sa
liv

ar
y 

lip
oc

al
in

O
C

-4
77

17
20

51
16

6
C

om
pl

et
e

Sa
liv

ar
y 

se
cr

et
ed

 li
po

ca
lin

Y
O

C
-6

17
20

51
20

4
C

om
pl

et
e

Sa
liv

ar
y 

lip
oc

al
in

Y
Y

O
C

-7
17

20
51

22
2

Tr
un

ca
te

d
Sa

liv
ar

y 
lip

oc
al

in
Y

Y
O

C
-8

17
20

51
23

4
C

om
pl

et
e

Sa
liv

ar
y 

lip
oc

al
in

Y
O

C
-2

9
17

20
51

11
4

C
om

pl
et

e
Sa

liv
ar

y 
lip

oc
al

in
Y

Y
O

C
-2

8
17

20
51

11
2

C
om

pl
et

e
Sa

liv
ar

y 
lip

oc
al

in
Y

Y
O

C
-6

0
17

20
51

20
6

C
om

pl
et

e
M

ou
ba

tin
-li

ke
 li

po
ca

lin
Y

O
C

-4
81

17
20

51
16

8
C

om
pl

et
e

Sa
liv

ar
y 

lip
oc

al
in

Y
O

C
-1

28
17

20
51

06
2

C
om

pl
et

e
Sa

liv
ar

y 
lip

oc
al

in
Y

Si
ng

le
-K

un
itz

 p
ro

te
as

e 
in

hi
bi

to
rs

O
C

-5
1

17
20

51
17

8
C

om
pl

et
e

Sa
vi

gn
yg

rin
-li

ke
O

C
-5

2
17

20
51

18
2

C
om

pl
et

e
Sa

vi
gn

yg
rin

-li
ke

 R
G

D
 c

on
ta

in
in

g 
sa

liv
ar

y 
pe

pt
id

e
O

C
-5

3
17

20
51

18
6

C
om

pl
et

e
Sa

vi
gn

yg
rin

-li
ke

 p
ep

tid
e

D
ua

l-K
un

itz
 p

ro
te

as
e 

in
hi

bi
to

rs

O
C

-2
4

17
20

51
10

2
C

om
pl

et
e

D
ua

l-K
un

itz
 sa

liv
ar

y 
pr

ot
ei

n
Y

O
C

-2
5

17
20

51
10

6
C

om
pl

et
e

D
ua

l-K
un

itz
 sa

liv
ar

y 
pr

ot
ei

n
Y

O
C

-2
6

17
20

51
11

0
C

om
pl

et
e

D
ua

l-K
un

itz
 sa

liv
ar

y 
pr

ot
ei

n
Y

C
ys

ta
tin

O
C

-3
8

17
20

51
14

0
C

om
pl

et
e

Sa
liv

ar
y 

cy
st

at
in

Y
O

C
-3

7
17

20
51

13
6

C
om

pl
et

e
Sa

liv
ar

y 
cy

st
at

in
 2

Y

C
al

ci
to

ni
n/

ad
re

no
m

ed
ul

in
 fa

m
ily

 p
ep

tid
e

O
C

-3
9

17
20

51
14

2
C

om
pl

et
e

C
al

ci
to

ni
n-

re
la

te
d 

po
ly

pe
pt

id
e

O
C

-4
0

17
20

51
14

4
C

om
pl

et
e

Si
m

ila
r t

o 
ca

lc
ito

ni
n/

ca
lc

ito
ni

n-
re

la
te

d 
po

ly
pe

pt
id

e
O

C
-4

9
17

20
51

17
4

C
om

pl
et

e
C

al
ci

to
ni

n/
ca

lc
ito

ni
n-

re
la

te
d 

po
ly

pe
pt

id
e

O
C

-5
0

17
20

51
17

6
C

om
pl

et
e

C
al

ci
to

ni
n/

ca
lc

ito
ni

n-
re

la
te

d 
po

ly
pe

pt
id

e

Po
ss

ib
le

 m
uc

in

O
C

-5
7

17
20

51
19

6
C

om
pl

et
e

Sa
liv

ar
y 

m
uc

in
Y

A
nt

im
ic

ro
bi

al
-h

eb
ra

ei
n 

fa
m

ily

J Proteomics. Author manuscript; available in PMC 2009 December 2.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Francischetti et al. Page 35
Se

q 
na

m
e

G
en

B
an

k 
ac

ce
ss

io
n

nu
m

be
r 

an
d 

lin
k 

to
N

C
B

I

St
at

us
D

es
cr

ip
tio

n
M

at
ch

 to
 1

D
ge

l E
dm

an
(F

ig
. 7

)

M
at

ch
 to

 2
D

ge
l M

S/
M

S
re

su
lts

 (F
ig

.
8)

M
at

ch
 to

 1
D

PA
G

E
 H

PL
C

M
S/

M
S 

re
su

lts
(F

ig
. 9

)

O
C

-3
2

17
20

51
12

2
Tr

un
ca

te
d

M
ic

ro
pl

us
in

-li
ke

 a
nt

im
ic

ro
bi

al
O

C
-3

1
17

20
51

12
0

C
om

pl
et

e
H

eb
ra

ei
n-

lik
e

O
C

-3
3

17
20

51
12

4
C

om
pl

et
e

H
eb

ra
ei

n-
lik

e
O

C
-6

96
17

20
51

22
0

C
om

pl
et

e
H

eb
ra

ei
n-

lik
e

D
ef

en
si

n

O
C

-4
87

17
20

51
17

2
Tr

un
ca

te
d

D
ef

en
si

n

T
IL

 d
om

ai
n-

co
nt

ai
ni

ng
 p

ep
tid

es

O
C

-1
00

0
17

20
51

04
8

C
om

pl
et

e
Ix

od
id

in
O

C
-8

6
17

20
51

24
0

C
om

pl
et

e
H

yp
ot

he
tic

al
 c

on
se

rv
ed

 se
cr

et
ed

 p
ro

te
in

Sa
liv

ar
y 

en
zy

m
es

 w
ith

 p
os

si
bl

e 
bl

oo
d-

fe
ed

in
g 

fu
nc

tio
n

 
M

et
al

lo
pr

ot
ea

se
s

O
C

-3
72

17
20

51
13

8
Tr

un
ca

te
d

M
et

al
lo

pr
ot

ea
se

Y
O

C
-6

76
17

20
51

21
6

Tr
un

ca
te

d
Sa

liv
ar

y 
m

et
al

lo
pr

ot
ea

se

 
Ph

os
ph

ol
ip

as
e 

A
2 

fr
ag

m
en

ts

O
C

-4
20

17
20

51
15

0
Tr

un
ca

te
d

Ph
os

ph
ol

ip
as

e 
A

2
O

C
-9

2
17

20
51

24
6

Tr
un

ca
te

d
Ph

os
ph

ol
ip

as
e 

A
2

Y
O

C
-9

6
17

20
51

25
0

Tr
un

ca
te

d
Ph

os
ph

ol
ip

as
e 

A
2

Y

 
5′

-n
uc

le
ot

id
as

e/
ap

yr
as

e 
pr

ec
ur

so
r 

fr
ag

m
en

t

O
C

-7
9

17
20

51
23

2
Tr

un
ca

te
d

5′
-n

uc
le

ot
id

as
e/

pu
ta

tiv
e 

ap
yr

as
e 

pr
ec

ur
so

r
Y

T
ic

k 
fa

m
ili

es
 o

f u
nk

no
w

n 
fu

nc
tio

n

 
B

as
ic

 ta
il 

fa
m

ily

O
C

-2
1

17
20

51
09

4
C

om
pl

et
e

B
TS

P
Y

Y
O

C
-2

0
17

20
51

09
2

C
om

pl
et

e
B

TS
P

Y
Y

O
C

-2
2

17
20

51
09

6
C

om
pl

et
e

B
TS

P
Y

O
C

-5
4

17
20

51
18

8
C

om
pl

et
e

A
ci

d 
ta

il 
sa

liv
ar

y 
pr

ot
ei

n
Y

O
C

-5
6

17
20

51
19

2
C

om
pl

et
e

A
ci

d 
ta

il 
sa

liv
ar

y 
pr

ot
ei

n
Y

O
C

-8
4

17
20

51
23

8
Tr

un
ca

te
d

B
TS

P
O

C
-1

39
17

20
51

07
6

C
om

pl
et

e
Sa

liv
ar

y 
se

cr
et

ed
 b

as
ic

 ta
il 

pr
ot

ei
n

O
C

-2
3

17
20

51
09

8
C

om
pl

et
e

B
TS

P
O

C
-5

17
17

20
51

18
0

C
om

pl
et

e
B

TS
P

Y
O

C
-1

33
17

20
51

07
0

C
om

pl
et

e
H

yp
ot

he
tic

al
 se

cr
et

ed
 p

ep
tid

e 
pr

ec
ur

so
r

Y

 
C

yt
ot

ox
in

 fa
m

ily

O
C

-5
74

17
20

51
19

8
Tr

un
ca

te
d

Pu
ta

tiv
e 

sa
liv

ar
y 

se
cr

et
ed

 p
ro

te
in

Y

J Proteomics. Author manuscript; available in PMC 2009 December 2.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Francischetti et al. Page 36
Se

q 
na

m
e

G
en

B
an

k 
ac

ce
ss

io
n

nu
m

be
r 

an
d 

lin
k 

to
N

C
B

I

St
at

us
D

es
cr

ip
tio

n
M

at
ch

 to
 1

D
ge

l E
dm

an
(F

ig
. 7

)

M
at

ch
 to

 2
D

ge
l M

S/
M

S
re

su
lts

 (F
ig

.
8)

M
at

ch
 to

 1
D

PA
G

E
 H

PL
C

M
S/

M
S 

re
su

lts
(F

ig
. 9

)

 
G

ly
ci

ne
-r

ic
h 

pr
ot

ei
n 

fa
m

ily

O
C

-1
30

17
20

51
06

6
C

om
pl

et
e

Pu
ta

tiv
e 

se
cr

et
ed

 g
ly

ci
ne

-r
ic

h 
sa

liv
ar

y 
pr

ot
ei

n
Y

 
7D

B
 fa

m
ily

 u
ni

qu
e 

to
 A

rg
as

id
ae

O
C

-1
04

17
20

51
05

0
C

om
pl

et
e

7D
B

 fa
m

ily
O

C
-1

20
17

20
51

06
0

C
om

pl
et

e
7D

B
 fa

m
ily

Y
O

C
-1

06
17

20
51

05
4

C
om

pl
et

e
7D

B
 fa

m
ily

Y

 
Pe

pt
id

es
 o

f t
he

 8
-k

D
a 

fa
m

ily

O
C

-9
8

17
20

51
25

4
C

om
pl

et
e

H
yp

ot
he

tic
al

 se
cr

et
ed

 p
ep

tid
e 

pr
ec

ur
so

r
O

C
-1

94
17

20
51

08
8

C
om

pl
et

e
H

yp
ot

he
tic

al
 se

cr
et

ed
 p

ep
tid

e 
pr

ec
ur

so
r

U
ni

qu
e 

O
rn

ith
od

or
os

 fa
m

ili
es

O
C

-6
4

17
20

51
21

4
C

om
pl

et
e

H
yp

ot
he

tic
al

 se
cr

et
ed

 p
ep

tid
e 

pr
ec

ur
so

r
Y

D
is

ul
ph

id
e-

ri
ch

 5
-k

D
a 

fa
m

ily

O
C

-9
3

17
20

51
24

8
C

om
pl

et
e

Pu
ta

tiv
e 

sa
liv

ar
y 

se
cr

et
ed

 p
ep

tid
e

O
C

-1
29

17
20

51
06

4
C

om
pl

et
e

H
yp

ot
he

tic
al

 se
cr

et
ed

 p
ep

tid
e 

pr
ec

ur
so

r

N
ov

el
 fa

m
ili

es

O
C

-7
24

17
20

51
22

6
C

om
pl

et
e

H
yp

ot
he

tic
al

 se
cr

et
ed

 p
ep

tid
e 

pr
ec

ur
so

r
O

C
-4

58
17

20
51

15
8

C
om

pl
et

e
H

yp
ot

he
tic

al
 se

cr
et

ed
 p

ep
tid

e 
pr

ec
ur

so
r

O
C

-4
6

17
20

51
16

0
C

om
pl

et
e

H
yp

ot
he

tic
al

 se
cr

et
ed

 p
ep

tid
e 

pr
ec

ur
so

r
O

C
-5

20
17

20
51

18
4

C
om

pl
et

e
H

yp
ot

he
tic

al
 se

cr
et

ed
 p

ep
tid

e 
pr

ec
ur

so
r

O
C

-6
39

17
20

51
21

2
C

om
pl

et
e

H
yp

ot
he

tic
al

 se
cr

et
ed

 p
ep

tid
e 

pr
ec

ur
so

r
O

C
-7

3
17

20
51

22
8

C
om

pl
et

e
H

yp
ot

he
tic

al
 se

cr
et

ed
 p

ep
tid

e 
pr

ec
ur

so
r

O
C

-9
7

17
20

51
25

2
C

om
pl

et
e

H
yp

ot
he

tic
al

 se
cr

et
ed

 p
ep

tid
e 

pr
ec

ur
so

r

J Proteomics. Author manuscript; available in PMC 2009 December 2.


