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Abstract

Background

Ixodes ricinus is the main tick vector of the microbes that cause Lyme disease and tick-
borne encephalitis in Europe. Pathogens transmitted by ticks have to overcome innate
immunity barriers present in tick tissues, including midgut, salivary glands epithelia and the
hemocoel. Molecularly, invertebrate immunity is initiated when pathogen recognition mole-
cules trigger serum or cellular signalling cascades leading to the production of antimicrobi-
als, pathogen opsonization and phagocytosis. We presently aimed at identifying hemocyte
transcripts from semi-engorged female /. ricinus ticks by mass sequencing a hemocyte
cDNA library and annotating immune-related transcripts based on their hemocyte abun-
dance as well as their ubiquitous distribution.

Methodology/principal findings

De novo assembly of 926,596 pyrosequence reads plus 49,328,982 lllumina reads (148 nt
length) from a hemocyte library, together with over 189 million lllumina reads from salivary
gland and midgut libraries, generated 15,716 extracted coding sequences (CDS); these are
displayed in an annotated hyperlinked spreadsheet format. Read mapping allowed the iden-
tification and annotation of tissue-enriched transcripts. A total of 327 transcripts were found
significantly over expressed in the hemocyte libraries, including those coding for scavenger
receptors, antimicrobial peptides, pathogen recognition proteins, proteases and protease
inhibitors. Vitellogenin and lipid metabolism transcription enrichment suggests fat body
components. We additionally annotated ubiquitously distributed transcripts associated with
immune function, including immune-associated signal transduction proteins and transcrip-
tion factors, including the STAT transcription factor.
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Conclusions/significance

This is the first systems biology approach to describe the genes expressed in the haemocytes
of this neglected disease vector. A total of 2,860 coding sequences were deposited to Gen-
Bank, increasing to 27,547 the number so far deposited by our previous transcriptome studies
that serves as a discovery platform for studies with /. ricinus biochemistry and physiology.

Author Summary

Ixodes ricinus transmits Lyme disease and tick-borne encephalitis in Europe. Tick-borne
pathogens ingested with a blood meal persist in the tick gut and, during the next feeding
stage, disseminate through the haemolymph to pass into a vertebrate host via the salivary
glands. Invertebrate immunity is initiated when tick pathogen recognition molecules trig-
ger serum or cellular signalling cascades. We aimed to identify haemocyte transcripts from
semi-engorged female I. ricinus ticks by deep sequencing a haemocyte cDNA library and
by annotating immune-related transcripts based on their abundance in haemocytes and
their sequence divergence when compared to their arthropod homo(ortho)logues. 15,716
extracted coding sequences (CDS) were generated in total, and 327 transcripts were signif-
icantly overexpressed in haemocytes. These included those coding for scavenger receptors,
antimicrobial peptides, pathogen recognition proteins, proteases, and protease inhibitors.
Transcriptional enrichment of vitellogenin and lipid metabolism effectors suggests that
body fat components mediate tick innate immunity. Annotation of ubiquitously distribut-
ed transcripts associated with immune function and their phylogenetic analysis provide
insights into the evolution of major protein families involved in tick innate immunity.

Introduction

Ticks are versatile blood-feeding arthropod vectors for a wide variety of pathogens including
viruses, bacteria, protozoa, fungi, and nematodes [1]. Successfully transmitted pathogens must
overcome physical, cellular, and humoral barriers in the tick en route from being acquired (by
feeding on an infected host) to infecting a naive host during next stage feeding [2, 3]. Tick-
borne pathogens have evolved strategies to survive or even proliferate in the tick gut, pass
through the tick haemocoel to the salivary glands, and ultimately exploit a plethora of bioactive
molecules in tick saliva to assist their transmission.

Tick salivary glands and salivary components have been extensively studied over the last de-
cade due to their critical role in modulating host haemostasis and inflammatory or immune re-
sponses. This effort has resulted in the gradual availability of a number of salivary gland
transcriptomes (sialomes) from a variety of tick species by Sanger sequencing of cDNA librar-
ies composed of hundreds to several thousand expressed sequence tags (ESTs) [4-12]. Recent-
ly, Karim et al. [13] reported over 1.5 million ESTs from the salivary glands of the Gulf Coast
tick Amblyomma maculatum obtained by pyrosequencing using the Roche 454 platform. For
Ixodes ricinus, the most serious arthropod disease vector in Europe due to its transmission of
Lyme borreliosis pathogens and tick-borne encephalitis virus, a mixed 454 pyrosequencing and
lumina sialotranscriptome and midgut transcriptome (also known as the mialome) have re-
cently been reported [14-16], as well as a 454-based salivary transcriptome examining differen-
tial expression between Bartonella henselae-infected and non-infected ticks [17].
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However, there is less transcriptomic data available from other tick tissues that play a major
role at the tick-pathogen interface. To our knowledge, the only published tick midgut tran-
scriptome was from the American dog tick Dermacentor variabilis and comprised over 800 dis-
tinct transcripts [18]. More recently, the 454 platform was used to identify D. variabilis
immune-responsive genes upon infection with a wide range of bacterial and fungal microbes
including the important tick-borne pathogen Anaplasma marginale [19], while others have ex-
amined differential transcript expression in adult cattle tick Rhipicephalus (Boophilus) micro-
plus midguts, ovaries, or whole larvae upon feeding on a Babesia bovis-infected host [20-22].
However, no tick haemocyte transcriptomes are available, except for an ex vivo study on the
haemocyte-like (phagocytic) cell line Bm-86 derived from R. (B.) microplus embryos [23].

In order to bridge this information gap, here we focus on comprehensively characterizing
the haemocyte transcriptome of I. ricinus due to the importance of this tick in transmitting
human disease. We obtained almost one million raw sequences by 454 sequencing a normal-
ised cDNA library from I. ricinus haemocytes to provide a solid basis for annotation of almost
50 million reads produced using the Illumina platform. Furthermore, the haemocyte-derived
[lumina reads were analysed with respect to over 189 million reads from a combinatorial data-
base containing sequences from I. ricinus nymph and female salivary glands and midguts [14].
This approach allowed us to identify significantly over-represented transcripts in haemocytes
and identify genes that might play a role in cellular and humoral immune reactions, particular-
ly within the tick haemocoel. This approach provides an indispensable resource for tick innate
immunity research for the development of strategies to control the transmission of tick-borne
pathogens.

Material and Methods
Ethics statement

All animal experiments were carried out in accordance with the Animal Protection Law of the
Czech Republic No. 246/1992 Sb, ethics approval No. 137/2008 and protocols approved by the
responsible committee of the Institute of Parasitology, Biology Center of the Czech Academy
of Sciences.

Ticks

Male and female adult or nymphal Ixodes ricinus ticks were collected by flagging in a forest
near the town Ceské Budéjovice in the Czech Republic. Laboratory guinea pigs reared in the
animal facility of the Institute of Parasitology were used for tick feeding. For haemolymph col-
lection, females (25 females per animal) were fed in the presence of the same number of males
for six days. Semi-engorged females that had not yet entered the rapid engorgement phase [24]
were forcibly removed from the host and haemolymph collected into a glass capillary from the
cut front leg (0.5-2pl haemolymph per tick). Salivary glands and midguts were dissected from
nymphal and adult female ticks as described previously and below [14, 15].

Tissue collection, RNA extraction and library construction

1,080 nymphs and 420 adult females and males were attached to experimental animals for feed-
ing and subsequent salivary gland/midgut dissections. mRNA was extracted from pools of tis-
sues dissected from female adult ticks and nymphal ticks feeding for 3 hour periods up to 24
hours (nymphs) or 36 hours (adults), providing ten samples as follows: four samples for 0-12 h
and 12-24 h for nymphal salivary glands (SG) and midguts (MG), and six samples for 0-12h,
12-24h, and 24-36 h for adult SG and MG. For the haemocyte library, total RNA was isolated
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from the collected haemolymph and pooled from 100 semi-engorged females. Small drops of
haemolymph were immediately transferred into ice-cold RA1 buffer from the NucleoSpin
RNA IT kit (Macherey-Nagel) for isolation of total RNA according to the manufacturer’s proto-
col. One microliter of collected haemolymph contained in average 5x10* haemocytes as deter-
mined previously [25, 26]. For salivary gland and midgut libraries, the experimental
procedures have been described previously [14, 15]. The concentration of resulting total RNA
was determined by absorbance measurement at 260/280 using a Nanodrop, and the RNA ho-
mogeneity was verified by agarose gel electrophoresis. Isolated total RNA was divided into 5 pl
aliquots (3.4 ug total RNA each) and ethanol precipitated overnight at -20°C. Pellets were
washed twice with 0.5 ml of ice-cold 75% ethanol and stored underl ml of 75% ethanol at
-80°C before shipping for 454 and Illumina sequencing.

Raw sequence assembly

In addition to the reads indicated above, Illumina reads derived from the salivary gland and
midgut libraries of our previous work [14, 15] were assembled together with the haemocyte
Ilumina reads. The detailed analysis of library construction and sequencing, sequence assem-
bly and annotation followed standard procedures as detailed in the Supplemental Methods in
the S1 File.

Results/Discussion
General overview of the dataset

The haemocyte-derived RNA sample (HEM) was sequenced using both 454 and Illumina tech-
nologies. A total of 926,596 sequences (median size 498 nucleotides (nt)) were obtained by 454
pyrosequencing. All Illumina sequencing followed the paired-end protocol to produce read
lengths of 148 nt and a total of 49,328,982 Illumina reads. In our previous work [14], we se-
quenced RNA from the midguts (MG) and salivary glands (SG) of nymphs and adult female
ticks of the same species; this was combined with the raw sequencing data produced here to
produce a total of over 319 million Illumina-derived raw sequence reads equating to over 47.5
billion nucleotides. We used the raw sequence reads from all tissues only for contig assembly
and in order to increase the possibility of a given hemocytome read to be mapped to the result-
ing transcript contigs. Once the contig assembly was completed, then only the sequence reads
coming from the haemocytome were mapped into the resulting contigs. For a detailed analysis
of sequence assembly and annotation please refer to the Materials and Methods and the Sup-
plemental Results in the S1 File. The annotated data are available for browsing as a hyperlinked
Excel file (Additional file 1: http://exon.niaid.nih.gov/transcriptome/Ixric-hem/Ir-hem-S1-
web.xlIsx).

A total of 15,716 CDS were obtained and classified into seven major subclasses (Table A in
S1 File). Putative secreted proteins accounted for 33% of the coding sequences and 45% of the
total mapped reads and included unique salivary proteins and other proteins associated with
digestive or immune function including, for example, serine proteases, cathepsins, metallopro-
teases, and protease inhibitors. Only 1.48% of the sequence reads had a known immunity func-
tion, harbouring signatures of antimicrobial peptides, pathogen recognition proteins, or
thioester-containing proteins associated with immunity. Housekeeping proteins involved in di-
verse metabolic pathways or the cytoskeleton accounted for 50% of the CDS and 46% of
mapped reads. Transposable elements (TEs) represented 2.4% of the CDS and 0.8% of the
reads, in line with the numbers of TEs found in other tick sialomes. Some vertebrate and patho-
gen-derived (bacterial and protozoan) coding sequences were also detected that might repre-
sent artifact from host/pathogen material contaminating/being found mainly in the digestive
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Table 1. Functional classification of putative coding sequences (CDS) at least five-fold overexpressed in Ixodes ricinus haemocytes than salivary

glands and midguts.

Class Number of CDS Number of mapped reads Reads / CDS % CDS % Reads
Secreted 129 2,275,554 6,959 39.45 32.04
Immunity 11 882,222 80,202 3.36 12.42
Housekeeping 121 3,873,168 32,010 37.00 54.53
Transposable elements 9 2134 237 2.75 0.03
Vertebrate sequences 35 8343 238 10.70 0.12
Pathogen/bacterial 1 75 75 0.31 0.00
Unknown 21 61018 2,906 6.42 0.86
Total 327 7,102,514 100 100

% total from Table A in S1 File 2.08 6.79

doi:10.1371/journal.pntd.0003754.t001

tissue or in the haemolymph. These exogenous CDS accounted for 734 sequences (4.6% of all
CDS and 3% of all reads). Finally, there were 1,332 sequences of unknown origin or function,
representing 8.5% of the total CDS and 2.61% of reads (Table A in S1 File).

When CDS were sorted according to those significantly different with respect to the number
of mapped reads derived from haemocytes, 327 CDS were detected at least five-fold or greater
expressed in the haemocyte library (Additional file 1, worksheet “Unclassified”, column AR;
and Table 1). Of these, 35 were vertebrate derived and one was pathogen derived (from Babe-
sia) and most likely represented experimental contaminants; the potential origin of each of the
annotated transcripts is clearly denoted in Additional File 1. Moreover, nine TE-derived, 121
housekeeping, 129 secreted class, and 11 immunity class transcript sequences were detected.
This relatively low number of haemocyte-associated sequences (only 2.1% of the total CDS rep-
resenting 6.8% of the total mapped reads; Table 1) may be due to the fact that innate immunity
in ticks is not exclusive to haemocytes and is also found in other tissues such as the salivary
glands and midgut. Interestingly, the 11 immunity class CDS overexpressed in the haemocyte
library accounted for 882,222 reads and, therefore, represented 43% of all reads mapped to the
immunity class (Table A in S1 File), which might signify the transcription of some specific and
abundant haemocyte markers.

The selective distribution of contigs between libraries was next visualised in a heat map (Fig
A in S2 File) to display the Z-scores of the normalised data for 3,915 CDS with a reads per kilo-
base of transcript per million reads mapped (RPKM) value of 50 or more in at least one of the
three tick tissues. The heat map clearly distinguishes tissue-enriched CDS clades and a haemo-
cyte subset.

Analysis of coding sequences overexpressed in haemocytes

Manual annotation of the 327 CDS five-fold or greater significantly expressed in haemocytes
(H-set) revealed transcripts coding for known immunity-associated proteins including mem-
bers of ML domain-containing peptides (11% of H-set reads), peptidases and peptidase inhibi-
tors, and several families of putative secreted proteins of unknown function, some of which
were abundantly expressed (Table B in S1 File and Worksheet “Haemocyte-overexpressed” in
Additional File 1). Lipid metabolism-associated products were well represented, including en-
zymes associated with fatty acid anabolism, lipases, and cholesterol transport proteins, the lat-
ter accounting for 24% of H-set reads and seven CDS with RPKM ranging from 9,000 to
48,000. These transcripts might be derived from fat body cells, similar to three transcripts cod-
ing for vitellogenins that were 10- to 20-fold overexpressed in the haemocyte library (RPKM
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between 168 and 1,256); tick vitellogenins are known to be synthesised by the midgut, ovaries,
and fat body cells [27, 28]. P450 enzymes were overexpressed in the H-set and might be in-
volved in prostanoid metabolism [29]. An acid sphingomyelinase was abundantly transcribed,
with over 30,000 reads mapped from the haemocytome library (RPKM 1,659). Sulfotrans-
ferases were also abundant and represented 19% of H-set reads. Other notable H-set transcripts
were: a zinc finger transcription factor (eight-fold overexpressed); extracellular matrix compo-
nents; scavenger and Toll-like receptors (six to eight-fold overexpressed); an insulin/growth
factor receptor; several transporters and ion channels including a potassium voltage-gated
channel (30-times overexpressed); collagen and peritrophins; and a prolyl-hydroxylase associ-
ated with post-translational modification of collagen proline residues [30].

Some transcripts were remarkably overtranscribed in haemocytes. Three ML domain CDS
involved in pathogen recognition had RPKM values ranging from 9,000 to 118,000, including
one that was over 100-fold overexpressed compared to the other two tick tissues. Similar in-
creases were observed for defensin- and microplusin-type anti-microbial peptides (180-times
and 146-times overrepresented, respectively). A serine protease was assembled solely from hae-
mocyte-derived reads and was estimated to be at least 800-times overexpressed, while a zinc
carboxypeptidase that might be involved in hormone conversion was overexpressed 110-fold
in the haemocyte sample. Several cystatins (inhibitors of cysteine proteases) were overrepre-
sented between 150- and 380-fold in the haemocytome library, and a cysteine-rich peptide was
355-fold overexpressed in the same library. These transcripts can be browsed and visualised in
Additional File 1 (worksheet “Haemocyte-overexpressed”; see S1 File).

TE expression has been associated with transcriptional regulation [31] and could therefore
be involved in regulation of gene expression in haemocytes. The nine transposons overex-
pressed in haemocytes were all Class I members and included Gypsy LTR (long terminal re-
peat) and other non-LTR transposons.

Possible vertebrate-derived transcripts included a CDS coding for a C-C motif chemokine,
five of which were 65% identical to the guinea pig homologue. However, this chemokine se-
quence was assembled entirely from 95 Illumina reads and five 454 reads from the H library,
and none were found in the remaining libraries; most other vertebrate-derived transcripts were
also found in non-haemocyte libraries. Since the haemocyte library was constructed from guin-
ea pig-fed adult ticks, the relatively low 65% identity to the guinea pig protein may indicate
that this transcript was more likely of tick origin. Other putative vertebrate-derived transcripts
included those coding for interleukin-1 and class I major histocompatibility antigens, suggest-
ing leukocyte origin.

Discovery of immune-related proteins in I. ricinus

The deduced CDS (see Additional File 1 worksheet) allows for the recovery of protein se-
quences of interest to tick innate immunity, although many of the related CDS did not show
tissue specificity. Here, we focus on the description of antimicrobial peptide families (including
the nomination of novel candidate antimicrobial families), polypeptides associated with patho-
gen recognition (lectins, ixoderins, ML domain-containing peptides, peptidoglycan recognition
proteins), protease inhibitors that might be associated with the regulation of proteinase cas-
cades or other regulatory functions, signal transduction and transcription factors associated
with immune regulation, and transcripts associated with phagocytosis.

Antimicrobial peptides. Microplusin [32] is a cysteine-rich antimicrobial peptide de-
scribed in the cattle tick Rhipicephalus microplus. One member of this family was enriched
140-times in I. ricinus haemocytes. Alignment of related tick sequences from GenBank (Fig 1A)
with our data revealed three prostriate clades and one metastriate clade, all with multiple
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Fig 1. The tick microplusin family of antimicrobial peptides. A) ClustalW alignment. The symbols at the top of the figure represent (*) identity, (:)
similarity, and (.) lesser similarity. B) The neighbour-joining phylogenetic tree from the alignment in (A) following 1,000 bootstraps. Sequence names are
represented by the first three letters of the genus name, followed by the first three letters of the species name, followed by their GenBank gene identifier (gi)
accession number. Sequences from this work start with [rHem and include IrHemSgMg-674, which is 140-times overexpressed in haemocytes. Ixodes
ricinus sequences are indicated by a red circle. The bar at the bottom represents 50% amino acid diversity. The numbers at the nodes represent the per cent
bootstrap support. Values below 50 are not shown.

doi:10.1371/journal.pntd.0003754.9001
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members (Fig 1B), indicative of a large number of genes and/or alleles in the . ricinus genome.
Interestingly, the I. scapularis and I. ricinus microplusins apparently lack the N-terminal histi-
dine-rich domain important for the bacteriostatic effect of microplusin from R. (B.) microplus by
chelating copper ions [33]. Therefore, the antibacterial effect of microplusins from Ixodes sp.
needs experimental validation.

Defensins [34, 35] are ubiquitous antimicrobial peptides abundantly represented in ticks. In
I ricinus, the defensin family contained multiple genes and alleles that could be divided into
two general groups with larger and smaller sequences (Fig 2A). Their phylogeny, including
other tick defensins, revealed three large clades, two of which were Ixodes specific, while a ca-
nonical clade contained argasidae, metastriate, and prostriate sequences including scapularisins
and scasins (Fig 2B). A previous analysis of the I. scapularis genome revealed multiple defen-
sin-like genes in two major families: (i) scapularisins, which are structurally related to the an-
cient invertebrate-type defensins, and (ii) scasins, which are only distantly related to defensin-
type peptides [36]. Clades I and II (Fig 2B) thus appear to be distantly related to canonical
defensins and their antimicrobial activity, if any, would need to be tested.

Three tick lysozymes were identified, only one of which was relatively well expressed in hae-
mocytes in relation to the other tissues (IrHemSgMg-127320), albeit with a low RPKM (6.0).
Alignment with arthropod lysozymes (Fig B in S2 File) showed that this haemocyte lysozyme
was divergent in relation to other arthropod enzymes of the same family. IrHemSgMg-62536
clustered with salivary triatomine enzymes (at 67% bootstrap support), while IrHemSgMg-
119255 was a typical tick lysozyme (Fig B in S2 File).

Polypeptides containing the TIL (trypsin inhibitor-like) are known to be abundant in sialo-
transcriptomes, including those of male [37] and female mosquitoes [38], suggesting a poten-
tial function unrelated to blood feeding and possibly antimicrobial. Four TIL domain-
containing peptides were overexpressed in the haemocyte transcriptome, suggesting a putative
function in tick immunity. Phylogenetic analysis revealed the size and diversity of these pep-
tides in ticks (Fig C in S2 File).

The 8.9 kDa protein family is uniquely found in ticks and has previously described in tran-
scriptomes from their salivary glands [39]; however, no member of this protein family has yet
been functionally characterised. The presence of two members of this family overexpressed in
haemocytes supports a potential role for this family in tick immunity. Phylogenetic analysis of
this family revealed a large expansion in both prostriates and metastriates (Fig D in S2 File).

Analysis of these mediators of tick innate immunity, with the exception of lysozyme, indi-
cate large gene expansions in tick genomes compatible with an “arms race” between pathogens
and their hosts. The small number of lysozymes is compatible with their role as “undertakers”
of dead bacteria rather than a gene product involved in direct pathogen conflict. The sequences
of the expanded gene families constitute a platform for the discovery of novel functions for
family members.

Pathogen recognition protein families. The ML domain is associated with lysosomal
lipid transport and pathogen recognition. Some members of this family have previously been
studied in I. ricinus [40, 41], including a member known to be upregulated in Borrelia infec-
tion. Five putative coding sequences were overexpressed in haemocytes, two of which were 63-
and 103-fold overexpressed. Phylogenetic analysis of tick ML-domain polypeptides (Fig 3A
and 3B) indicated segregation of these proteins among species, indicative of possible gene evo-
lution in concert with local recombination [42].

Ixoderins are tick proteins containing a PFAM fibrinogen_C domain and are implicated in
immune recognition [43]. No member of this family was overexpressed in the haemocyte tran-
scriptome, but several new members were identified. It is thus possible that the expression of
members of this family is regulated post-transcriptionally. The phylogram clearly illustrates
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Fig 2. The tick defensin family of antimicrobial peptides. A) ClustalW alignment. The symbols at the top of the figure represent (*) identity and (.) lesser
similarity. B) The neighbour-joining phylogenetic tree from the alignment in (A) following 1,000 bootstraps. Sequence names are represented by the first three
letters of the genus name, followed by the first three letters of the species name, followed by their GenBank gene identifier (gi) accession number. Ixodes
scapularis scapularisin and scasins are indicated. Sequences from this work start with IrHem or IrSigp. The bar at the bottom represents 20% amino acid
diversity. The numbers at the nodes represent the percent bootstrap support. Values below 50 are not shown.

doi:10.1371/journal.pntd.0003754.9002
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Fig 3. Tick ML domain proteins. A) ClustalW alignment. The symbols at the top of the figure represent (*) identity, (:) similarity, and (.) lesser similarity. B)
The neighbour-joining phylogenetic tree from the alignment in (A) following 1,000 bootstraps. Sequence names are represented by the first three letters of the
genus name, followed by the first three letters of the species name, followed by their GenBank gene identifier (gi) accession number. Sequences from this
work start with IrHem. Ixodes ricinus sequences are identified with a red symbol. The bar at the bottom represents 20% amino acid diversity. The numbers at
the nodes indicate the percentage bootstrap support.

doi:10.1371/journal.pntd.0003754.9003

their diversity (Fig E in S2 File), which may reflect expansion of gene families associated with
pathogen recognition.

IrSigP-218555 was 25-fold overexpressed in haemocytes and contains a CDDGH18_chito-
lectin_ chitotriosidase domain found in a large number of catalytically inactive chitinase-like
lectins (chitolectins). At least six other members of this family were identified (IrSigP-237639,
IrHemSgMg-233682, IrHemSgMg-233684, IrSigP-225213, IrHemSgMg-219767, IrSigP-
162087). IrHemSgMg-205334, IrSigP-205335, IrHemSgMg-210952, IrSigP-226436, and
IrSigP-230364 contain the smart CLECT C-type lectin (CTL) or carbohydrate-recognition do-
main (CRD), which may be associated with pathogen recognition. IrSigP-226436 in particular
has three such domains and was 425-fold overexpressed in the midgut.

Peptidoglycan recognition proteins (PGRPs) include both secreted and membrane-bound
proteins that are important in the initiation of several immune cascades, including the Imd
pathway in Drosophila; the Drosophila Imd protein actually has a PGRP domain [44]. Twenty-
six coding sequences contained the CDD PGRP domain in this transcriptome based on com-
parisons with animal PGRPs homologous to Bacteriophage T3 lysozyme [45]. Alignment of
these 26 protein sequences with their matches from the non-redundant protein GenBank data-
base (Fig 4) revealed many insect-specific clades and one purely prostriate clade with L. ricinus
and L. scapularis sequences, indicating a relatively large expansion of this family in Ixodes.

Proteases, protease inhibitors and reeler proteins. Proteases are associated with the in-
nate immune system and regulate the activation of complement [46], clotting [47], and the
prophenoloxidase enzyme [48]. Ticks appear to possess components of a primordial comple-
ment system [25, 49]; however, the haemolymph clotting cascade and the existence of a pro-
phenoloxidase system have not been unequivocally demonstrated in ticks [2, 50]. IrSigP-44667
is a serine protease that was 842-times overexpressed in the haemocyte library, albeit with a rel-
atively low RPKM of 17. Several other serine proteases were overexpressed in haemocytes, in-
cluding IrHemSgMg-204852, IrHemSgMg-6004, IrSigP-233894, IrHemSgMg-195985, and
IrSigP-5839, which were ten-times or more overexpressed in the haemocytome with relatively
high RPKM values of between 800 and 15,921.

Protease inhibitors regulate proteases [51]. The Kunitz domain is ubiquitous in plants and
animals and is associated with serine protease inhibition, and the potent salivary anti-clotting
peptides found in I. scapularis [52, 53] are members of this family. Kunitz-containing tran-
scripts were enriched in the haemolymph transcriptome. These might be involved in immune
serine protease regulation, or, similar to the TIL domain peptides described above, it is possible
that these peptides may play a role in tick immunity by targeting bacterial proteases; this is
mainly indicated by the high diversity and gene expansion of the family (Fig F in S2 File).

Cystatins also belong to an ubiquitous protein family associated with cysteine proteinase in-
hibition [54]. Two salivary cystatins have been characterised in I. scapularis that have anti-in-
flammatory and immunosuppressive properties [55, 56]. Tick cystatins have also been
implicated in innate immunity [57]. Since tick protein digestion is mainly accomplished by in-
tracellular digestion with lysosomal enzymes including cysteine proteases [24], secreted hae-
mocyte cystatins might also be directed against digestive enzyme leakage into the haemocoel.
The I. ricinus transcriptome revealed several haemocyte-enriched cystatins, many of which
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were over 100-times overexpressed, with high RPKM’s ranging from 322 to 17,279. The phylo-
gram of tick cystatins (Fig 5) reveals the diversity and expansion of this protein family in ticks.

Reeler insect defence proteins are ~160 amino acid-long secreted proteins with a single reel-
er domain. These proteins increase in expression upon bacterial challenge, as first demonstrat-
ed in the wild silk worm Noduler protein [58]. Knock down of this protein in Bombyx leads to
decreased phenoloxidase activity, while injection of the recombinant protein enhances activity,
suggesting that this protein is involved in the control of the melanisation cascade [59]. Several
members of this family were overexpressed in the I. ricinus haemocytome (Fig 6A). Phyloge-
netic analysis of tick and other arthropod homologues reveals two distinct clades: the first has
one copy per genome (marked as “Arthropoda” clade in Fig 6B), including that for I. scapularis,
and the second is a tick-only clade that includes a second I. scapularis gene product and four
from I. ricinus. Since a gene coding for a prophenoloxidase-related protein has never been
identified in any tick species, the role of reeler proteins in the tick immune system will most
likely differ from that reported in Lepidoptera.

Proteins with complement-control domains. The complement control protein (CCP)
module, or Sushi repeats, is found in proteins that regulate the complement cascade. Ir-
hemSgMg-216594 was over 100-fold overexpressed in haemocytes, and has an amino-terminal
Sushi domain followed by a fucolectin/tachylectin motif that was previously identified in eel fu-
cose-binding lectins [60]. IrSigP-233312 was five-fold overexpressed in haemocytes, with only
a single weak match to the Sushi domain and no other recognisable domain. It has several
closely related I. scapularis homologs but not from other species. Other proteins containing
sushi domains and not overexpressed in haemocytes included IrHemSgMg-114554, which con-
tains three sushi repeats, three complement Clr-like EGF-like domains, two tandem hyalin re-
peats, and two calcium-binding EGF domains. IrHemSgMg-229349, IrSigP-88055,
IrHemSgMg-213204, and IrSigP-213204 contain a CDD PHA02927 domain based on secreted
complement-binding proteins of viruses in addition to the CCP module. IrSigP-200536 and
IrHemSgMg-200537 contain four CCP domains, one Laminin_G_3, a concanavalin A-like lec-
tin/glucanases domain, three notch domains, and a ZnMc_pappalysin_like, zinc-dependent
metalloprotease domain in its carboxy terminus, a domain associated with proteins that cleave
growth factors. Proteins in this group may be associated with growth factor regulation.

Thioester-containing proteins. Proteins belonging to the thioester-containing protein
(TEP) family are part of the vertebrate and invertebrate innate immune system and have the
ability to create a thioester linkage with foreign proteins, such as in the case of the vertebrate
C3 complement component and also shown in various invertebrates [2, 61]. This family was
found in the I ricinus transcriptome and comprised four truncated transcripts (IrSigP-194694,
IrHemSgMg-194690, IrHemSgMg-194689, and IrHemSgMg-194693) coding for alpha-2-mac-
roglobulin (A2M-2), three coding for C3-related proteins (C3-1: IrHemSgMg-234068 and
IrHemSgMg-234069 and C3-3: IrSigP-232478), one insect TEP, and one macroglobulin-com-
plement-related molecule (MCR-1, IrHemSgMg-212854) [25]. A recent study of the tissue
transcription profiles of I ricinus TEPs by quantitative real-time PCR revealed that A2M-2 is
specifically expressed in tick haemocytes, whereas the majority of tick TEPs are expressed in
tick body fat associated with tracheal trunks [62].

Leucine-repeat rich proteins and Toll-like receptors. Membrane proteins with leucine-
rich repeats are often associated with innate immunity [63, 64]. The proteins coded by IrSigP-
196912, IrSigP-212008, IrHemSgMg-196912, IrSigP-198730, IrHemSgMg-1450, IrHemSgMg-
196140, IrHemSgMg-209017, IrHemSgMg-200229, IrHemSgMg-83163, IrHemSgMg-74848,
IrHemSgMg-117185, and IrSigP-776 are all members of a superfamily that includes Toll-like
receptors and other immune regulatory proteins. The complexity of this family in ticks is illus-
trated by the number of clades in phylogenetic analysis, including several strong metastriate
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Fig 6. The insect defence reeler protein family of arthropods. A) ClustalW alignment. The symbols at the top of the figure represent (¥) identity, (:)
similarity, and (.) lesser similarity. B) The neighbour-joining phylogenetic tree from the alignment in A following 1,000 bootstraps. Sequence names are
represented by the first three letters of the genus name, followed by the first three letters of the species name, followed by their GenBank gene identifier (gi)
accession number. Sequences from this work start with IrHem or IrSigP. Tick sequences are identified with a red symbol. The bar at the bottom represents
50% amino acid diversity. The numbers at the nodes indicate the percentage bootstrap support.

doi:10.1371/journal.pntd.0003754.9006

and prostriate tick clades and, in the case of sub-clade b in Clade I, the free-living predatory

acari (Fig 7).

Additional immunity-related signal transduction proteins. Rhomboid proteins, such as
IrHemSgMg-197228, IrHemSgMg-84140, IrHemSgMg-166394, and IrSigP-197227, contain
the rhomboid PFAM motif. This family contains membrane proteins related to the Drosophila
rhomboid protein. Rhomboid promotes the cleavage of the membrane-anchored TGF-alpha-
like growth factor Spitz, allowing it to activate the Drosophila EGF receptor. IrHemSgMg-
197228 and IrSigP-197227, however, best match a Babesia bovis rhomboid protein and may be
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Fig 7. The leucine-rich repeat family of Ixodes ricinus compared to other tick proteins. The neighbour-
joining phylogenetic tree following 1,000 bootstraps is shown. Sequence names are represented by the first
three letters of the genus name, followed by the first three letters of the species name, followed by their
GenBank gene identifier (gi) accession number. Sequences from this work start with IrHem or IrSigp and
include peptide sequences highly expressed in haemocytes, identified by a red symbol. The bar at the top
indicates 100% amino acid diversity. The numbers at the nodes indicate the percentage bootstrap support.

doi:10.1371/journal.pntd.0003754.9007

a pathogen contaminant. IrHemSgMg-166394 best matches vertebrate proteins and may also
be a contaminant.

The Imd pathway in invertebrates is associated with activation of antimicrobial peptides
and involves a complex intracellular signalling cascade [65, 66]. Although the Imd pathway in
ticks seems to be incomplete [67], several transcripts related to Imd pathway components were
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identified: IrHemSgMg-75067, IrHemSgMg-235430, and IrHemSgMg-213424 containing the
CASc CDD domain for interleukin-1 beta-converting enzyme (ICE) homologues, which are
cysteine-dependent aspartate-directed proteases that mediate programmed cell death similar
to the Drosophila protein DREDD, also associated with the Imd signalling pathway [66].
IrHemSgMg-194225 and IrHemSgMg-158049, however, may be vertebrate contaminants.
IrHemSgMg-239793 contains two PEAM BIR (inhibitor of apoptosis) domains and a PFAM
zf-C3HC4_3 zinc finger, similar to Drosophila Iap2, a protein required for sustained Imd path-
way responses [68]. [rHemSgMg-204270 contains the RHD-n_Dorsal_Dif and IPT_NFkappaB
CDD domains, characteristic of Drosophila Relish, a transcription factor controlling transcripts
coding for anti-microbial peptides [69].

The JAK/STAT pathway is also associated with immune activation in invertebrates follow-
ing Toll-like receptor activation. The mosquito immune response is mediated by kinase activa-
tion, STAT translocation to the nucleus [70], and subsequent TEP expression. More recently,
expression of a tick AMP of the 5.3-kDa family was shown to be regulated by the JAK-STAT
pathway [71]. IrHemSgMg-196050 appears to be a full-length STAT transcription factor con-
taining the full-length STAT protein KOG domain, consisting of the STAT_bind, STAT_alpha,
STAT_int, and SH2 PFAM domains.

Phagocytosis. Innate immunity also involves phagocytosis [72], which is highly conserved
between species. Phagocytosis involves cell surface receptors such as complement-like opsoni-
sation (TEP) and scavenger receptors, along with a family with members that possess epider-
mal growth factor-like repeats that serve as phagocytic receptors in Drosophila (including the
Eater, Nimrod A, Nimrod B1, Nimrod C1, and Draper proteins). The immunoglobulin super-
family receptors of the DSCAM family show intense variability and can act both as cell-surface
receptors and opsonins. These proteins contain multiple Ig-like and fibronectin type 3 do-
mains. IrHemSgMg-215754, IrHemSgMg-215755, and IrSigP-215755 have PEAM EMI and
CDD TM_EGFR-like domains typical of Drosophila Draper. IrSigP-207640 and IrHemSgMg-
212695 contain the PFAM CD36 scavenger receptor motif, and IrHemSgMg-120593 and
IrSigP-115531 contain the PFAM scavenger receptor cysteine-rich (SRCR) domain, both con-
tigs being significantly overexpressed (seven- to eight-times) in the haemocytome. Recently, a
CD36 scavenger receptor was implicated in RNA interference mechanisms in ticks [73].
IrHemSgMg-75314, IrHemSgMg-132663, IrHemSgMg-81249, IrHemSgMg-207959,
IrHemSgMg-140402, IrSigP-207959, IrHemSgMg-105437, IrSigP-105437, and IrHemSgMg-
97649 contained one or more fibronectin type 3 domains and one or more Ig domains and
may be related to the Drosophila DSCAM receptors.

Conclusions

The assembly of reads from multiple tissue libraries from I. ricinus ticks (salivary glands, mid-
guts, and haemocytes) followed by posterior mapping of the reads to the derived CDS has en-
abled the identification of putative haemocyte-specific transcripts of various classes. While our
previous work identified thousands of salivary gland or midgut transcripts that were signifi-
cantly (10-times) overexpressed in one tissue or the other, only 327 CDS were significantly
(five-fold) overexpressed in the haemocyte library. This relatively small number may be due to:
a) the ubiquitous distribution of immune function in epithelial cells [74], and b) as a conse-
quence of only using adult female ticks fed for six days. Nevertheless, we were able to identify
hundreds of CDS associated with antimicrobial peptides, pathogen recognition proteins, prote-
ases and proteinase inhibitors, immune-related signal transduction proteins, and transcription
factors, including the STAT protein and scavenger receptors associated with phagocytosis.
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Finally, we constructed a series of phylogenetic trees that provide an evolutionary perspective
to tick immunity.

The identification of overexpressed transcripts in the haemocyte library matching vertebrate
proteins could be due to artefactual contamination of the haemolymph with host blood during
the manipulations required for haemolymph extraction. Alternatively, these matches might
represent active invasion of the haemocoel by host leukocytes, or, although rare, be derived
from the tick genome via a horizontal transfer event, which is known to have occurred at least
once in soft ticks [75].

It is important to note that the haemocyte library was not run concomitantly with the other
tissue libraries and thus bias may be present due to differences in sequencing efficiencies be-
tween batches; these comparative results should be regarded as preliminary, and quantitative
PCR should be performed to verify these results in further studies. Nevertheless, the 327 over-
expressed CDS make biological sense, with many expected markers of haemocyte function de-
tected, such as scavenger receptors and antimicrobial peptides. The additional availability of
2,860 CDS from I. ricinus derived from this work, together with our previous deposition of
24,687 CDS, provide a publicly available mining platform for biochemical and physiological
studies with . ricinus that was unimaginable only a few years ago.

Availability of supporting data

Raw sequences were deposited on the Sequence Read Archive (SRA) from the NCBI under bio-
project accession PRJNA183509. The individual run files received accession numbers
SRR641298, SRR641303, SRR641305, SRR641306, SRR641307, SRR641308, SRR641309,
SRR641327, SRR641328, SRR641329, SRR641330, and SRR641331. A total of 2,960 coding se-
quences and their translations were deposited at DDBJ/EMBL/GenBank under the accession
GBIH00000000. The version described in this paper is the first version, GBIH01000000.
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