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Ticks and the diseases for which they are vectors engage
in complex interactions with their mammalian hosts.
These interactions involve the developmental processes
of tick and pathogen, and interplay between the defen-
sive responses and counter responses of host, tick and
pathogen. Understanding these interactions has long
been an intractable problem, but progress is now being
made thanks to the flood of genomic information on
host, tick and pathogen, and the attendant, novel exper-
imental tools that have been generated. Each advance
reveals new levels of complexity, but there are encoura-
ging signs that genomics is leading to novel means of
parasite control.
Ticks: parasites and disease vectors
Ticks, as blood-feeding ectoparasites, affect their hosts
both directly and as vectors of viral, bacterial and protozoal
diseases. Their impact as disease vectors on human well-
being is second only to that of mosquitoes, and their effect
on livestock, wildlife and domestic animals is immeasur-
ably greater [1]. An important source of information on
ticks and tick-borne pathogens is described in Box 1.

The tick’s mode of feeding means it must maintain
intimate contact with the host in the face of host defensive
responses for a protracted time. In the tick–host–pathogen
triangle, we therefore have the cut and thrust of parasite
attack, host response and parasite counter-response, and
the interactions between transmitted pathogen and the
vector tick. This results in a highly complex biological
system that is barely understood. Although there are
common elements in the strategies adopted by both ticks
and tick-borne pathogens, there is also great diversity in
the details and in the molecules that facilitate these inter-
actions. This is illustrated in the accompanying poster
(Bell-Sakyi and Jongejan, this issue).
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Genomics is having an impact on this field of research in
three ways: first, through the generation of new resources,
including genome information and experimental tech-
niques; second, through the application of these new
resources, coupled with traditional biological research
techniques, to the acquisition of new insights; and, third,
through the development of practical new interventions in
the tick–host–pathogen triangle.

Tick-borne pathogens: genome sequences and
comparative genomics
Striking achievements have been made in the acquisition
of genome sequence information. Web-based resources are
summarized in Box 2.

Although it is early days, the interpretation of genome
sequences is leading to new biological understanding.
Examples include antigenic variation in Anaplasma mar-
ginale, which has long been the subject of active research.
Completion of theA.marginale genome and the genomes of
related organisms has enabled a comparative approach to
this question [2]. Analysis of genome sequences from
organisms as diverse as A. marginale, Borrelia hermsii
and Trypanosoma brucei suggests convergent evolution to
common mechanisms of antigenic variation and hence
immune evasion (Palmer and Brayton, this issue). Com-
parative genomics analysis of several pathogenic and non-
pathogenic organisms of the order Rickettsiales, including
the tick-borne pathogens A. marginale, Anaplasma pha-
gocytophilum, Ehrlichia chaffeensis and Ehrlichia rumi-
nantium, shows some common pathogen features, for
instance, decreased ability to synthesize amino acids.
However, differences also emerge relating to host pathol-
ogy, the presence or absence of transovarial transmission
and adaptation to a haematophagous vector [3], as well as
the expansion of families of immunodominant outer mem-
brane proteins, facilitating antigenic variation. The gener-
ation of multiple E. ruminantium genome sequences has
enabled a third series of comparative approaches [4,5]
d. doi:10.1016/j.pt.2007.07.004
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Box 1. Tick–host–pathogen database (THPbase)

The THPbase database (www.icttd.nl), facilitated by the Integrated

Consortium on Ticks and Tick-borne Diseases (ICTTD-3), is a

searchable database of all known tick species, tick-borne pathogens

and associated hosts. It was originally created as Ticksbase, a peer-

reviewed global species database of Ixodidae incorporated into the

Species 2000 Catalogue of Life program (www.sp2000.org), which

has the aim of indexing the world’s known species [43].

The database includes taxonomic information for 889 valid tick

species, 580 common names and over 3000 synonyms, distribution

data and a bibliography. In addition, a section on vector competence

includes 808 tick–pathogen relationships. An effort to extend

THPbase with genomics information is ongoing.
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(Frutos et al., this issue) to understanding the active
process of genome evolution.

Our first insight into the genome of a spirochaete
came from sequencing the Lyme disease pathogenBorrelia
Box 2. Web resources for the genomics of ticks and tick-borne p

The National Center for Biotechnology Information (NCBI; http://

www.ncbi.nlm.nih.gov/), European Molecular Biology Laboratory

(EMBL; http://www.ebi.ac.uk/embl/) and DNA Data Bank of Japan

(DDBJ; http://www.ddbj.nig.ac.jp/) house a large number of DNA and

protein sequences, and are usually the best source of publicly

available data submitted to these data banks. At the NCBI, the

‘Taxonomy browser’ is a good starting point for surveying the

different types of sequences available for any species of interest.

In the Genome Reviews database (http://www.ebi.ac.uk/GenomeRe-

views/) at the European Bioinformatics Institute (EBI), almost all of the

Table 1. Genome sequence data on species of particular significa

Database or host site

The Gene Index project, The Dana Faber Cancer Institute

http://compbio.dfci.harvard.edu/tgi/tgipage.html

Genome Center, University Oklahoma

http://www.genome.ou.edu/tick.html

Ixodes scapularis Genome Project, Purdue University

http://www.entm.purdue.edu/igp/

VectorBase, NIAID

http://www.vectorbase.org/index.php

GeneDB, The Wellcome Trust Sanger Institute

http://www.genedb.org/

Apicomplexan Database Resources

http://apidb.org/apidb/

University of Pretoria and Onderstepoort Veterinary Institute

http://www.bi.up.ac.za/Ehrlichia_ruminantium/

PathoSystems Resource Integration Center

https://patric.vbi.vt.edu/

Washington State University

http://www.vetmed.wsu.edu/research_vmp/babesia-bovis

(http://genomics.vetmed.wsu.edu/blast/blast.html)

The Wellcome Trust Sanger Institute

http://www.sanger.ac.uk/Projects/B_bigemina

(http://www.sanger.ac.uk/cgi-bin/blast/submitblast/b_bigemina)

NCBI virus genome database

http://www.ncbi.nlm.nih.gov/genomes/static/vis.html

Washington State University

http://www.vetmed.wsu.edu/research_vmp/anagenome

Ohio State University

http://riki-lb1.vet.ohio-state.edu/ehrlichia/
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burgdorferi (strain B31) [6]. The genome is unusual. It
includes a linear chromosome �1 Mb in size, and at least
17 linear and circular plasmids that collectively represent
more than half of the chromosome in size [6]. Borrelias
appear to have lost the full gene repertoire for cellular
biosynthesis and have a significantly reduced metabolic
capability. More recently, the availability of the genome
sequences of three species of Borrelia (i.e. B. burgdorferri
sensu stricto, B. garinii and B. afzelii) has enhanced our
understanding of the subtle differences between the gen-
omes of these Lyme borreliosis-associated pathogens [7,8].
The major phenotypic differences between these species
could be attributed to variability in the presence of plasmid
sequences and to genes under positive selection [7,8]. In
this issue, Hovius et al. review novel insights into how B.
burgdorferi interacts with particular tick salivary proteins
(Salp15) to facilitate its transmission to the mammalian
host [9].
athogens

completely sequenced tick-borne pathogen (prokaryotic and eukar-

yotic) genomes that are deposited in EMBL are available in an up-to-

date and standardised format. The Institute for Genomic Research

(TIGR) Comprehensive Microbial Resources site (http://cmr.tigr.org/

tigr-scripts/CMR/CmrHomePage.cgi) contains more than 300 prokar-

yotic genomes.

Genome sequence data on species of particular significance to

those interested in ticks and tick-borne and related pathogens can

also be accessed via the Internet as listed in Table 1.

nce

Species of interest

Amblyomma variegatum

Rhipicephalus appendiculatus

Boophilus microplus

Ixodes scapularis

Amblyomma americanum

Ixodes scapularis

Theileria annulata

Plasmodium species

Plasmodium species

Toxoplasma gondii

Cryptosporidium species

Theileria species

Ehrlichia ruminantium

Rickettsia species

Babesia bovis (BLAST-based queries)

Babesia bigemina (BLAST-based queries)

Genomes and related information on all tick-borne viruses

Anaplasma marginale

Anaplasma phagocytophilum

Ehrlichia chaffeensis

http://compbio.dfci.harvard.edu/tgi/tgipage.html
http://www.genome.ou.edu/tick.html
http://compbio.dfci.harvard.edu/tgi/tgipage.html
http://compbio.dfci.harvard.edu/tgi/tgipage.html
http://www.genome.ou.edu/tick.html
http://www.entm.purdue.edu/igp/
http://www.vectorbase.org/index.php
http://www.vectorbase.org/index.php
http://www.genedb.org/
http://www.genedb.org/
http://compbio.dfci.harvard.edu/tgi/tgipage.html
http://www.genome.ou.edu/tick.html
http://www.entm.purdue.edu/igp/
http://www.vectorbase.org/index.php
http://www.genedb.org/
http://apidb.org/apidb/
http://www.bi.up.ac.za/Ehrlichia_ruminantium/
https://patric.vbi.vt.edu/
http://www.vetmed.wsu.edu/research_vmp/babesia-bovis
http://genomics.vetmed.wsu.edu/blast/blast.html
http://www.sanger.ac.uk/Projects/B_bigemina
http://www.sanger.ac.uk/cgi-bin/blast/submitblast/b_bigemina
http://www.ncbi.nlm.nih.gov/genomes/static/vis.html
http://www.vetmed.wsu.edu/research_vmp/anagenome
http://riki-lb1.vet.ohio-state.edu/ehrlichia/
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Several species of Theileria and Babesia of the phylum
Apicomplexa are major tick-borne protozoan parasites
responsible for life-threatening diseases of animals. The
genome sequences of two closely related Theileria species
(Theileria parva and Theileria annulata) have been
described [10,11]. Multilevel genome comparison between
Theileria spp. and Plasmodium (malaria) parasites shows
the nuclear genomes of both Theileria species to be highly
compact [�8.3 � 106 base pairs (bp), �4000 genes] and
roughly one-third the size of the P. falciparum genome.
Compared to Plasmodium, Theileria appears to have a
reduced metabolic capability, with deficiencies in some
biosynthetic pathways (e.g. haem and type II fatty acid
biosynthesis). Despite high conservation of gene sequences
and synteny between T. parva and T. annulata, several
unequally expanded gene families and species-specific
genes were revealed [10]. In addition, several candidate
regulators of host cell transformation have been proposed
[10,12]. Similar to many other parasitic protozoa, both
Theileria species have tandem arrays of genus-specific
hypervariable gene families adjacent to the telomeres.
Another highlight of the Theileria genome comparison
was the identification of a Theileria-specific highly poly-
morphic protein domain, known as FAINT (Frequently
Associated IN Theileria), that is present in multiple copies
(>900 copies of FAINT domains per genome) in a large
number of secreted proteins. In the future, extending these
comparisons to the genome of a non-transformingTheileria
species, currently under way (Sugimoto, C., personal com-
munication), will be of particular value.

Complementing the genome sequences of the two
Theileria species are a vast amount of transcriptome data
for both. These include a set of over 16 500 expressed
sequence tag (EST) sequences representing the transcrip-
tome of the macroschizont, merozoite and piroplasm of T.
annulata, and over a million sequence signatures obtained
from the schizont stage of T. parva by massively parallel
signature sequencing (MPSS). The MPSS method ident-
ified and quantified the transcriptional activity of more
than 73% of the predicted genes [13]. Using theT. annulata
EST data, evidence of positive immune selection was
revealed in several genes expressed at the macroschizont
and merozoite stages [10].

The genomes of several Babesia species, such as Babesia
bovis, B. bigemina, B. equi (Theileria equi) and B. microti,
are at different stages of completion. The genome sequences
of B. bovis and B. bigemina are now searchable for BLAST-
based queries (see Box 2) and the fully annotated genome
sequence of B. bovis should be publicly available before the
end of 2007. This will kick-start the post-genomic era of
Babesia research. Recently, analysis of a set of 13 000 EST
sequences from the erythrocytic stage of B. bovis revealed
the transcriptional profiles of �2600 genes [14].

Once complete genome sequences are available for two
or more of the Babesia species mentioned above, large-
scale comparative genomics analysis is expected to define a
significant portion of the repertoire of antigenic variant
genes and gene families, such as the variant erythrocyte
surface antigen (VESA), and might shed further light on
the mechanism of antigenic variation in B. bovis [15]. In
addition, it will undoubtedly help to identify the metabolic
www.sciencedirect.com
potential and weaknesses of the genus Babesia, spot
species-specific differences and define genes that are under
diversifying (positive) selection.

The genomes of a large number of tick-borne viruses
have been sequenced (Box 2), some of which pose a signifi-
cant threat to the health of humans or livestock. One of the
key aims of comparing the genomes of different tick-borne
viral strains is to determine the molecular adaptations
that enable them to infect, replicate and survive within
ticks and vertebrate cells [16].

Tick genomes and genomic resources
The sequencing of the genomes of the ticks themselves is
lagging, mostly because of the unexpectedly large size of
tick genomes. Estimates for three species are currently
available, the smallest being �109 bp (Amblyomma amer-
icanum) and the largest �7 � 109 bp [Rhipicephalus (Boo-
philus) microplus]; the Ixodes scapularis genome is
estimated to be 2 � 109 bp [17,18]. Nevertheless, sequen-
cing of the genome of I. scapularis is under way [19]. Pilot-
scale studies on the genome of R. (Boophilus) microplus
[20] are progressing and it is expected that this will
strengthen a future proposal to sequence the genome more
fully. Information on ESTs is available for several tick
species, including R. (Boophilus) microplus [21], A. amer-
icanum [22] and Amblyomma variegatum [23]. Some of
these have been used to create a repository of clustered and
auto-annotated data in the form of species-specific gene
indices (Box 2).

Manipulating gene expression
The genomics technique that has had the greatest single
impact on tick research is RNA interference (RNAi) [24].
Several laboratories, using a range of tick genes and tick
species, have successfully used RNAi to transiently sup-
press the expression of specific tick genes. Suppression can
be persistent and act transstadially. For example, injection
of double-stranded RNA into engorged R. (Boophilus)
microplus females led to the downregulation of mRNA
levels in eggs and subsequently in hatched larvae for
several weeks [25]. RNAi has been used to study gene
function and the role of tick genes in pathogen trans-
mission, and as a screening tool for the identification of
potential tick antigens for vaccine development [26,27]. It
could have a great impact on the annotation of tick genomic
information, particularly when the technique is coupled
with high-throughput analysis in cultured tick cells. Again,
the application of RNAi might help to characterize the
effect of tick protective antigens on the transmission of
tick-borne pathogens ([27,28]; see also the article by de la
Fuente et al., this issue). Meanwhile, the ability to trans-
form tick-borne pathogens is being developed, creating
another tool to understand gene function. For example,
A. phagocytophilumwas recently successfully transformed
to express green fluorescent protein (GFP) using the Hi-
ma1 transposase system [29].

Tick proteins and proteomics approaches
The impact of genomics on our knowledge of expressed
parasite proteins has barely been felt, yet it is here that
genome and gene sequences could have amajor, short-term
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impact. Detailedmolecular information is available for few
proteins from tick-borne pathogens and, relatively, for
even fewer tick proteins. As an indication of the current
limitations, for 20 of the most abundantly expressed
proteins from unfed R. (Boophilus) microplus larvae, only
one could be identified from a mass fingerprint alone,
whereas 18 others were tentatively identified through
BLAST searches and the limited existing EST database,
that is, using genomic resources [30]. The importance of
translated gene or genome sequences is likely to be even
greater for less abundant proteins. Probably the most-
studied tick proteins are those involved in the control of
host haemostasis, thought to be critical to the success of the
feeding tick (Maritz-Oliver et al., this issue).

Tick–host–pathogen interface
Individual genomics tools are being used to piece together
elements of our understanding of the tick–host–pathogen
interface. Host microarrays are being used to look at the
tick–host interaction at a level of complexity that was
previously unattainable. No work using tick microarrays
has yet been published, but the generation of a microarray
to explore, for example, pathogen–tick interactions is just a
matter of time. The application of microarrays is further
discussed by Jensen and Glass (this issue). Host–vector–
pathogen interactions have been studied through the
identification of genes differentially expressed in Derma-
centor variabilis ovaries in response to rickettsial infection
[31] and in salivary glands of female Rhipicephalus appen-
diculatus infected with T. parva [32], whereas a signal
sequence trap has been used to identify secreted proteins
in salivary glands of A. variegatum and R. appendiculatus
[33]. The association between the tick vector and the
pathogen is exemplified by the identification of a tick re-
ceptor that is required for B. burgdorferi colonization of I.
scapularis [34]. The application of the tools of genomics to
increase our understanding of the complexities of the
three-way interaction between I. scapularis, B. burgdorferi
and the mammalian host is described by Hovius et al. (this
issue). Another example is the Anaplasma–Ixodes inter-
face.Anaplasma probably benefits from anti-inflammatory
molecules secreted by the tick into the host, while also
using a tick protein to facilitate its establishment in the
tick’s salivary gland [35].

Genomics and traditional biology
Genomics tools do not substitute for established
approaches to the study of ticks and tick-borne pathogens,
but rather complement them. Biological techniques that
complement genomics approaches must be made available
and must continue to be developed, because future success
will depend on this association. Two reviews in this issue
describe such techniques. Guerin and Krober summarize
recent advances in the development of in vitro systems for
the feeding of ticks. These are an essential surrogate
biological tool that can potentially circumvent raising
and feeding ticks on mammalian hosts, while allowing
temporal and physiological aspects of feeding to be studied.
Second, several laboratories have established cell lines
from different tick species, although this remains a diffi-
cult, slow process. Progress in this area and the application
www.sciencedirect.com
of tick cell lines to study tick–pathogen interactions is
reviewed by Bell-Sakyi et al. (this issue).

In the area of parasite control, established approaches
remain vitally important and capable of great improve-
ment. The current status of live attenuated vaccines
against bovine babesiosis, heartwater and tropical theiler-
iosis is summarized by Shkap et al. (this issue).

Genomes and proteins: where to from here?
Genome sequences of tick-borne pathogens are
accumulating steadily. It is inevitable that the number
of available sequences will grow, probably at an accelerat-
ing rate. The lack of comparable tick genome sequence data
is now a barrier to progress. However, this scenario is set to
change as new high-throughput sequencing technologies
have the potential to bring the cost of sequencing down
significantly. The performance of these new-generation
DNA sequencing machines (e.g. 454, Solexa) is currently
being evaluated by several genome sequencing centres
around the world. The size of the genome might no longer
be a key limiting factor because of the tremendous output
potential of these new technologies.

A complete tick genome sequence would reveal the
genetic landscape of ticks in terms of the organization,
structure and identity of coding and non-coding DNA, and
provide molecular reagents with which to dissect its
biology and its interaction with pathogen and host. Out-
comes would be as diverse as the resolution of issues in tick
phylogeny, the prediction of the components of pathways
leading to novel targets for acaricide and vaccine devel-
opment, and the generation of global transcriptional net-
works to derive clues to genes with important roles in tick
biology or at the tick–vector or tick–pathogen interfaces.
Even without whole-genome sequences, useful sequence
information can be obtained with less effort and cost.
Expansion of the sequencing of expressed genes, preferably
full-length sequences, would give us a valuable resource,
for example, for the construction of partial microarrays,
and key information for any proteomics investigation of
ticks.

Current information on tick protein sequences is
extremely restricted, limiting the application of proteomics.
Homology matches have limited usefulness. We urgently
need more information on the complement of proteins
expressed in a variety of tick tissues, life stages and species,
ideally from more than one species. Sequencing of another
tick species within the metastriata should be initiated.

There are likely to be practical outcomes of such
research that are unrelated to parasite control. Ticks,
for example, are probable sources of novel pharmacological
agents, as recent examples such as proteins with both
histamine- and serotonin-binding sites [36], haemostatic
agents (Maritz et al.., this issue) and C5-specific inhibitors
[37] show.

New tools for the control of parasites and disease
All this work must eventually be aimed at developing new
modes of intervention: novel drug targets, new vaccines
against ticks and tick-borne diseases, or alternative tech-
niques for control. As an example, ESTs from R. (Boophi-
lus)microplus andR. appendiculatuswere recently used as
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a starting point for the identification of possible
anti-ectoparasitic drug targets [38]. Potentially, three-
dimensional structures canbepredicted basedonhomology,
leading to rational drug design. Silencing of potential
drug targets in ticks using RNAi would complement this
approach.

Genomics information provides a resource that can be
mined for antigens that protect against tick infestations and
infection by and transmission of tick-borne pathogens. For
example, the post-genomics era of Theileria spp. offers an
opportunity to develop new vaccines by following ‘reverse
vaccinology’ strategies. Using the genome sequence data on
T. parva, several promising candidate vaccine antigens that
are recognizedbybovineCD8+ cytotoxicT lymphocyteshave
been identified [39]. Other high-throughput approaches are
under way, such as parasite transcriptome studies using
whole-genome microarrays of T. parva and T. annulata.
Combining analysis of the A. marginale genome sequence
with mass-spectrometry-based protein sequencing and
conventional antibody screening enabled the rapid identifi-
cationof 24additional antigenic proteins fromthis organism
[40]. It is important also to recognize that anti-tick vaccines
can directly and indirectly affect tick-transmitted disease
[28,41]. Arguably, our ability to use current genomics infor-
mation to best effect is limited by our poor understanding of
what is necessary for an effective, protective immune
response [42], although this will undoubtedly improve.

Turning the new science into practical solutions will
present novel commercial challenges. Genomics will lead to
control technologies with characteristics different from
those of current acaricides and drugs. Vaccines, RNAi
and transgenics will typically have greater specificity for
a limited range of tick species or a particular disease
organism. This has both advantages and disadvantages.
Manufacturing costsmay be lower and require only generic
manufacturing facilities, which are likely to be locally
available. Regulatory processes may be variable and of
unpredictable stringency. Recombinant vaccines will prob-
ably be readily accepted, as several are already on the
market, but products delivered via live viral vectors, RNAi
or transgenic animals are likely to find that regulatory
processes are a significant barrier to their introduction, at
least until there is greater familiarity with such novel
products. Collectively, these factors – the potential for local
manufacture, local regulation and local application – may
make the current model of commercial delivery, with its
reliance on the resources of global animal health compa-
nies, less relevant. Cost-effective control programs in the
future will demand both currently available and new
technologies derived from genomics studies supported by
local expertise and resources.
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