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The use of tick vaccines in mammalian hosts has been shown to be the most promising alternative tick
control method to current use of acaricides, which suffers from a number of limitations. However, the success
of this method is dependent on the identification, cloning, and in vitro expression of tick molecules involved in
the mediation of key physiological roles with respect to the biological success of a tick as a vector and pest. We
have sequenced and characterized a Haemaphysalis longicornis tick salivary gland-associated cDNA coding for
a 29-kDa extracellular matrix-like protein. This protein is expressed in both unfed and fed immature and
mature H. longicornis ticks. The predicted amino acid sequence of p29 shows high homology to sequences of
some known extracellular matrix like-proteins with the structural conservation similar to all known collagen
proteins. Immunization with the recombinant p29 conferred a significant protective immunity in rabbits,
resulting in reduced engorgement weight for adult ticks and up to 40 and 56% mortality in larvae and nymphs
that fed on the immunized rabbits. We speculate that this protein is associated with formation of tick cement,
a chemical compound that enables the tick to remain attached to the host, and suggest a role for p29 as a
candidate tick vaccine molecule for the control of ticks. We have discussed our findings with respect to the

search of tick molecules for vaccine candidates.

Ticks are obligate ectoparasites that infest mammals, birds,
reptiles, and amphibians and are found in many regions of the
world (27). They are the most significant vectors of animal
diseases, second to mosquitoes in the number of human dis-
eases they transmit (17, 27). The need to control ticks is the
result of their negative economic impact on livestock produc-
tion. Ticks cause worldwide economic losses in livestock (2). It
is estimated that up to 80% of the world’s 1,288 million cattle
are infested with ticks, representing $7,500 million in monetary
losses for cattle alone (2). Currently the principal tick control
method is the application of acaricides. This approach is, how-
ever, associated with a number of disadvantages such as chem-
ical pollution of the food chain and the environment as well as
the quick development of resistance against acaricides by ticks,
thus reducing the effectiveness of acaricides in certain in-
stances (28, 32). In addition, acaricides must be applied at a
very high frequency, which makes this approach labor inten-
sive. Because of the fast pace at which ticks develop resistance
against acaricides, it is difficult to recover development costs
and thus new products are rarely developed. These limitations
have necessitated the search for alternative tick control mea-
sures. Among the several alternative tick control measures (30)
considered to date, only host vaccination against ticks appears
promising (5, 28, 38).

Since the report by Trager (33) that mammalian hosts can
acquire resistance to tick feeding, host vaccination against tick
infestation as an alternative tick control method has received
great attention, with some workers achieving significant host
protection by using crude tick vaccine antigens (19, 34, 38).
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Purification and production of sufficient amounts of candidate
tick vaccine antigens has over the years been the major limi-
tation to the adoption of host vaccination as an alternative tick
control method. With the advent of biotechnology, this limita-
tion is to a large extent no longer valid, and the success of host
vaccination as an alternative tick control measure will depend
on the identification, cloning, and expression of key physiolog-
ical tick molecules (5, 10, 37). Recently genes for two Boophi-
lus microplus midgut-associated molecules, Bm 86 and Bm 91,
have been cloned and expressed (21, 24). These antigens have
been shown to confer a significant protective immunity against
B. microplus infestation in cattle (24, 32). The findings from
these studies provided important evidence with respect to the
reliability and practicality of using biotechnology to identify
and produce sufficient amounts of tick vaccine antigen candi-
dates.

We are interested in the salivary gland-associated molecules
which regulate the attachment of the tick on to the host, sub-
sequent establishment of the feeding lesion, and uptake of the
blood meal as well as transmission of the pathogens to the host
(8). The importance of salivary gland-associated molecules
with respect to the biological success of ticks as vectors have
been covered in several recent reviews (1, 22, 27, 35, 36).

In the present study, we used polyclonal rabbit antitick se-
rum raised against tick saliva molecules from both the imma-
ture and mature stages of Haemaphysalis longicornis to probe a
cDNA library. This species is a three-host tick and a vector of
Theileria spp. as well as Coxiella burnetii commonly infesting
cattle, dogs, and humans (31). In Japan and other east Asian
countries, this tick is a major vector of Theileria sergenti/buffeli,
which causes an economically important disease in cattle (16).
We report here on the molecular cloning, sequencing, and
characterization of a cDNA coding for an immunogenic extra-
cellular matrix-like protein associated with the salivary gland of
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the H. longicornis tick and suggest the possible use of the
recombinant product for tick control.

MATERIALS AND METHODS

Tick dissection. Ticks were obtained from a colony of H. longicornis main-
tained on Japanese White rabbits in our laboratory in Sapporo, Japan. Dissection
of ticks was done as described elsewhere (23). Briefly, under a dissection light
microscope, partially fed ticks were submerged in autoclaved ice-cold phosphate-
buffered saline (PBS; pH 7.4), held down with a pair of soft tissue forceps. The
dorsal cuticle was cut out, and the salivary glands were separated from the rest
of the organs with the help of 18-gauge needles. Following dissection, the salivary
glands were pipetted into microcentrifuge tubes, washed once in PBS, and stored
at —80°C until use.

Generation of rabbit anti-tick saliva immune serum. For the generation of
polyclonal rabbit anti-H. longicornis tick saliva immune serum, 4 Japanese White
rabbits were used. One rabbit was repeatedly fed on by both immature and
mature tick stages (serum for this rabbit is referred to in the text as anti-tick
saliva serum). The other three rabbits were each repeatedly fed on by a single
tick stage, larva, nymph, or adult (sera from these rabbits are referred to as
anti-larval, anti-nymphal, and anti-adult saliva sera). Between tick infestations,
rabbits were rested for a fortnight. Antitick rabbit immune serum was collected
and stored at —20°C after four or more infestations when rabbit antitick infes-
tation immunity was apparent. Apparent immunity against tick infestation was
ascertained basically by the reactivity of the rabbit antitick saliva immune serum
on immunoblots of tick antigens.

SDS-PAGE and Western blotting. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) under reducing conditions was performed as de-
scribed elsewhere (14). For Western blotting, proteins of tick salivary glands
dissected as described above were electrophoresed and transferred to polyvinyli-
dene difluoride (PVDF) membranes. The membranes were incubated in the
primary antibody, and positive signals were detected with peroxidase-conjugated
goat anti-rabbit immunoglobulin G with 3,3-diaminobenzidine tetrahydrochlo-
ride and cobalt chloride.

Construction of an expression cDNA library. Total RNA was extracted from
partially fed female adult ticks which had remained attached on the host for 96 h.
The ticks were detached from rabbit ears by traction using a pair of forceps, left
at room temperature for about 1 h to shed remnants of rabbit pieces of tissue and
hair, and then pulverized in liquid nitrogen. Total RNA and subsequently
poly(A)* were isolated by using Trizol reagent (GIBCO BRL, Grand Island,
N.Y.) and an mRNA isolation kit (Quick Prep; Pharmacia, Uppsala, Sweden)
according to the manufacturers’ instructions. A library of oligo(dT)-primed
c¢DNA with added directional EcoRI/HindIII linkers was constructed from 5 pg
of purified mRNA by using a cDNA synthesis kit (Novagen, Madison, Wis.) and
ligated to the EcoRI/HindIII arms of the Ascreen vector (Novagen). The recom-
binant phage DNA was packaged by using Phage Maker packaging extracts
(Novagen) according to the manufacturer’s instructions, resulting in a primary
cDNA library with a size of 1.2 X 10° PFU.

cDNA library screening. The amplified library was immunoscreened by using
the polyclonal rabbit anti-H. longicornis tick saliva immune serum as described
elsewhere (26). Prior to sequencing, the cloned cDNAs resulting from immuno-
screening were subjected to dot blot hybridization as described elsewhere (4) in
order to put them in homogeneous groups. Briefly, cloned cDNAs were ampli-
fied by PCR, and subsequently the product was denatured by boiling for 5 min.
The denatured products were blotted onto Hybond N* (Amersham, Little Chal-
font, England) by using a dot blotter (San Platech Co. Ltd., Tokyo, Japan). The
membranes were dried at room temperature for about 30 min and subsequently
fixed in an oven at 120°C for 20 min. Three of the longest cDNAs obtained from
immunoscreening were radiolabeled with «->?P by using a Multiprime DNA
labeling kit (Amersham) and used as a probe. Hybridization was performed in a
buffer containing 0.5 M phosphate buffer (pH 7.2), 1 mM EDTA, and 7% SDS
(3) overnight at 65°C. The membranes were washed to a final stringency of 0.1X
SSC (1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS at 65°C for
1 h and then autoradiographed.

To isolate a full sequence cDNA, the library was further subjected to plaque
hybridization screening as described elsewhere (26), using the longest cloned
c¢DNA resulting from immunoscreening as a probe. Radiolabeling of the probe
and hybridization were carried out as described above. The filters were routinely
washed to a final stringency of 0.1X SSC-0.1% SDS and subsequently exposed to
an X-ray film overnight at —80°C.

Estimation of the native protein (p29) molecular mass. To estimate the mo-
lecular mass of the native tick protein coded by the cloned cDNA, monospecific
antibodies which bound to the products of the recombinant phages were eluted
and subsequently used to probe immunoblots of whole larval tick and tick
salivary gland protein extracts. The salivary glands were dissected from nymphal
and adult H. longicornis ticks, partially fed for 2 and 4 days, respectively. Mono-
specific antibodies were eluted essentially as described elsewhere (26), with
minor modifications. Briefly, cloned phage was grown on 2X YT agar for6to 7h
at 37°C followed by transfer of the recombinant polypeptides to Hybond C
(Amersham) membranes without isopropyl-B-p-thiogalactopyranoside (IPTG)
induction for 3 to 4 h at the same temperature. Nonspecific biding sites were
blocked by incubating the membranes for 45 min at room temperature in 3%
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skim milk diluted in PBS (pH 7.4) containing 0.05% Tween 20 (PBST). Subse-
quently the filters were incubated for 5 h at room temperature in polyclonal
rabbit antitick serum diluted into PBST with 1% skim milk. The filters were
washed at room temperature twice, 15 min per wash, with 0.15 M sodium
chloride and PBST, respectively. The bound antibodies were eluted in a 100 mM
glycine buffer (pH 2.8) at the same temperature with shaking for 20 min. The pH
of the eluted antibodies was raised to around 7.0 by addition of 0.1 volume of 1
M Tris base immediately after elution and dialyzed against PBS.

DNA sequencing and analysis. Using the Dye Terminator cycle sequencing
system (Perkin Elmer-Applied Biosystems, Norwalk, Conn.) and automated se-
quencers (Perkin Elmer-Applied Biosystems 373A and 310 Genetic Analyzers),
the nucleotide sequence of the cloned cDNA was determined by using the
vector-specific SP6 promoter primer (Promega, Madison, Wis.) plus gene-spe-
cific primers where necessary. The template for sequencing was generated by
PCR amplification of the cloned phage DNA, using the Ascreen vector-specific
primers (SP6 promoter and T7 terminator). Sequence analysis was done by using
the GENETYX-MAC software package as well as the GenBank and Swissprot
databases for comparison of the p29 predicted amino acid sequence with data-
base entries.

Northern blotting analysis. Total RNA was extracted from partially fed adult
female ticks as described above. Thirty pg of total RNA was electrophoresed on
a 1% formaldehyde agarose gel in a formamide running buffer as described
elsewhere (26). The electrophoresed RNA was routinely transferred to Hybond
N™* filters (Amersham) by the capillary transfer method (26) and subsequently
UV cross-linked for 3 min with a UV transilluminator (UVP Inc., Uplander
Calif.). The cloned cDNA, used as a probe, was radiolabeled with a-3?P as
described above, and hybridization was carried out overnight at 42°C in a buffer
containing 50% formamide, 5X SSPE (1X SSPE is 0.18 M NaCl, 10 mM
NaH,PO,, and 1 mM EDTA [pH 7.7]) 2X Denhardt’s salts, 0.1% SDS, and
denatured salmon sperm DNA (20 pg/ml). The membranes were washed to a
final stringency of 0.1X SSC-0.1% SDS at 65°C for up to 60 min and subse-
quently exposed to an X-ray film overnight at —80°C.

Southern blotting. Tick genomic DNA was digested with restriction enzymes
Xbal, Xhol, Spel, and BamHI, (New England Biolabs Inc., Beverly, Mass.),
electrophoresed on a 0.8% agarose gel, and blotted onto Hybond N* (Amer-
sham) by the capillary transfer method (27). The cloned cDNA, used as a probe,
was labeled with «-3?P by a Multiprime DNA labeling kit (Amersham) according
to the manufacturer’s instructions. Hybridization was carried out at 65°C over-
night in a buffer containing 0.5 M phosphate (pH 7.2), 1 mM EDTA, and 7%
SDS (3), and the membranes were routinely washed to a final stringency of 2X
SSC-0.1% SDS at the same temperature for 30 to 60 min.

In vitro expression of recombinant p29. The predicted mature protein coding
sequence for p29 was expressed in Escherichia coli BL21 N\DES 3 (a phage \
lysogen) containing the LysS plasmid (Novagen) by using the expression vector
pET-32 (c+), which produces a recombinant protein fused with histidine-tagged
thioredoxin (Trx). The coding sequence for p29 was initially PCR generated by
using the p29 cloned phage cDNA as template and gene-specific primers with
added EcoRI/Sall restriction enzyme sites for unidirectional cloning. To improve
the cutting efficiency of the restriction enzymes, the PCR product was initially
cloned into the pGEMT vector (Promega). The resulting plasmid was trans-
formed and amplified in E. coli DH5« (Promega) and subsequently purified by
alkaline lysis as described elsewhere (26). The purified plasmid was digested with
appropriate restriction enzymes to create overhangs on the p29 cDNA insert,
which was subsequently ligated into EcoRI/Sall cloning site of the pET-32(c+)
expression vector (Novagen). For induction of recombinant p29 (rp29) expres-
sion, IPTG to a final concentration of between 0.8 to 1 mM was added, and
expression was induced for 4 to 6 h at 37°C. The control protein, a 20-kDa
histidine-tagged Trx, was produced from E. coli containing the expression vector
pET-32(a+) by induction with IPTG. Recombinant polypeptides were purified
by Ni affinity chromatography according to the manufacturer’s instructions.

Immunization and challenge infestation. Ten Japanese White rabbits were
used for the immunization and challenge experiment. Of the 10 rabbits, 3 were
immunized with the control protein Trx, 6 received rp29, and the remaining
rabbit was used as an unimmunized control. The immunized rabbits were divided
into three groups (one group for each feeding stage of H. longicornis, larva,
nymph, and adult) of three, consisting one Trx- and two rp29-immunized rabbits
per group. The unimmunized control rabbit was fed on by adult ticks. One
milligram of the control protein or the rp29 was mixed with complete Freund’s
adjuvant for the initial injection, and incomplete Freund’s adjuvant for the
booster injection was given 2 weeks later. The host immune response to the
immunization was analyzed by the reactivity of rp29- and Trx-immunized rabbit
sera on immunoblots of salivary glands dissected from adult ticks, Trx, and rp29
10 days after the booster injection.

For the challenge infestation, predetermined numbers of ticks (per rabbit,
1,600 for larvae, 200 to 270 for nymphs, and 40 for adult ticks) were maintained
on the rabbit ears with the help of ear bags as described elsewhere (31) 2 weeks
after the booster injection. To analyze the effects of the rp29-induced immunity,
visual examination was made 24 h after the ticks were put onto the rabbit ears to
establish the attachment rates, while the duration of feeding was established by
monitoring the period from attachment to collection of the first batch of en-
gorged ticks. The engorgement weights and mortality rates were determined
after repletion or termination of the experiment. Postengorgement parameters
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such as oviposition, hatchability, and moulting rates were not considered in the
analysis of rp29-induced immunity. All data are presented as mean * standard
error or percentages where applicable, and differences were considered to be
statistically significant if the P value was less than 0.05 in Student’s ¢ test.

Nucleotide sequence accession number. The GenBank accession number for
the H. longicornis salivary gland associated p29 gene is ABO14612.

RESULTS

cDNA library screening and DNA sequence analysis. A
cDNA library of partially fed adult ticks which had been con-
structed in a Ascreen vector was immunoscreened by using
polyclonal rabbit anti-tick saliva immune serum as described in
Materials and Methods. A total of 32 cDNA clones ranging in
size from 700 to 1,000 bp were isolated (results not shown).
The cloned cDNAs were subjected to dot blot hybridization
using three of the longest cloned cDNAs as probes, in order to
put them in homogeneous groups. Although the dot blot hy-
bridization results were not entirely conclusive, the cloned
cDNAs appeared related (results not shown). This observation
was confirmed by DNA sequencing of the two longest cloned
c¢DNAs which showed 100% homology. None of the two se-
quenced cDNA clones appeared to have had a start codon,
suggesting that the cloned cDNAs were incomplete (results not
shown). To isolate a full-length cDNA coding for the mature
protein, the library was further screened by plaque hybridiza-
tion. Five cDNAs with sizes about 1 kb were isolated and
sequenced. DNA sequencing revealed that one of the five
c¢DNAs about 1,100 bp in size had a start codon 36 bases in
frame and a polyadenylation signal, AATAAA, 13 bases from
the poly(A) tail (Fig. 1).

The size of mature mRNA corresponding to the cloned
cDNA was confirmed in Northern blotting analysis of total
RNA extracted from partially fed adult female H. longicornis
ticks. The cloned cDNA hybridized to a band about 1,000 bp in
size (Fig. 2). On the Southern blot analysis of tick genomic
DNA, the cloned cDNA hybridized to a single band per re-
striction enzyme digest (Fig. 3), suggesting that the cloned
cDNA was a single-copy gene.

The cloned cDNA has an open reading frame extending
from position 36 in frame to position 869 and codes for a
mature 277-amino-acid protein with a predicted molecular
mass of about 27.9 kDa (Fig. 1). By using PSORT (prediction
of protein localization site) and the SignallP V1.1 programs,
the deduced polypeptide appears to have a possible cleavable,
18-amino-acid signal peptide, with the signal peptidase cutting
between A and R at position 19 (Fig. 1). The translation
product has a single possible N-glycosylation site and appears
to be glycine rich. Compared to sequences of proteins in the
Swissprot database, the predicted p29 amino acid sequence
shows homology to sequences of extracellular matrix proteins
such as Petunia hybrida glycine-rich cell wall structural protein
(accession no. X04335; 31% amino acid similarity [AAS]), rat
keratin (accession no. PNO109; 30% AAS), mouse elastin
(accession no. A55721; 33% AAS), major ampullate silk fibroin
(accession no. A36068; 27.6% AAS), and mouse alpha colla-
gen 1 (accession no. Z211610; 28% AAS).

Visual examination of the p29 predicted amino acid se-
quence indicates that the domain structure has conserved
structural similarities to most known collagen proteins. The
domain structure of the mature p29 appears to have a non-
GX, X,-containing N-terminal segment with 25 amino acid res-
idues followed by a central domain containing GX, X, tripep-
tide repeats and six interruptions with 130 amino acid residues.
The GX,X, tripeptide repeat domain (hereafter referred to as
the collagenous domain) is followed by a non-GX,X, C ter-
minus with 120 amino acid residues. Within the central collag-
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1021 AAARAA

FIG. 1. Nucleotide of the cloned ¢cDNA coding for the H. longicornis tick
salivary gland-associated 29-kDa protein and its deduced amino acid sequence.
The predicted possible cleavable signal peptide (amino acids 1 to 18) is under-
lined with a thick line. The GX, X, tripeptide repeat domains are underlined with
a thin line. Within the GX, X, repeat domain, the glycine replacement mutations
are indicated by +, the imperfections (non-GX,;X, repeat domains) are boxed,
and the GSLGG pentapeptide repeats are indicated in bold letters. The possible
N-glycosylation site (NPS) is indicated in bold italics. The start codon (ATG) and
the polyadenylation signal (AATAAA) are indicated in bold letters.

enous domain, the translation product shows G(S/G/Q)LGG
pentapeptide and the GG dipeptide repeats as well as glycine
residue replacement mutations (Fig. 1).

Estimation of the molecular mass of the native protein en-
coded by the cloned ¢cDNA. To determine the molecular mass
of the tick protein corresponding to the cloned cDNA product,
monospecific antibodies eluted from recombinant phage prod-
ucts were used to probe immunoblots of extracts from whole
larval tick and salivary glands dissected from partially fed
nymphal and adult ticks (Fig. 4A). The eluted monospecific
antibodies reacted with a 29-kDa protein which was the most
immunodominant protein of the adult tick salivary glands (lane
3), but the reactions against antigens from whole larval ticks
and nymphal salivary glands were very faint (lanes 1 and 2).
Control sera collected from naive rabbits did not react with the
29-kDa band (Fig. 4B).

In vitro expression and immunogenicity of rp29. Figure 5
shows in vitro expression rp29, using the pET-32(c+) expres-
sion vector and E. coli BL21 \DES 3 (a phage \ lysogen)
containing the LysS plasmid. On a 12.5% polyacrylamide gel as
shown in Fig. 5, the rp29 appeared to be about 40 kDa, con-
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FIG. 2. Northern blot analysis of p29 mRNA. Total RNA isolated from
partially fed adult female H. longicornis ticks was resolved on an 1% agarose gel
containing formaldehyde and transferred to a nylon membrane (Hybond N+;
Amersham). The membrane was hybridized with the a->*P-labeled PCR product
amplified from the cloned p29 phage DNA by using the Ascreen expression
vector-specific primers (SP6 promoter and T7 terminator). +, native p29.

sistent with the expected molecular mass considering that the
expression vector produced a recombinant protein fused with
Trx of 11.3 kDa.

Figure 6 summarizes the immunogenicity of rp29 in rabbits.
As shown in Fig. 6B to D, lanes 1, 2, and 4, native p29 and rp29
were commonly recognized by sera collected from rabbits im-
munized with rp29 or rabbits which had been naturally fed on
by either larvae or adult H. longicornis ticks. Control serum
from rabbits immunized with the Trx control protein reacted
only Trx and rp29 a fusion protein fused to Trx (Fig. 6A, lanes
3 and 4), not the native p29 (lanes 1 and 2) indicating the
specificity of the rp29 induced immune response.

The vaccine effect of rp29 against tick feeding in rabbits.
The rp29 vaccine effect on ticks feeding on rabbits immunized
with the control protein and rp29 is summarized in Table 1.
There was no difference in attachment rates during the initial
24 h after ticks were introduced onto rabbit ears. Except for
adult ticks that fed on rp29-immunized rabbits, which had a
shorter feeding duration (7 days, compared to 8 days for the
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FIG. 3. Southern blot analysis of tick genomic DNA. Tick genomic DNA was
extracted and digested with indicated restriction enzymes followed by electro-
phoresis on a 0.8% agarose gel. Following electrophoresis, the separated DNA
was transferred to a nylon membrane (Hybond N+; Amersham). The membrane
was probed with the a-3?P-labeled PCR product amplified from cloned p29
phage DNA by using the vector-specific primers (SP6 promoter and T7 termi-
nator).
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FIG. 4. Determination of the molecular mass of the tick protein correspond-
ing the cloned cDNA product. Whole larval tick extracts (lane 1) and salivary
glands dissected from partially fed nymphal and adult ticks (lanes 2 and 3) were
electrophoresed on a 12.5% polyacrylamide gel and transferred to a PVDF
membrane. The membrane was probed with monospecific antibodies affinity
purified by the cloned phage DNA recombinant products as described in Mate-
rials and Methods (A) or naive rabbit sera used as a control (B).

control), there was no apparent difference in the feeding du-
ration for larval and nymphal ticks feeding on either rp29-
vaccinated rabbits or the control protein-vaccinated rabbits.
While only a reduction in the engorgement weight was ob-
served for adult ticks feeding on rp29-vaccinated rabbits com-
pared to the control ticks, mortality of up to 40% for larval
ticks and 56% for nymphal ticks was observed. Figure 7 shows
the general appearance of larval ticks feeding on the rp29-
vaccinated rabbits. Dead ticks (Fig. 7B) recovered from rp29-
vaccinated rabbits appeared pale compared to the dark brown
live ticks recovered from either rp29-vaccinated (Fig. 7A) or
Trx-vaccinated rabbits. These observations were similar to
those made on nymphal ticks (results not shown). Other than
the observed mortality for the immature ticks and the reduced
engorgement weights for the adult ticks, parameters of feeding
performance were apparently similar. Behaviors of the hosts
during the challenge infestation were comparable, as minimal
brooding was observed on both the control protein- and rp29-
vaccinated rabbits.

DISCUSSION

The current results describe the cloning, DNA sequencing,
and characterization of a cDNA coding for an immunodomi-
nant extracellular matrix-like protein associated with the sali-
vary glands of larval, nymphal, and adult H. longicornis ticks.
We have used a combination of immunologic and oligonucle-
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FIG. 5. In vitro expression of rp29 in E. coli. The p29 coding sequence
initially cloned in the Ascreen vector was PCR amplified by using gene-specific
primers with added restriction enzyme sites (EcoRI/Sall) for unidirectional clon-
ing. The PCR product processed as described in Materials and Methods was
subcloned into the pET-32(c+) expression vector. Induction of rp29 expression
and subsequent purification were done as indicated in Materials and Methods. E.
coli lysates of both the uninduced control and induced were routinely electro-
phoresed on 12.5% polyacrylamide gels and stained with Coomassie blue G-250.
Lane 1, uninduced E. coli lysate; lane 2, IPTG-induced E. coli lysate; lanes 3 and
4, 1p29 fractions purified by Ni affinity chromatography.
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FIG. 6. Analysis of rp29 immunogenicity in rabbits. Salivary glands dissected
from adult H. longicornis ticks fed for 2 (lane 1), and 4 (lane 2) days, as well as
the control proteins, Trx (lane 3) and rp29 (lane 4), were electrophoresed on a
12.5% polyacrylamide gel. Following electrophoresis, the separated proteins
were electroblotted on to PVDF membranes as described in Materials and
Methods. The membranes were incubated with serum collected from Trx-vacci-
nated (A) and rp29-vaccinated (B) rabbits and rabbits repeatedly fed on by H.
longicornis adult (C) and larval (D) ticks. The positive signal was detected as
described in Materials and Methods. +, native p29; *, rp29.

otide screening to successfully clone and sequence a full-length
cDNA of about 1 kbp. The cloned cDNA has an open reading
frame of 833 bp coding for a mature polypeptide with about 28
kDa of predicted molecular mass, consistent with our finding
that affinity-purified antibodies recognized a 29-kDa protein
on immunoblots of whole larval tick and salivary gland anti-
gens. A recombinant protein expressed in E. coli stimulated a
specific protective antitick immune response in rabbits, as
shown by the reduced engorgement weights for adult ticks and
the observed mortality for immature ticks (larvae and nymph)
feeding on rp29-immunized rabbits. The fact that sera raised
against both larval and adult tick saliva commonly reacted with
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rp29 suggests that native p29 is expressed by both immature
and mature ticks.

The tick p29 is likely an extracellular matrix-like protein,
because of structural homology of its predicted amino acid
sequence to sequences of known extracellular matrix proteins
in the database. While the overall amino acid sequence homol-
ogy of p29 to extracellular matrix proteins in the database is
low, the domain structure of the translation product shows
similarity to the highly conserved structural arrangement of all
known collagens of both vertebrates and invertebrates (9, 13,
29, 41). Although the replacements of glycine residues ob-
served in the present study may cause severe disease in verte-
brates (18, 20), such events can be tolerated in some inverte-
brates (6, 15). Kramer (13), in his review on the Caenorhabditis
elegans collagens, indicated that the glycine replacement mu-
tations may inhibit triple-helix formation and result in the
production of a reduced level of abnormal collagen. The same
author (13) indicated that seven of the known C. elegans col-
lagens have glycine replacement mutations; thus, the observed
replacement mutations within the p29 collagenous domain are
consistent with parasite collagens. Sicot et al. (29) have spec-
ulated that the glycine substitutions may allow formation of a
less compact triple-helix region permitting cell adhesion to
occur. While most known collagens have conserved cysteines
(9, 13), the current translation product has none.

The fact that p29 is a salivary gland protein and an extra-
cellular matrix-like protein suggests that native p29 may be
associated with the formation of tick cement. Cement is among
the initial chemical compounds that all ixodid ticks studied to
date secrete and inject into the feeding site 5 to 30 min after
the tick proboscis penetrates into the dermis of the host (27,
30). Sonenshine (30) has indicated that establishment of the
cement cone precedes the acceleration of protein synthesis and
expansion of the salivary glands in the feeding tick. The pri-
mary function of cement is to enable the tick to remain at-
tached to the host (30) and prevent host immune response
molecules from coming in contact with the tick proboscis. This
indicates the importance of cement with respect to the success
of the tick both as a vector and as a pest and hence a good
target for a host immune response against tick infestation. The
chemical composition of cement consists of a mixture of anti-
genic and nonantigenic proteins, with substantial lipid and
carbohydrates in the innermost layers, the outer layers mostly
in the form of lipoproteins and glycoproteins. A quarter of the
cement protein content are tightly bound and cross-linked
(27), which may suggest the presence in cement of helix-form-
ing polypeptides, such as the collagen-like p29 reported here.

TABLE 1. Comparison of feeding parameters for ticks feeding on rp29-vaccinated, Trx-vaccinated, and naive rabbits

Unimmunized,

Immunized with Trx

Immunized with p29”

Parameter

Adult? Larva Nymph Adult Larva Nymph Adult
Attachment (%) 100 100 100 100 100 100 100
Engorged (%) 85.0 83.0 93.3 77.5¢ 85.0 94.9 72.5¢
Duration of feeding (days) 7-11 6-9 6-9 8-12 6-9 6-9 7-11
Engorged weight (mg), mean 344 (6.6) ND* 4.4 354 (7.0)¢ ND 4.3 295.4 (8.0)*
(standard error)
Mortality (%) 0.0 35 1.1 0.0 40.0 56.0 0.0

“ Larva and nymph stages were not examined.

b Average of two rabbits.

¢ Ticks crushed by host were not included.

4 Statistically significant (P < 0.05).

¢ ND, not determined.

/ Calculated as batch average (batch weight/number of nymphs).
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FIG. 7. General appearance of live (A) and dead (B) larval ticks recovered from a rp29-vaccinated rabbit.

It will be interesting to define the functional role of p29 in the
formation of cement. To this end, characterization of other
cement molecules and analysis of their interaction with p29
and host molecules will be necessary.

The observed mortality in immature ticks (nymph and lar-
vae) as well as the reduced engorgement weight in adult ticks
feeding on rp29-vaccinated rabbits suggests that p29 may be
involved the mediation of key physiological functions in the
biological success of H. longicornis and hence an interesting
target antigen for a tick vaccine component. Although both the
mature and immature ticks commonly express native p29, their
sensitivities to the rabbit immune response against rp29 appear
to be different. Data from studies by Kemp et al. (11, 12)
provided evidence which may support the hypothesis that im-
mature and mature ticks have different sensitivities to host
acquired resistance against tick molecules. Kemp et al. (11, 12)
found that while there was severe gut damage in both adult
female and male B. microplus ticks feeding on cattle vaccinated
with B. microplus-derived antigens, there was no effect on lar-
val ticks feeding on the same protected animals. Findings from
these studies are therefore consistent with our findings of dif-
ferent vaccine effects on the immature and mature H. longi-
cornis ticks which fed on rp29-vaccinated rabbits. We have not
considered the effect of rabbit immune response against rp29
on postattachment parameters such as oviposition and hatch-
ability because we are interested in molecules that mediate the
attachment and disease transmission process of hard ticks, and
hence consideration of postengorgement parameters is not
essential.

Opdebeeck (19) analyzed the merits and demerits of using
either exposed (tick saliva proteins injected into the host dur-
ing tick feeding) or concealed (tick proteins not exposed to
host immunity during feeding) antigens as vaccine candidates.
Tick concealed antigens produce immunity that inhibits tick
fecundity but has utility for effect preventing tick feeding, while
the opposite is true for tick saliva proteins (25). Sahibi et al.
(25) vaccinated cattle against tick infestation by using either
salivary glands or intestinal extracts and found that immunity
induced by the former was superior in reducing both attach-
ment rates and engorgement weights whereas the later was
superior in reducing fecundity of Hyaloma marginatum mar-
ginatum. These findings implied that salivary gland-derived
antigens can prevent or minimize pathogen transmission, a
basis for tick control better than that provided by intestinal
extracts (25).

Our results have emphasized the fact that a single tick mol-

ecule, despite its immunodominance, may not confer an inclu-
sive protective immunity. An effective tick vaccine will require
a cocktail of target antigens each mediating a physiological
function either independently or synergistically (28). Findings
by Riding et al. (24) and Willadsen et al. (40) provided evi-
dence that antitick immunity induced by a cocktail antigen
vaccine is more effective compared to a single antigen vaccine.
These authors (24, 40) found that when the two B. microplus
midgut-based antigens Bm 86 and Bm 91 were used as a cock-
tail to immunize cattle, the anti-B. microplus immunity induced
was more effective than when either of the molecules was used
alone. Our efforts are currently directed toward characteriza-
tion and in vitro expression of other tick molecules for use in
a cocktail vaccine trial in combination with rp29.
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