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A cDNA encoding a 174-amino-acid orthologue of a tick histamine release factor (HRF) was identified
from the haematophagous poultry red mite Dermanyssus gallinae. The predicted D. gallinae HRF protein
(Dg-HRF-1) sequence is highly conserved with the tick HRFs (identity 52–54%) and to a lesser degree
with translationally controlled tumour proteins (TCTP) from mammals and other invertebrates (range
38–47%). Phylogenetically, Dg-HRF-1 partitions with the tick HRF clade suggesting a shared linage
and potentially similar function(s). A recombinant Dg-HRF-1 protein (rDg-HRF-1) was produced and
shown to induce degranulation of rat peritoneal mast cells in vitro, confirming conservation of the his-
tamine-releasing function in D. gallinae. Polyclonal antibodies were generated in rabbits and hens to
rDg-HRF-1. Western blotting demonstrated that native Dg-HRF is a soluble protein and immunohisto-
chemical staining of mite sections revealed that the distribution of Dg-HRF, although ubiquitous, is
more common in mite reproductive, digestive and synganglion tissues. A survey of hens housed con-
tinuously in a mite-infested commercial poultry unit failed to identify IgY specific for recombinant
or native Dg-HRF, indicating that Dg-HRF is not exposed to the host during infestation/feeding and
may therefore have potential as a vaccine using the concealed antigen approach. To test the protective
capability of rDg-HRF-1, fresh heparinised chicken blood was enriched with yolk-derived anti-Dg-HRF
IgY antibodies and fed to semi-starved mites using an in vitro feeding system. A statistically significant
increase in mortality was shown (P = 0.004) in mites fed with anti-Dg-HRF IgY after just one blood
meal. The work presented here demonstrates, to our knowledge for the first time, the feasibility of
vaccinating hens with recombinant D. gallinae antigens to control mite infestation and the potential
of rDg-HRF-1 as a vaccine antigen.

� 2008 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The blood-feeding poultry red mite Dermanyssus gallinae is the
most economically important and widespread ectoparasite affect-
ing commercial egg farming in Europe and causes considerable
economic loss as a result of reduced production and mite control
costs. The mite resides ‘‘off-host” in the cracks and crevices of
the poultry house, becoming active and feeding at night. Derma-
nyssus gallinae is found in all types of egg production systems,
but is present in greater numbers in free-range and barn systems
than in battery units (Hoglund et al., 1995; Fiddes et al., 2005). Un-
der ideal conditions D. gallinae can complete its life cycle (egg to
egg) within 7 days and the mite population can double within
sitology Inc. Published by Elsevier
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1 week (Maurer and Baumgartner, 1992). Mite numbers can reach
in excess of 150,000 per hen, resulting in serious health and
welfare issues for laying hens and potentially for poultry workers
(Auger et al., 1979; Chauve, 1998; Kilpinen et al., 2005). In addi-
tion, D. gallinae has been implicated as a vector for several com-
mercially important diseases such as Erysipelas and Salmonella
(Chirico et al., 2003; Moro et al., 2005, 2007a,b). Chemical acaricide
spraying is the current method generally employed for control;
however the legislated withdrawal of toxic acaricides and the
development of acaricide resistance (Beugnet et al., 1997; Nordenf-
ors et al., 2001; Fiddes et al., 2005; Thind and Ford, 2007) has made
alternative mite control strategies such as vaccination an attractive
prospect.

Studies with Ixodid ticks have demonstrated the feasibility of
using vaccination with ‘‘exposed” salivary antigens to reduce infes-
tation (e.g. Iris protein; Prevot et al., 2007), however a protective
natural immunity in hens based on exposed antigens of D. gallinae
appears to be either absent or ineffective. ‘‘Concealed” antigens of
Ltd. All rights reserved.
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ectoparasites have shown most promise as exemplified by the
commercially available TickGARD plusTM/GavacTM vaccines which
are based on the concealed Bm86 midgut antigen from the cat-
tle-tick Rhipicephalus (Boophilus) microplus. The TickGARDTM vaccine
operates by generating antibodies to Bm86, which are ingested
with a blood meal and bind to the antigen in tick gut epithelia
inducing damage (Willadsen et al., 1989). An additional benefit
of vaccination is the control of vector-borne diseases, such as Bab-
esiosis and Anaplasmosis, by eliminating the tick vector (de la
Fuente et al., 1998) and in some cases impairing the ability of ticks
to become infected, thus reducing transmission (de la Fuente et al.,
2006).

A histamine release factor (HRF), able to induce histamine
release in rat basophils, was identified in several species of ticks
(Mulenga et al., 2003a,b; Mulenga and Azad, 2005). The tick HRF
protein is expressed in a variety of tissues including salivary gland,
mid-gut, ovary and haemocytes and in all developmental stages,
making it an ideal tick vaccine antigen candidate (Mulenga and
Azad, 2005). Although the function of HRF in ticks is unclear, a
related protein found in mammals, nematodes and other inverte-
brates (translationally-controlled tumour protein, TCTP; synony-
mous with HRF) has several described functions including:
microtubule binding, cell growth and cell cycle progression, inhibi-
tion of apoptosis, histamine release and other cytokine-like
activities; suggesting diverse regulatory functions (reviewed in
Bommer and Thiele, 2004). The anti-malarial drug artemisinin is
effective against Plasmodium and Schistosome parasites, and
although the mechanism of the drug has yet to be elucidated, it
has been shown that the parasites’ HRF/TCTP proteins directly
interact with artemisinin (Bhisutthibhan et al., 1998). A study by
Walker et al. (2000) demonstrated that increased expression of
Plasmodium HRF/TCTP is associated with a decreased susceptibility
to artemisinin. This has lead to the proposal that HRF/TCTP is a valid
target for drug or vaccine development for control of, or therapy for,
these parasite species (Rao et al., 2002).

The aims of the work presented here were to characterize an
orthologue of the tick HRF protein in D. gallinae and determine
its potential as a vaccine antigen. We believe the work presented
here is the first report demonstrating the potential of vaccination
with recombinant D. gallinae antigens as a valid mite control
strategy.
2. Materials and methods

2.1. Parasite material and eggs from infested hens

Dermanyssus gallinae mites and hen eggs were collected from a
large mite-infested commercial battery unit which had been pop-
ulated with the same Lohmann’s Brown hens for 40 weeks. Large
numbers (>5000) of mixed stage and gender mites were collected
by scraping aggregated mites from the poultry cages and transfer-
ring into vented tissue culture flasks. The percentage of the mites
held in the flask that had recently fed was immediately estimated
by their appearance under light microscopy. Mites were only
utilized if approximately 60% or more of the flask population had
recently fed.

2.2. Cloning and sequencing of the D. gallinae HRF gene

Mites, free from poultry house detritus, were snap-frozen in
liquid nitrogen and total RNA was immediately purified by homog-
enising mites in TRIzol� Reagent (Invitrogen) and enriched for
mRNA using a poly(A)PuristTM Kit (Ambion) following the manufac-
turer’s instructions. A cDNA expression library was constructed
from 1 lg mRNA using the SMARTTM cDNA Library Construction
Kit (Clontech), employing the primer extension method. DNA
sequencing of randomly selected clones resulted in the identifica-
tion of a truncated cDNA encoding an orthologue of the tick HRF.

The complete coding sequence of the D. gallinae HRF gene (Dg-hrf-
1) was obtained by rapid amplification of cDNA ends (RACE) using
RACE-ready cDNAs generated with the SMARTTM RACE cDNA Ampli-
fication Kit (Clontech) and the gene-specific oligonucleotide primers
HRF-1F (50-GAGGGCGAGGTTGTCTTGGCAGGC-30) and HRF-1R (50-
GCCATGCACTGGTTCTTGAGTTCGG-30) following the manufacturer’s
protocol. RACE PCR products were ligated into a pGEM T-Easy
plasmid vector (Promega) and transformed into competent Esche-
richia coli cells (strain JM109, Promega). Individual positive clones
were picked, based on blue/white selection, and grown overnight
at 37 �C in Luria Bertani (LB) medium containing 100 lg ml�1 of
ampicillin. Plasmid DNA was purified using the QIAspin plasmid
miniprep kit (Qiagen). The DNA sequence was obtained using auto-
mated sequencing with HRF-1F and HRF-1R primers (Moredun
Functional Genomics Unit). The Dg-hrf-1 DNA sequence was depos-
ited in EMBL under Accession No. FM179713.

2.3. Phylogenetic analysis

The predicted amino acid sequence of the full-length Dg-HRF-1
sequence was aligned with putative orthologues from other spe-
cies of invertebrate and vertebrate organisms using the Clustal X
algorithm (Jeanmougin et al., 1998) and a neighbour-joining tree
drawn according to relationships inferred by the multiple se-
quence alignment. The neighbour joining tree was bootstrapped
1000 times using Clustal X (Jeanmougin et al., 1998) and the
resulting tree viewed with TreeView (Page, 1996).

2.4. Expression of recombinant Dg-HRF-1 protein

The complete Dg-HRF-1 coding region was amplified by PCR
with the oligonucleotide primers HRF-for (50-AATTCGGATCCG
ATGCTCATCTACAGGGACATC-30) and HRF-rev (50-CCGCAAGCTTGA
CCTTCTCTTCCGCAAC-30) that contain the ATG start codon (bold)
and the restriction sites HindIII and BamHI (italicised) which al-
lowed ligation into the cloning site of the pET22b(+) expression
plasmid (Novagen) in the correct direction and in-frame with the
50-pelB leader sequence and 30-polyhistidine tag flanking the clon-
ing site. PCR was performed using the Advantage� 2 PCR Kit (Clon-
tech) with the cycling conditions: 25 cycles of 94 �C for 30 s, 54 �C
for 30 s, 72 �C for 90 s, followed by 1 cycle of 72 �C/5 min. The 544-
bp PCR product was digested with HindIII and BamHI (Roche),
purified using the QIAprep PCR cleanup kit (Qiagen) and inserted
into the pET22b(+) vector using the Rapid Ligation kit (Promega).

Expression was carried out in BL21-CodonPlus�(DE3)-RIPL
E. coli cells (Stratagene). Following induction with 1 mM Isopropyl
b-D-1-thiogalactopyranoside (IPTG), the recombinant Dg-HRF-1
(rDg-HRF-1) protein was expressed at 30 �C for 3 h. Insoluble
rDg-HRF-1 protein was recovered from cell lysates prepared from
inclusion body fractions. rDg-HRF-1 was purified by binding to
His-TrapTM HP columns (GE healthcare) using 8 M urea reducing
conditions and eluted with increasing imidazole concentrations,
according to the manufacturer’s instructions. Solubilized rDg-
HRF-1 was refolded by dialysis against PBS with a decreasing gra-
dient of urea.

2.5. Fractionation of D. gallinae proteins

Mites were successively homogenized in PBS, 0.1% Tween 20/
PBS, 1% Triton X-100/PBS and 8 M urea in order to obtain protein
fractions comprised of soluble, membrane-associated, integral-
membrane and insoluble D. gallinae proteins, following a method
described previously (Smith et al., 2002).
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2.6. Generation of immunoglobulins specific for Dg-HRF-1

Two New Zealand White rabbits and two Lohmann Brown hens
were each injected with 75 lg rDg-HRF-1 protein in PBS plus
200 lg QuilA adjuvant. The animals were injected again 2 and
4 weeks later with the same rDg-HRF-1/adjuvant concentrations.
Blood was collected from rabbits and eggs from the hens prior to
injection (negative control antibodies) and again at 2 weeks after
the third injection. Serum was prepared from rabbit blood and
IgY purified from the egg yolks using the Eggstract kit (Promega)
according to manufacturer’s instructions. Care of animals and
experimental procedures were carried out with institute ethics
committee approval in accordance with United Kingdom Animals
(Scientific Procedures) Act, 1986.

2.7. PAGE and Western blotting

Proteins were electrophoresed on NuPAGE� Novex Bis–Tris Gels
4–12% minigels (Invitrogen) under reducing conditions using the
NuPAGE� reducing agent and 2-(N-Morpholino)ethanesulphonic
acid (MES)–SDS running buffer according to the manufacturer’s
guidelines. Protein bands were visualized by staining with Simply-
BlueTM SafeStain (Invitrogen).

Proteins were transferred from unstained gels to nitrocellulose
membranes using the iBlotTM Gel Transfer Device (Invitrogen)
according to the manufacturer’s instructions. Blots were washed
twice in PBS–Tween 20 (PBS, 0.05% Tween 20 (Sigma); PBST) be-
fore incubating in blocking buffer (5% (w/v) Marvel skimmed milk
powder in PBST) for 30 min to block non-specific binding sites.
Blots were washed and then incubated in rabbit or chicken anti-
bodies (1:100 in blocking buffer) for 1 h at room temperature. Blots
were washed and specifically-bound antibody detected with anti-
rabbit-horse radish peroxidase (HRP) (DAKO) or anti-IgY-HRP (Sig-
ma) conjugate antibody (1:2000, 1:30,000 in blocking buffer,
respectively) and visualized with SIGMAFASTTM 3,30-Diaminobenzi-
dine (DAB; Sigma).

2.8. Immunohistochemical staining of D. gallinae sections

Freshly collected mites were immersed in Carnoy’s fixative
(60% ethanol, 30% chloroform, 10% acetic acid) and stored at
4 �C until required. Fixed mites were immobilised in 1% molten
agarose and, once solidified, set in paraffin wax. Five-micrometre
sections were cut and dried onto glass slides at 37 �C for 16 h.
The sections were dewaxed in xylene, rehydrated and washed
twice for 5 min each with Tris-buffered saline (25 mM Tris,
137 mM NaCl, 2.7 mM KCl; TBS). Endogenous peroxidase was
inactivated by immersing slides in 1% hydrogen peroxide in
methanol for 30 min before sections were blocked with normal
goat serum (1:4 in TBS). Consecutive sections were labeled with
the primary antibodies: rabbit anti-Dg-HRF serum and rabbit
negative control serum (1:100 in TBS). Unbound antibody was
removed by washing three times in TBS for 5 min each. Specifi-
cally bound antibody was detected with the secondary anti-rab-
bit-HRP conjugate antibody (1:200 in TBS), visualized with
SIGMAFASTTM DAB and counterstained with haemotoxylin for
1 min. Sections were washed in water, dehydrated and mounted
in DPX (Sigma). Consecutive control sections were performed in
parallel to assess levels of non-specific binding of the secondary
antibody (conjugate control) and residual endogenous peroxidase
activity (DAB control). Control sections were performed follow-
ing an identical procedure except that the primary antibody
was substituted for PBS (conjugate control), and both the pri-
mary and secondary antibodies were substituted for PBS (DAB
control).
2.9. In vitro feeding assay

Mites were conditioned in vented tissue culture flasks for use in
the in vitro feeding assay by maintaining them at room temperate
(22 ± 3 �C) for 7 days followed by 21 days at 4 �C ± 2�C. Pre-condi-
tioned mites were fed fresh chicken blood enriched with antibod-
ies using the in vitro feeding device described by McDevitt et al.
(2006). One group of mites received blood supplemented with
36 USP-units of heparin sodium salt (Sigma) ml�1 blood and
3.5 mg ml�1 purified chicken anti-Dg-HRF IgY. The control group
was fed in parallel and received the same heparinised blood but
enriched with 3.5 mg ml�1 purified negative control chicken IgY.
Fed mites were isolated and observed daily for 5 days. The exper-
iment was repeated three times and the mean mortality rates of
the two groups compared. Statistical analysis of mite mortality
5 days after feeding was performed using a generalized linear
mixed model. ‘‘Group” (positive or negative) was fitted in the mod-
el as a fixed effect and ‘‘experiment” as a random effect. The anal-
ysis was carried out using Genstat 10th edition and a P value <0.05
was deemed statistically significant.

2.10. Biological activity of rDg-HRF-1

Rat peritoneal cells (RPCs) were obtained by peritoneal lavage.
Briefly, four Sprague–Dawley rats were euthanized and the perito-
neal cavity washed with 20 ml wash medium (Hanks balanced salt
solution (Sigma), 2% FBS, 100 unit ml�1 penicillin and 100 mg ml�1

streptomycin (Northumbria Biologicals), 20 USP units ml-1 heparin
sodium salt (Sigma)). Cells were recovered by centrifuging at 200g
for 5 min, pooled and washed once in wash medium. Cell were sus-
pended in Earle’s medium (Earle’s balance salts (without phenol
red and sodium bicarbonate, supplemented with 1.8 mM CaCl2,
0.8 mM MgSO4 and 5.5 mM D-Glucose), 2% FBS) to a final concen-
tration of 1 � 107 cells ml�1. Approximately 5% of the RPC popula-
tion were rat peritoneal mast cells (RPMCs) as determined by
morphological examination of cytosmears stained with Leishman’s
stain.

RPMC degranulation in response to stimulation with rDg-HRF-1
and compound 48/80 (Sigma) was estimated by measuring the
activity of the released granule-associated acid hydrolase, b-hexos-
aminidase using a method described by Schwartz et al. (1979).
Briefly, 3 � 106 RPCs were stimulated with equal volumes of rDg-
HRF-1, compound 48/80 (positive control), heat-denatured rDg-
HRF-1 (bacterial endotoxin control, heat denatured for 20 min
prior to use) or media (negative control) and the intracellular
and released b-hexosaminidiase quantified by the colourmetric
change (OD405nm) of the substrate p-nitrophenyl-N-acetyl-b-D-glu-
cosaminide (Sigma). The assay concentrations of rDg-HRF-1 and
compound 48/80 were set at 0.5 lg ml�1 based on the results of
histamine release in response to recombinant tick HRF (Mulenga
et al., 2003b). The assay was performed in triplicate and the mean
b-hexosaminidase release was expressed as a percentage of the to-
tal b-hexosaminidase content and calculated by the formula:

%b-hexosaminidase release ¼ ðOD supernatant=OD supernatant
þOD pelletÞ � 100
3. Results

3.1. DNA sequence analysis of Dg-HRF-1 and phylogeny

A truncated cDNA isolated from the cDNA expression library
exhibited sequence homology to several tick HRF proteins. The
sequence of the full-length 525 bp open-reading frame (ORF)
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predicted to encode Dg-HRF-1 was obtained using 30 and 50 RACE
analysis (Accession No. FM179713). The predicted protein se-
quence of Dg-HRF-1 was 174 amino acids in length and exhibited
greatest identity to known tick HRF orthologues (ranging from
52% to 54%) and a lesser identity with the HRF/TCTP derived from
mammals and other invertebrates (range 38–47%). The similarity
of the Dg-HRF-1 with the tick HRF proteins was also inferred by
the construction of a neighbour-joining tree (Fig. 1) and was sup-
ported by bootstrap analysis based on 1000 resampled datasets;
with the Dg-HRF-1 partitioning closely with sequences derived
from ticks. Other invertebrates formed discrete groupings corre-
sponding to their defined taxonomic groups. The mammalian
group clearly diverged from all of the invertebrates and this divi-
sion was supported by 100% of the bootstrap predictions.
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Fig. 3. Western blot analysis of recombinant Dermanyssus gallinae histamine
release factor (rDg-HRF) and fractionated D. gallinae mite proteins. Twenty-five
nanograms rDg-HRF-1 and 25 lg of fractionated D. gallinae proteins were electro-
phoresed on a 4–12% Bis–Tris gel and transferred to nitrocellulose. Blots were
incubated with positive rabbit polyclonal serum raised against rDg-HRF-1 (A) and
negative rabbit serum (B), then specifically bound antibodies detected with anti-
rabbit-horse radish peroxidase (HRP) conjugated antibody (DAKO) and visualized
with SIGMAFASTTM 3,30-Diaminobenzidine.. Positive serum antibodies (A) recognised
the recombinant rDg-HRF-1 (lane 1) and the native Dg-HRF present in the soluble
mite fraction (lane 2), but not in the membrane-associated (lane 3), integral-
membrane (lane 4) or insoluble (lane 5) mite extracts. Negative serum antibodies
(B) did not recognise recombinant or native Dg-HRF proteins.
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of expression conditions, the majority of rDg-HRF-1 was directed
to bacterial inclusion bodies, from which it was purified using a
nickel affinity column under reducing conditions and then refolded
by dialysis against PBS (Fig. 2). The identity of the purified recom-
binant protein was confirmed by MALDI-TOF-MS.

Antibodies specific for rDg-HRF-1 were generated in rabbits and
hens and the specificity to rDg-HRF-1 confirmed by Western blot
(Figs. 3 and 4). A double-band corresponding to the purified rDg-
HRF-1 protein was visualised with the rabbit and chicken anti-
rDg-HRF-1 antibodies. The double-band was probably the result
of incomplete cleavage of the 22-amino-acid pelB leader signal
peptide during expression under conditions imperfect for soluble
protein formation.

Soluble, membrane-associated, integral membrane and insolu-
ble fractions of D. gallinae proteins were immuno-screened with
rabbit anti-rDg-HRF-1 antibodies (Fig. 3) and a protein was de-
tected in the soluble mite fraction with an approximate molecular
mass corresponding to that predicted for Dg-HRF (19.4 kDa).

PAGE was carried out to further fractionate the soluble D. galli-
nae proteins and LC/MS–MS performed with proteins excised from
the gel with a Mr range of 17–21 kDa. Peptides with homology to
the predicted rDg-HRF-1 protein sequence were identified, con-
firming the existence of soluble native HRF in D. gallinae in the
Mr range of 17–21 KDa, which is also comparable to the Mr the pro-
tein detected by Western blot.

3.3. Natural immunity to Dg-HRF in layers

rDg-HRF-1 and the soluble mite protein fraction were immu-
no-screened with IgY purified from eggs randomly sampled from
a battery system at a commercial egg farm. The donor hens were
60 weeks old and had been housed in the battery system for
KDA 1 2 3 4 5 6 7 8 9 10 KDa

23 KDa

Fig. 2. Expression and purification of recombinant Dermanyssus gallinae histamine
release factor (rDg-HRF). rDg-HRF-1 protein was expressed as a histidine and pelB
fusion in Escherichia coli and insoluble protein recovered from bacterial cell lysates
prior to induction with 1 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG) (lane 1)
and after induction with IPTG (lane 2). rDg-HRF-1 protein was purified from
induced bacterial cell lysates by binding to a nickel column using 8 M urea under
reducing conditions. Unbound rDg-HRF-1 and E. coli proteins were removed in
column flow-through (fraction A, lane 3) and rDg-HRF-1 eluted with the following
increasing gradient of imidazole: 50 mM (fraction B, lane 4), 200 mM (fraction C,
lane 5), 350 mM (fraction D, lane 6) and 500 mM (fractions E-G, lanes 7–9).
Fractions E and F were pooled and the protein refolded by dialysis against a
decreasing gradient of urea to obtain soluble rDg-HRF-1 in PBS (lane 10). Proteins
were electrophoresed on NuPAGE� Novex 4-12% Bis–Tris minigels (Invitrogen) and
protein bands were visualized with SimplyBlueTM SafeStain.
approximately 40 weeks, during which they had been exposed
to heavy infestations of mites. The recombinant and native Dg-
HRF were not detected with IgY from the commercially-sourced
eggs or with a negative control IgY. In contrast the rDg-HRF-1
and native Dg-HRF proteins were both clearly detected by posi-
tive control IgY (Fig. 4). These data suggest that antibodies spe-
cific to Dg-HRF are not generated in response to natural
infestation.

3.4. Immunolocalization of Dg-HRF in mite tissues

Immunohistochemical staining of longitudinal sections through
an adult female D. gallinae mite were carried out to visualize the
anatomical distribution of the Dg-HRF protein. Consecutive 5-lm
sections were screened with rabbit anti-rDg-HRF-1 serum and a
negative control rabbit serum for direct comparison (Fig. 5). The
staining and hence distribution of Dg-HRF appears to be wide-
spread but specific to certain tissues, notably the synganglion ner-
vous tissue, ventriculum and other digestive tract tissue, fat body
and the reproductive tissues including the ovary, oviduct, cornus
sacculus and the vaginal gland chamber, suggesting a greater con-
centration of HRF in these tissues. No evidence was seen of non-
specific binding of the conjugate to the control sections (results
not shown).

3.5. Effect of ingested anti-Dg-HRF IgY on the mite survival

The ability of ingested IgY specific for Dg-HRF-1 to induce mor-
tality in mites was investigated using the in vitro feeding device.
Mites were fed fresh heparinised chicken blood that was enriched
with purified anti-Dg-HRF IgY or with IgY from a negative control
hen and mortality compared between the two groups. The experi-
ment was repeated on three separate occasions using different
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Fig. 4. Immunoreactivity of yolk IgY immunoglobulins with recombinant Dermanyssus gallinae histamine release factor (rDg-HRF) and soluble D. gallinae mite proteins.
Twenty-five ng rDg-HRF-1 and 25 lg soluble mite extract were localised onto each Western blot strip and each strip probed with 75 lg ml�1 yolk-derived IgY from:
commercial poultry unit hens (strips 1–7), positive control hen IgY generated by injection with rDg-HRF-1 (strip 8) and negative-control (mite na) hen (strip 9). Specifically
bound IgY was detected with anti-IgY-horse radish peroxidase (HRP) conjugated antibody (Sigma) and visualized with SIGMAFASTTM 3,30-Diaminobenzidine. Positive hen IgY
recognised the recombinant and native Dg-HRF proteins, the IgY from negative control and commercial hens did not. Non-specific binding of the conjugated antibody with
the recombinant or soluble mite extract was not observed (strip 10).
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Fig. 5. Immunohistochemical staining of a longitudinal section through an adult female Dermanyssus gallinae mite showing the anatomical distribution of the D. gallinae
histamine release factor (Dg-HRF) protein. Consecutive 5-lm mite sections were screened with positive rabbit polyclonal serum raised against recombinant Dg-HRF-1 (A) and
negative-control rabbit serum (B). Specifically bound antibody was detected with an anti-rabbit-horse radish peroxidase (HRP) conjugated antibody (DAKO), visualized with
SIGMAFASTTM 3,30-Diaminobenzidine (DAB) and counterstained with haemotoxylin. Consecutive control sections were also screened with anti-rabbit-HRP conjugate and DAB
only, omitting the primary antibody (rabbit anti-Dg-HRF) binding step, and no evidence was seen of non-specific binding of the conjugate to the sections (results not shown).
The distribution of Dg-HRF appears to be ubiquitous, however several tissues, notably the synganglion nervous tissue (syn), ventriculum (ve) and other digestive tract (dt), fat
body (fb) and the reproductive tissues including the ovary (ov), oviduct (ovd), cornus sacculus (cs) and the vaginal gland chamber (vgc), all appear to be very intensely stained
suggesting a greater concentration of HRF in these tissues.
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batches of mites and chicken skin feeding membranes and this
may have influenced feeding rates. There was little variation in
the numbers of fed mites recovered from the feeding chambers be-
tween groups within individual experiments, however a greater
variability in the number of fed mites recovered occurred between
the three experiments (mite numbers: experiment 1 = 114 and
119; experiment 2 = 41 and 62; experiment 3 = 190 and 191). To
allow comparison of mortality between the three experiments, re-
sults were expressed as a cumulative percentage of mortality.

Mortality occurred in the 4 days post-feeding in the group that
received the anti-Dg-HRF IgY and reached mean cumulative per-
centage mortality of 9.24% (SD ± 1.63). In comparison, the mortal-
ity that occurred in the negative control group was limited to the
first 3 days post-feeding and was less with a mean cumulative per-
centage mortality of 2.74% (SD ± 3.31). Overall, the effect of anti-
Dg-HRF IgY on the survival of mites occurred mostly within 48 h
of IgY ingestion (Fig. 6) and there is strong evidence (P = 0.004)
of a difference in the mortality rate between the two groups at
day 5 post feeding.
3.6. Biological activity of rDg-HRF-1

The ability of rDg-HRF-1 to induce degranulation of RPMCs
was evaluated by measuring the percentage of cellular b-hexos-
aminidase released in response to stimulation with rDg-HRF-1
and comparing this with the spontaneous release induced by
media (negative control) and the calcium ionophore compound
48/80 (positive control). The mean % of b-hexosaminidase
released from RPMCs stimulated with rDg-HRF-1 was 29.37%
(SD ± 3.79) and was similar to the 30.63% release (SD ± 0.58)
in response to the positive control compound 48/80 (Fig. 7).
The % of b-hexosaminidase spontaneously released by RPMCs
(media control) was 21.88% (SD ± 4.16), which is approximately
8% less than that measured with rDg-HRF-1. Stimulation
with heat-denatured rDg-HRF-1 resulted in 22.51% release
(SD ± 4.62), which is similar to the spontaneous release in the
negative control. Hence degranulation stimulated by rDg-HRF-1
is unlikely to be the result of contaminating bacterial
endotoxins.
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Fig. 6. The effect of ingested anti-recombinant Dermanyssus gallinae histamine
release factor (rDg-HRF) IgY on mite survival. Starved D gallinae mites were fed with
fresh heparinised chicken blood enriched with either 3.5 mg ml�1 yolk-derived
anti-rDg-HRF polyclonal IgY or 3.5 mg ml�1 purified yolk-IgY from a negative
control hen. Fed mites were monitored daily for 5 days and scored for mortality.
The experiment was repeated three times and the cumulative mean mortality rates
of the two groups (y-axis) are plotted against time (x-axis), the SEM is represented
by the vertical error bars. The number of mites that were dead by day 5 were
analysed using a generalized linear mixed model and there is strong evidence
(P = 0.004) of a difference in the mortality rate between the two groups.
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Fig. 7. Biological activity of recombinant Dermanyssus gallinae histamine release
factor (rDg-HRF-1). Degranulation of rat peritoneal mast cells (RPMCs) in response
to stimulus was evaluated by measuring the percentage of cellular b-hexosamin-
idase released from cells. The percentage of b-hexosaminidase released from RPMCs
(y-axis) stimulated with rDg-HRF-1 was compared with the percentage released
spontaneously by stimulation with media only (negative control) to indentify
specific degranulation activity of rDg-HRF-1. Compound 48/80 was used at a
concentration of 0.5 lg ml�1 to induce maximal degranulation (positive control)
and 0.5 lg ml�1 heat denatured rDg-HRF-1 was used to assess the stimulatory
effect of contaminating bacterial endotoxins present in purified rDg-HRF-1 (endo-
toxin control). The assay was performed in triplicate and error bars represent the
SD.
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4. Discussion

Here we describe the identification and characterization of an
orthologue of the tick HRF protein in D. gallinae. To our knowledge
this is the first description of this type of molecule in mites. We
have also provided preliminary evidence demonstrating the poten-
tial of rDg-HRF as a vaccine antigen for D. gallinae.

Phylogenetic analysis of the Dg-HRF-1 protein sequence clearly
demonstrated the close relationship of this molecule in the Meso-
stigmatid D. gallinae mite and Ixodid tick species. Dermanyssus gal-
linae and Ixodid ticks both belong in the Parasitiformes superorder
of the Acari subclass (Evans, 1992; Wheeler et al., 2000), however
as no representative HRF/TCTP sequences from mites belonging to
the other acarine superorders (Acariformes and Opilioacariformes)
were available, it was impossible to infer the relationship of D. gal-
linae within the wider Acari subclass from this data. However, a
previous study examining the relationships between tropomyosin
protein sequences also demonstrated that the D. gallinae sequence
partitioned with Ixodid tick sequences, rather than with the Acar-
iformes mite sequences (Nisbet et al., 2006a,b) underlining the
close phylogenetic relationship between D. gallinae and tick spe-
cies. The taxonomic relationship between D. gallinae and the Ixodid
ticks is possibly reflected in similarities in physiology and lifestyle,
such as off-host residence, host location strategies and feeding
mechanisms.

The function of HRF in ticks is not yet clear. Mulenga et al.
(2003b) demonstrated that a recombinant version of HRF from
the dog tick Dermancentor variabilis induced the release of hista-
mine from rat basophils, and in this respect shares function with
HRF/TCTP homologues found in mammals and other invertebrates
(miHRF/TCTP) (MacDonald et al., 1995, 2001). Preliminary data
presented here indicates that modest histamine release also oc-
curred when RPMCs were stimulated with rDg-HRF-1, indicating
that the histamine-release function is also conserved in D. gallinae.

Similar to tick and other miHRF/TCTPs (Macdonald et al., 2001;
Rao et al., 2002; Gnanasekar et al., 2002), Dg-HRF is soluble but
lacks signal peptides associated with secretion. However, despite
the absence of signal peptides, secretion of HRF/TCTP has been con-
firmed in several mammal and invertebrate species (Bommer and
Thiele, 2004; Amzallag et al., 2004). Secretion of miHRF/TCTP
may be crucial not only for histamine release, but also for other
extracellular cytokine-like effects, for example: activation of baso-
phils and eosinphils (Macdonald et al., 2001; Rao et al., 2002;
Vonakis et al., 2008) and stimulation of B-cell proliferation (Kang
et al., 2001). The extracellular cytokine-like activities of secreted
HRF/TCTP may be particularly important in other invertebrate
parasites such as Schistostoma mansoni and filarial nematodes,
possibly modulating host immune signalling and influencing vaso-
dilation in a manner potentially beneficial to the survival of the
parasite (Macdonald et al., 2001; Gnanasekar et al., 2002; Rao
et al., 2002).

Mulenga et al. (2003b) initially postulated that secreted tick
HRF may also play a role in the multifaceted control of localized
inflammatory response around the tick/host interface, and that
HRF-mediated histamine response during the late phase of feeding
might facilitate vascularisation and hence enhance rapid engorge-
ment. Dermanyssus gallinae feeds very rapidly; attachment to host,
engorgement and host release is generally completed within 30–
90 min (Chauve, 1998). In comparison hard ticks feed for several
days, but it is only in the late phase of feeding that significant vol-
umes of blood are ingested (Sonenshine, 1991). Given the similar-
ity of the rapid feeding mechanism of D. gallinae with the late rapid
engorgement phase of ticks, it might be tempting to hypothesize
that Dg-HRF may also be a secreted salivary antigen involved in
rapid feeding in D. gallinae. However, as antibodies specific for
Dg-HRF were not detected in hens from a heavily infested unit, it
suggests that Dg-HRF is not exposed to the host or it is not natu-
rally immunogenic. The naturally infested hens sampled for this
study had been housed in a heavily infested commercial poultry
unit for 40 weeks ensuring sufficient exposure to D. gallinae
salivary antigens for any measurable IgY response to have oc-
curred. The apparent absence of IgY specific for Dg-HRF in naturally
infested hens is unlikely to be the result of poor immunogenicity of
Dg-HRF as the hens exhibited a vigorous and specific IgY response
when injected with rDg-HRF-1.

These data suggest that in D. gallinae, HRF is unlikely to be a
secreted salivary antigen and is probably concealed, which appears
to be in contrast to the situation in ticks. Native HRF has been
detected in tick saliva by Western blot, suggesting that it is an
exposed salivary antigen (Mulenga et al., 2003b); although it is
unclear whether HRF is a genuine secreted tick salivary antigen
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or was detected due to contamination of saliva with haemolymph.
Furthermore it remains to be determined whether naturally in-
fested animals possess antibodies specific for tick HRF, which
would clarify the status of HRF as an exposed or concealed tick
antigen. HRF expression is not up-regulated in response to blood
meal uptake (Mulenga et al., 2003b), which may indicate that
HRF is not directly involved in tick-feeding as was originally pro-
posed (Mulenga and Azad, 2005). In addition, the existence of
miHRF/TCTP indentified in non-blood feeding invertebrates and
mammals suggest another function(s) for HRF in haematophagous
ectoparasites.

HRF/TCTP proteins are expressed in a wide range of invertebrate
and mammalian tissues and many of the described functions are
regulatory (Mulenga et al., 2003b; Bommer and Thiele, 2004).
Immunolocalization data presented here demonstrated that Dg-
HRF is also ubiquitously distributed in mite tissues, which suggests
that, like miHRF/TCTPs, Dg-HRF is potentially a regulatory protein
intrinsic to most mite cell types. miTCTP/HRFs have been shown
to interact with a variety of cellular proteins (e.g. tubulin, protein
kinase pIK, translation elongation factor) and have been implicated
in the regulation of cellular processes such as cell growth, cell cycle
progression, malignant transformation and protein synthesis (Cans
et al., 2003; reviewed by Bommer and Thiele, 2004). More recently
HRF/TCTP has also been described as an antioxidant in filarial par-
asites (Gnanasekar and Ramaswamy, 2007), however this function
is unlikely to be conserved in D. gallinae as the three cysteine res-
idues critical for the antioxidant property are not conserved in the
Dg-HRF-1 protein.

HRF protein is expressed in all life stages in Ixodid ticks (Mulen-
ga and Azad, 2005); if this is also true for D. gallinae, vaccination
with rDg-HRF-1 may be effective against all blood-feeding life
stages. The ubiquitous distribution and prevalence of Dg-HRF,
and its putative role in multiple biological processes, also make
Dg-HRF an attractive vaccine prospect. The binding of ingested
antibodies to the mite tissues may interfere with digestion and
regulatory processes, and ultimately may affect mite survival,
development and fecundity. Ingested host antibodies apparently
remain functional in the gut environment in tick and mite species
previously investigated (Jasinskas et al., 2000; Pettit et al., 2000),
which suggests that ingested IgY would be able to directly access
the Dg-HRF located in the gut of D. gallinae and potentially cause
gut damage in a manner similar to Bm86 tick vaccine.

The protective capability of HRF/TCTP against haematophagous
ectoparasites had not previously been tested. We have used an
in vitro mite-feeding system in order to assess the effect of ingest-
ing anti-Dg-HRF IgY on mite survival. The in vitro assay system of-
fers several advantages over a conventional in vivo vaccination and
mite challenge study for the preliminary assessment of antigens as
vaccine candidates. The in vitro system allows the mortality rates of
mites fed with antigen-specific antibodies to be rapidly and accu-
rately defined; whereas mortality cannot be accurately measured
in an in vivo trial which relies on an overall assessment of changes
in mite populations over several months using mite trapping tech-
niques. Hence in vivo trials, although necessary at a later stage of
vaccine testing, are time-consuming and expensive. Furthermore,
an accurate estimate of a mite population is difficult as mite trap-
ping can be affected by, for example, subtle environmental differ-
ences and hen/mite behaviours. In contrast, the in vitro system
allows the recovery of all mites that have fed on vaccinated blood,
enabling individual mites to be isolated and monitored in defined
environmental conditions. Dermanyssus gallinae mites fed with
fresh heparinised chicken blood enriched with anti-Dg-HRF IgY
showed strong evidence (P = 0.004) of a significant increase in mor-
tality compared with mites fed with chicken-blood enriched with
yolk antibodies from a negative control hen. Observed mortality
was highest within the first 24-h post-feeding and in this respect
was similar to the immediate mortality observed for D. gallinae
mites fed blood enriched with antibodies specific for a complex
mixture of soluble native D. gallinae proteins (Wright et al., unpub-
lished data). Although the increase in mortality was modest at
approximately 7%, in a natural environment mortality may be much
higher. In the in vitro system D. gallinae only fed once; whereas in a
natural infestation, D. gallinae mites will feed three times in order to
complete their development and an adult female mite will feed sev-
eral more times in order to reproduce (reviewed in Nordenfors, H.,
2001. Epidemiology and Control of the Poultry Red Mite, Dermanys-
sus gallinae. Ph.D. Thesis, Uppsala University). If there is an additive
effect on mite mortality as a result of successive blood meals con-
taining anti-Dg-HRF IgY, the reduction in mite numbers in commer-
cial poultry houses may be significant enough to have a beneficial
effect on poultry welfare and improve egg production.

Early vaccination studies with recombinant Bm86 tick vaccine
also showed a comparably modest (24%) and immediate mortality
as a result of antibody and complement induced gut damage
(Kemp et al., 1989). The vaccine potential of Bm86 lay in the high
proportion of surviving ticks that exhibited damage, low engorge-
ment weights and 77% reduction in reproductive capability (Rand
et al., 1989). Given the regulatory role of miHRF/TCTP in cell cycle
progression, it is not surprising that miHRF/TCTP has also been
found to be intrinsic to gamete formation and embryogenesis
(Chen et al., 2007a,b; Vitale et al., 2007; Kubiak et al., 2008).
Although the impact of anti-Dg-HRF IgY on fecundity and develop-
ment was not monitored in this study, it will be interesting to
determine whether these functions could be disrupted by vaccina-
tion. For this to occur, ingested IgY must first traverse the gut/hae-
molymph barrier in order to gain access to the Dg-HRF located in
the reproductive tissues. In D. gallinae IgY immunoreactivity is ob-
served throughout the mite body following blood-feeding, suggest-
ing that IgY is capable of crossing into the haemolymph of D.
gallinae and accessing organ-specific antigens (Nisbet et al.,
2006a). Likewise in ticks, ingested antibodies have been shown
to cross the gut barrier into the haemolymph (Brossard and Rais,
1984; Ben-Yakir et al., 1987; Tracey-Patte et al., 1987; Ben-Yakir,
1989) where they remain functional (Minoura et al., 1985; Jasins-
kas et al., 2000) and able to bind to target antigens (Ackerman
et al., 1981; Jasinskas et al., 2000). Vaccination with the Ixodes
scapularis subolesin antigen provides an example of how vaccina-
tion can target reproductive organs and disrupt oviposition in ticks
(Almazan et al., 2005). The level of mortality induced by a single
blood meal enriched with anti-Dg-HRF IgY was relatively modest
in the present study. However, if ingested anti-Dg-HRF IgY proves
able to impact on the reproductive potential of D. gallinae and thus
reduce population growth and/or if repeated blood-feeding in-
creases mortality, the prospect of Dg-HRF as a vaccine antigen will
be significantly enhanced. Further work is planned to assess
whether vaccination of hens with rDg-HRF can control mite popu-
lations by employing an in vivo vaccination and challenge regime
that mimics commercial egg farming conditions.

To summarize, we believe this is the first identification of HRF
in a mite species and it is also the first recombinant D. gallinae anti-
gen to be evaluated for vaccine potential. The preliminary results
obtained using the in vitro feeding system are encouraging and
demonstrate an effect on D. gallinae survival in response to IgY
generated by recombinant protein vaccination. Importantly this
study has demonstrated proof of principle: that vaccination with
recombinant mite proteins is a promising strategy for the control
of D. gallinae infestation.
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