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Abstract The poultry red mite (PRM) Dermanyssus gallinae
causes high economic losses and is among the most important
parasites in poultry farming worldwide. Different chemical,
physical, and biological strategies try to control the expansion
of PRM. However, effective solutions to this problem still
have to be found. Here, we present a method for the develop-
ment of an immunological control strategy, based on the iden-
tification of mite protein antigens which elicit antibodies with
anti-mite activity in the immunized chicken. Hens were im-
munized with different PRM protein extracts formulated with
two different adjuvants, and IgY-antibodies were isolated
from the eggs. A PRM in vitro feeding assay which used
chicken blood spiked with these IgY-preparations was used
to detect antibodies which caused PRM mortality. In vitro
feeding of mites with IgY isolated from hens immunized with
PRM extract formulated with one of the adjuvants showed a
statistically significant increase in the mortality as compared
to control mites. After the separation of total PRM extracts in
two-dimensional gels, several protein spots were recognized
by such IgYpreparations. Ten protein spots were subjected to
mass spectrometry (MS/MS) for the identification of the cor-
responding proteins. Complete protein sequences were

deduced from genomic and transcriptomic assemblies derived
from high throughput sequencing of total PRM DNA and
RNA. The results may contribute to the development of an
immunological control strategy of D. gallinae.

Keywords Poultry mite . Antigen discovery . Vaccine . Pest
control

Introduction

The blood-sucking ectoparasite Dermanyssus gallinae (De
Geer 1778), also known as the poultry red mite (PRM), usu-
ally infests domestic birds but can also feed on other animals
and also humans, when the main host is absent (Brockis
1980). PRM can bite through the skin of the host to feed on
blood, causing itching, irritation, and stress to the host and
may even cause death in commercial poultry farms due to
anemia (Kirkwood 1967; Schicht et al. 2013). PRM are also
potential vectors for several pathogens, such as viruses and
bacteria (Moro et al. 2009). Due to a significant impact on
health and egg production, PRM causes high economic losses
in poultry industry worldwide and is recognized as a vast
economic, welfare, and epidemiological problem for both
birds and humans (Sparagano et al. 2009). In Europe alone,
the annual costs for the poultry industry caused by PRM were
estimated to be about 130 million euro in 2005 (van Emous
2005). Therefore, different methods are being used to try to
control PRM infestations (Schicht et al. 2014). Some strate-
gies involve frequent cleaning of the poultry farms and appli-
cation of desiccant powders (Kilpinen and Steenberg 2009),
repellents derived from plant oils (Carroll 1994; George et al.
2009; Birkett et al. 2011), or the treatment with acaricidal
agents or traps (Chirico and Tauson 2002). Other strategies
focusing on biological methods have been tested, such as
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insect growth regulators, infection of PRM with pathogenic
bacteria (Chauve 1998), fungi (Steenberg and Kilpinen 2014),
or the use of predatory mites (Lesna et al. 2012). However,
none of these strategies has proven largely successful in erad-
icating the pest from poultry farms, and there is a high demand
for innovative approaches for the control of PRM.

An alternative to existing strategies to combat PRM is
based on vaccination (Sparagano 2009). The underlying prin-
ciple consists of antibodies which are generated in the host
and are taken up by the parasite during the blood meal. If these
antibodies are directed against an antigen present inside of the
parasite (Sauer et al. 1994), they might have a negative effect
onto their target tissue, thereby causing harm or even death of
the parasite. Vaccines are non-toxic, do not cause problems
with residual chemicals, and resistance is unlikely to emerge.
The first such animal vaccine against a tick (Boophilus
microplus) was licensed in 2000 (Jonsson et al. 2000) and
consists of the protein Bm86. This antigen was identified via
a laborious procedure involving multiple rounds of immuni-
zations of cows with biochemical tick extract fractions
(Willadsen and Kemp 1988; Willadsen et al. 1989). The tick
protein Bm86was also tested for a potential protection of hens
from PRM, but results were negative, and a direct homolog of
Bm86 could not be identified in D. gallinae (Harrington et al.
2009a). On the other hand, immunization of hens with PRM
protein extracts led to protection against PRM, as by applying
in vitro PRM feeding of specific antibody preparations elevat-
ed PRM mortalities compared to control preparations were
observed (McDevitt et al. 2006; Harrington et al. 2009b;
Wright et al. 2009). In addition, histamine-releasing factor
and cathepsin D were investigated as potential vaccine candi-
dates through gene-knockdown approaches (Kamau et al.
2013).

Here, a strategy is presented to identify potentially protec-
tive antigens in PRM extracts via combining biochemical frac-
tionations, in vitro feeding of antibodies to PRM and proteo-
mic techniques. By using this approach, a number of proteins
are identified which have the potential to serve as candidate
antigens for a vaccine against D. gallinae.

Material and methods

D. gallinae protein isolation

PRM were collected from egg production poultry farms in
Thuringia, Germany. The storage conditions and protein iso-
lation of PRM were modified from previously used protocols
(McDevitt et al. 2006; Harrington et al. 2009b; Wright et al.
2009). The mites were stored in a 75 cm2 CellStar tissue
culture flask (Greiner Bio-One) with a filter cap. Before
PRM protein isolation started, the mites had starved in the
dark for 3–7 days at room temperature (RT), to allow the

digestion of chicken blood. Then, these mites were transferred
to a refrigerator and maintained at 5 °C for 3–4 weeks. Mites
(eggs, larvae, starved nymphs, adult female and males) were
subjected to homogenization and sonication on ice in different
buffers (see below). For the isolation of PRM soluble proteins,
as previously described (Harrington et al. 2009b), about 500
mites were homogenized with a micropestle in microtubes
between the centrifugation step and sonication on ice in
0.5 ml phosphate-buffered saline (PBS), pH 7.4, containing
1× EDTA-free protease inhibitor (Roche). These steps (ho-
mogenization, sonication, and centrifugation) were repeated
three times before the homogenized mites were incubated
for 20 min at 4 °C and centrifuged at 24,000×g for 20 min
at 4 °C. The supernatant was retained, and the pellet was
homogenized as described before, but with a buffer containing
8 M urea (to retrieve insoluble proteins) in PBS. The homog-
enate was incubated for 90 min at 37 °C before centrifugation
at 24,000×g for 20min at RT, and the supernatant was used for
immunization. Both soluble and insoluble extract fractions
were administered in separate syringes on separate locations.
Two hundred-microgram protein (100-μg soluble and 100-μg
insoluble proteins, as determined by Bradford protein mea-
surements) was used per dose per animal, based on previous
work (Harrington et al. 2009b).

The isolation of PRM proteins for the analysis on 2D SDS
PAGE was similar to the protein isolation protocol used be-
fore, except the usage of an isolation buffer containing 7 M
urea, 2 M thiourea, 2 % v/v CHAPS, and traces of
bromophenol blue (0.002 % v/v).

2D SDS PAGE and Western blots

To identify individual mite proteins, 2D SDS PAGE analysis
and Western blots were performed for PRM. First, PRM pro-
teins were separated by 2D SDS PAGE using an Ettan
IPGphor III IEF System (GE Healthcare) following the man-
ufacturer’s instructions and based on a protocol described pre-
viously (Pohler et al. 2012). Briefly, at the beginning of the
passive rehydration, the thawing PRM extract was supple-
mented with rehydration buffer (7 M urea, 2 M thiourea,
2 % v/v CHAPS, 0.002 % v/v bromophenol blue) containing
1.3% v/v fresh added Ampholine (GEHealthcare). Thereafter,
for the passive rehydration of 7-cm Immobiline DryStrip pH3-
10 NL (GEHealthcare, Sweden), 200-μg PRM protein extract
diluted in 100 μl of rehydration buffer was used. After
16 hours passive rehydration at RT, the isoelectric focusing
(IEF) did run for 3.5 h on an Ettan IPGphor III IEF System
(GE Healthcare). The running conditions were 300 V for
60 min followed by linear gradients of 1 kV for 30 min,
5 kV for 90 min, and 5 kV for 30 min. Succeeding focusing,
IPG strips were incubated with equilibration buffers as de-
scribed before (Pohler et al. 2012). In the second equilibration
buffer, 2.5 % v/v iodoacetamide was added to prevent re-
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oxidation by atmospheric oxygen (Sechi and Chait 1998;
Herbert et al. 2001). Finally, the second dimension was per-
formed on 12 % SDS gels, which were stained with
Coomassie Brilliant Blue (Fluka) or used forWestern blotting.

Western blots: PRM proteins were separated through 2D
SDS PAGE before transfer onto nitrocellulose membranes
overnight at 4 °C. Antibodies were isolated from eggs collect-
ed from immunized hens following the manufacturer’s in-
structions of the Pierce Chicken IgY Purification Kit
(Thermo scientific). IgY were diluted 1:50 with 5 % v/v milk
(skimmed milk powder AppliChem) in PBS-Tween (0.1 v/v
Tween 20) and 300 μg IgY (IgY preparations used for the in
vitro feeding, see below) was incubated with the membrane
for 2 h. Next, the membrane was incubated for another 2 h
with the peroxidase conjugated rabbit anti-chicken IgY anti-
body (Sigma) diluted 1:20,000. After each incubation step, the
membrane was washed three times with PBS-Tween. The
blots were developed using ECLWestern Blotting Substrates
(Thermo Scientific).

The stained 2D SDS gels and the Western blot films were
digitized using an Image Scanner III (GE Healthcare).
Subsequent computer-assisted image analysis of the PRM
2D gels and Western blot images were processed using the
Delta2D 3.6 software (DECOCON, Germany) according to
the manufacturer’s instructions.

Immunization of hens and adjuvant tests

Ethical approval for animal experiments was obtained under
Reg.-Nr.: TVV 40/10 from Landesdirektion Leipzig,
Germany. Sixteen Lohmann Brown hens (obtained from com-
mercial poultry breeders in Saxony, Germany) at 18 weeks of
age were acclimatized for a minimum of 1 week in rooms of
the Clinic for Birds and Reptiles, Leipzig University. The pre-
experimental and experimental phases were conducted in the
same room. Water was provided ad libitum, as well as com-
mercial non-medicated breeding hen feed. Lighting was pro-
vided on a cycle of 12-h light and 12-h dark, and the hens had
the opportunity to perch on during the night.

The performance and health of hens were controlled by the
staff of the Clinic for Birds and Reptiles, Leipzig University
by veterinary daily observation. Any hen which showed signs
of illness was examined closely. During the vaccination pro-
cess, a short physical examination was performed.

All animals were negative in an ELISA containing PRM
antigens before immunization (data not shown). For the pro-
duction of antibodies against mite proteins, hens were immu-
nized subcutaneously with total PRM extract (see above).
Hens were vaccinated three times, at day 0, 28, and 56. Two
different adjuvants, Freund’s complete and incomplete adju-
vant (Sigma) andMontanide ISA 70 VG (Seppic) were tested.
Controls were immunized with PBS and adjuvant only.
Freund’s adjuvant (F) was administered in the ratio of 1:1 to

provide a total volume of 300 μl vaccine per hen/immuniza-
tion, and Montanide ISA 70 VG adjuvant (M) was adminis-
tered in the ratio of 7:3 to provide a total volume of 1 ml
vaccine per hen/immunization as recommended by the
manufacturers.

The 16 hens were randomly allocated to one of four groups
(four hens/group): Two control groups (F and M adjuvants
only) and two groups immunized with PRM proteins
(200 μg per dose) and the adjuvants, respectively.

Chicken blood (4 ml) was collected from the vena ulnaris
into a lithium heparin tube (Sarstedt, Germany) before each
immunization and also 4 weeks after the third immunization
for the analysis of anti-PRM antibodies using an ELISA-test
(Chabierski et al. 2013). Briefly, Nunc polysorb plates
(Thermo Scientific) were coated overnight with 100 ng per
well of total PRM extract before sera from immunized hens
were diluted 1:100 and used as first antibody. Bound IgYwere
detected with a rabbit anti-chicken antibody (1:20 000, see
above). ELISA-plates were developed with TMB-substrate,
(BioLegend, Germany). The values of the optical density rep-
resent the mean of triplicate measurements detected at 450 nm
(520 nm as reference wavelength) in an ELISA Reader
(Infiniti M200, Tecan).

In vitro feeding of PRM

A PRM in vitro feeding system based on previously published
protocols (McDevitt et al. 2006; Harrington et al. 2009b;
Wright et al. 2009) was performed. Briefly, skins from frozen
1-day-old chicks (obtained from the Clinic for Birds and
Reptiles, Leipzig University) were plucked, washed and
stored at −20 °C for 1–2 weeks before use. The blood reser-
voir was constructed from an inverted 10-ml pipette tip
(Gilson) covered with a 2-cm2 strip of the chick skin left at
RT for at least 10 min. The outer surface of the chick skin was
exposed to the mites in a glass tube (DURAN), and the inter-
nal surface of the chick skin was in contact with chicken blood
as previously described (McDevitt et al. 2006). Two hundred
fifty-microliter fresh heparinized chicken blood from birds
without detectable RVM-antibodies (data not shown) used
within 6 h after collection was spiked with antibodies
(750μg in 50 μL) isolated from chicken eggs (pooled samples
from four eggs per group) collected 2–4 weeks after the third
immunizat ion. In each glass tube, a fi l ter paper
(9 mm×95 mm) was placed, and 10–20 PRM (adult females)
were incubated in the dark with the blood reservoir 16 h at
35 °C±3 °C and relative humidity of 70–80 %. After mites
were engorged, they were transferred from 35 °C to RT and
were monitored 1 week after the feeding for mortality. During
this period, the mortality of 80–130 PRM was recorded per
experiment, divided into triplicates for each test. If mites were
unresponsive to a stimulus with a needle according to
(McDevitt et al. 2006), they were defined as dead.
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Proteomics

After PRM protein separation through two-dimensional gel
electrophoresis, protein spots were selected in four indepen-
dent repetitions of Western blots from the Montanide ISA 70
VG group. Ten protein spots were cut from the 2D gel and the
proteins were partially sequenced byMass spectrometry (MS/
MS) in a 4700 Proteomics Analyzer (AB Sciex). To obtain a
reference genome and transcriptome to deduce protein se-
quences, total DNA and RNAwere isolated from PRM (eggs,
larvae, starved nymphs, adult female and males) according to
the manufacturer’s instructions (TRI Reagent, Sigma), and 1–
2 μg each (DNA and DNase-treated RNA) was applied for the
library generation using the TrueSeq RNA kit v2 as well as the
TrueSeq DNA kit (Illumina). Paired-end sequencing was per-
formed with 2× 100 bp using the HiSeq 2000 resulting in 183
mio. DNA reads and 354 mio. RNA reads providing 18.3 GB
and 35.4 GB, respectively.

Subsequently, the bioinformatics analysis was performed
as follows: sequencing adapters, indices, and index adapters
were removed with the software Cutadapt version 1.3 (Martin
2011). The revised RNA reads were then assembled to sets of
contigs, representing partial or full transcripts, with Trinity
version r20140413p1 (Grabherr et al. 2011). In the next step,
the proteins coded by this set of contigs were predicted in-
silico with the software TransDecoder (Haas et al. 2013). The
tandem of MS and MS/MS data was processed as follows:
Peaks in MS/MS spectra were detected using the statistical
software R version 3.1 (R Core Team 2014) and additional
R packages: MALDIquant 1.10 (Gibb and Strimmer 2012),
MALDIquantForeign 0.8 (Gibb 2014), and plyr 1.81
(Wickham 2011). Finally, MS/MS spectra peaks were
matched with predicted proteins using the software
X!Tandem version 13-09-1 (Craig and Beavis 2004).

Statistical analyses

The statistical analysis of the ELISAs was carried out using
SigmaPlot (Systat Software, San Jose, CA, USA) for the
Mann-Whitney Rank Sum Tests. For the in vitro feeding stud-
ies, the mortality rates of mites in each treatment group after
1 week were carried out using R software version 3.2.2 (R
Core Team 2015) with R packages lme4 (Bates et al. 2015)
and multcomp (Hothorn et al. 2008). The mortality was
modeled with a generalized linear mixed effects model with
treatment groups and adjuvant groups as two fixed effects and
feeding assays and observation level data as random effects.
For the mortality, a binomial distribution with a logit link
function was used. The statistical significance was declared
at p<0.05. The proteomics results were analyzed and clus-
tered with statistics software R (function Bhclust^ using a
complete-linkage approach) as well as the program stretcher

(for alignment and similarity assessment) of the software suite
EMBOSS version 6.6.0.0 (Rice et al. 2000).

Results

Immunization with PRM extracts formulated
with different adjuvants

Several adjuvants have been used with PRM immunizations
before (Arkle et al. 2008; Harrington et al. 2009b;Wright et al.
2009), and the results differed. Therefore, we decided to use
both Freund’s adjuvant (F) and Montanide ISA 70 VG (M) to
determine the most efficient conditions for the production of
antibodies against PRM (Fig. 1). To monitor the appearance of
PRM antibodies, sera were collected from hens before each
immunization and 4 weeks after the third immunization. The
results indicate specific humoral immune responses against
PRM proteins upon immunization (Fig. 1). The IgY-titer was
significantly higher (Mann-Whitney Rank Sum Test, p<0.03)
in hens immunized with PRM-M and PRM-F extracts as com-
pared to hens from the corresponding control group immu-
nized with the same adjuvant. In addition, antibody levels
were higher in the PRM-M group as compared to the PRM-
F group (Fig. 1) indicating different effects of the adjuvants on
the immune response.

Fig. 1 Detection of specific antibody responses against total PRM
extracts by ELISA using sera from 16 hens 4 weeks after the last
immunization with PRM total extracts. Two different adjuvants (F
Freund’s adjuvant, M Montanide ISA 70 VG adjuvant) were tested.
Control animals were immunized with PBS and adjuvant only. Mean
values of three independent experiments (performed in triplicate) are
shown, and error bars represent the standard deviation. Statistical
analysis to evaluate the difference between the antibody response was
performed by using a Mann-Whitney Rank Sum Test. Asterisks indicate
statistically significant differences (p< 0.03) between the anti-mite IgY
production in hens immunized with PRM extracts and the corresponding
control hens. Optical Density (O.D.) signals were read out at 450 nmwith
background reduction at 520 nm
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In vitro feeding with PRM IgY-Fractions

IgY was isolated from eggs of immunized hens. To
detect antibodies which may lead to mortality of mites
upon ingestion, PRM in vitro feeding assays were per-
formed. Mites were monitored for 1 week after the in
vitro feeding, and the mortality rates between the groups
were analyzed. The results indicate (Table 1 and Fig. 2)
that the IgY derived from hens immunized with PRM-F
extracts only (PRM IgY-F) led to a marginal increase in
PRM mortality. In contrast, the mortality of the PRM
fed with IgY isolated from hens immunized with PRM-
M extract (58.3 %) was higher than the mortality of
mites fed with IgY isolated from control hens
(22.5 %), and the difference was statistically significant
(p< 0.01) as determined by a generalized linear mixed
effects model.

Therefore, this increase in mortality of 35.8 % (Table 1 and
Fig. 2) proposes the presence of anti-mite activity displayed
by the antibodies isolated from hens immunized with PRM-M
extracts.

Analysis of the protein pattern recognized by antibodies
against the PRM-M fraction

To visualize individual protein antigens which are recognized
by IgY preparations leading to PRM mortality, total PRM
extracts were analyzed by 2D SDS PAGE and Western blots.
As can be seen in Fig. 3, the immune detection indicate highly
specific antibody production against PRM proteins by the
hens immunized with PRM-M and PRM-F, whereas almost
no proteins were stained when IgY from control-immunized
animals were used. Several protein spots were uniformly rec-
ognized by IgY from the PRM-M and PRM-F immunized
hens. Because mite mortality was significantly increased only
with IgY from PRM-M-immunized chicken (Table 1 and
Fig. 2), 2D gel protein spots exclusively recognized by this
IgY-preparation are considered the most promising candi-
dates. As a consequence, ten of these protein spots were se-
lected (Fig. 3e, 2D gel protein spots U1-U10) for further
experiments.

Proteomics and vaccine candidate sequences

The selected 2D gel protein spots (Fig. 3e) were subjected to
proteomicMS/MS. For the identification of PRM proteins, the
MS/MS spectra were matched with PRM protein sequences,
deduced from genomic and transcriptomic assemblies derived
by high-throughput sequencing of total PRM DNA and RNA
(data not shown). Eight PRM proteins were identified as
unique protein sequences and potential vaccine candidates
(Table 2), and their sequences were submitted to NCBI
GenBank. Through matching of MS/MS spectra to proteins
predicted from the sequenced transcriptome, the sequences
from three PRM antigens were partially determined, while
five of the eight PRM sequences were completely identified.

Sequence alignments were made through a search of these
PRM sequences against all entries in the NCBI (GenBank)

Table 1 Dermanyssus gallinae mean mortality rates after 1 week in
vitro feeding studies performed in triplicate (in three independent
experiments). The mortality rates of mites in each group was compared
to the corresponding adjuvant control group and analyzed using a

generalized linear mixed effects model; p values show the statistical
significance (p < 0.01). NC negative control, F Freund’s adjuvant, M
Montanide ISA 70 VG, mlow lower 95 % confidence level, mhi higher
95 % confidence level

Group Treatment Adjuvant Mean mortality mlow mhi p

Control IgY-F NC-IgY F 0.2122 0.1324 0.3222 0.21615
PRM IgY-F Anti-PRM-IgY F 0.3311 0.2210 0.4634

Control IgY-M NC-IgY M 0.2250 0.1346 0.3513 7.49E-05
PRM IgY-M Anti-PRM-IgY M 0.5826 0.4638 0.6926

Significance of bold entries is P<0.01

Fig. 2 PRMmortality (in %) afterDermanyssus gallinae in vitro feeding
with fresh heparinized chicken blood spiked with 750 μg antibodies.
Mortality was monitored for 1 week in three independent experiments
(performed in triplicate). Controls are PRM fed with IgY isolated from
hens immunized without PBS and adjuvant only. PRM IgY-F was
isolated from hens immunized with PRM extract and Freund’s
adjuvant. PRM IgY-M was isolated from hens immunized with PRM
extract and Montanide ISA 70 VG adjuvant. Error bars represent the
standard deviation. Statistical analysis to evaluate the difference
between the mortality was performed by using a generalized linear
mixed effects model. The difference between the mortality of mites fed
with control IgY-M and mites fed with PRM IgY-M was 35.8 % and
statistically significant (p< 0.01)
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database. The vaccine candidate antigens were named PRM-1
to PRM-8 (Table 2) and have a high sequence homology with
proteins from the predatory mite Metaseiulus occidentalis.
Some of the proteins were only found in one 2D gel spot,
whereas others were identified in several 2D gel proteins
spots.

Discussion

In this study, we demonstrate that immunization of chicken
with PRM extracts led to an increased mortality effect of the
resulting IgY towards PRM in in vitro feeding assays. The
identification of proteins which are contained in these extracts
and which are recognized by such IgYpreparations as protein
spots in 2D-protein gels led to a number of potential candi-
dates for vaccine development against PRM.

It has been shown previously that immunization of hens
with PRM protein extracts leads to the generation of antibod-
ies which cause mite mortality after in vitro feeding of PRM,
and our results are in accordance with the effects observed in
such studies (McDevitt et al. 2006; Harrington et al. 2009b;
Wright et al. 2009). In addition, proteins present in extract

fractions leading to an increased PRM mortality upon immu-
nization were previously identified, but these attempts were
complicated by the low resolution of standard one-
dimensional protein gels, where usually several proteins are
present in a single band and housekeeping proteins might be
overrepresented (Harrington et al. 2009b).

An advantage of using 2D gels is the possibility to visualize
individual protein spots. A potential pitfall of 2D gels is the
fact that hydrophobic proteins, e.g., transmembrane or
membrane-associated proteins, do not migrate well into both
dimensions. We addressed this by using protocols for the anal-
ysis of GPI-anchored proteins (Fivaz et al. 2000); however,
the resulting gels and Western blots were not significantly
different (data not shown). After incubation of the blotted
2D gels with different antibody-preparations from immunized
hens, the binding patterns of these antibodies were analyzed,
and signals specific for IgY-fractions containing anti-PRM
activity were identified.

We started the study by immunizing hens with PRM ex-
tracts formulated with two different adjuvants. It is known that
different adjuvants stimulate preferentially the cellular or the
humoral immune response, or both, hence, lead to different
levels of antibody production (Stills 2005; Baz et al. 2012;

Fig. 3 Dermanyssus gallinae 2D SDS PAGE and Western blots.
Analysis of 2D SDS PAGE loaded with PRM total extracts stained with
Coomassie blue (a and e) andWestern blots (b–d). ForWestern blots IgY
isolated from hens immunized with PRM total extracts and two different
adjuvants (F Freund’s adjuvant andMMontanide ISA 70 VG) were used
as primary antibody. Control IgY-C (b) shows IgY isolated from hens

immunized without PRM extract. After analysis of the original
Coomassie 2D SDS gels (a) and Western blot films (b–d), 2D gel
protein spots recognized (e) by IgY preparations displaying anti-mite
activity were excised and processed by proteomic analysis (U1-U10
mark the respective positions of these 2D gel protein spots)
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Magnusson et al. 2014). For a vaccine against PRM, the hu-
moral immune response is crucial, as the antibodies are taken
up during the blood meal and need to find their targets in the
parasite. Several previous studies have shown that the
amounts of antibodies produced vary in direct comparisons
between different Montanide adjuvants and Freund’s adju-
vants (Bowden et al. 2003; Johansson and Hellman 2007;
Roohvand et al. 2007; Babu et al. 2008; Marcq et al. 2015).
In addition, Montanide ISA70 VG was shown to induce less
unwanted side effects than Freund’s adjuvant when used in
laying hens (Marcq et al. 2015). Hence, in order to identify the
way to induce the maximum amount of antibodies displaying
anti-PRM activity, both Freund’s and Montanide ISA70 VG
were used in the present study.

PRM extracts formulated with both adjuvants led to an
increase in PRM specific antibody responses, but the total
amount of antibodies was higher for the Montanide ISA 70
VG adjuvant (Fig. 1). While a difference in antibody produc-
tion between the adjuvants is in line with the studies cited
above, the exact reasons for the better performance of
Montanide ISA70 VG are beyond the scope of this investiga-
tion. Interestingly, not only the total amount of antibodies
produced but also the pattern of antigens recognized (Fig. 3)
differed between the two adjuvant groups. Again, the reason
for this result remains to be determined; one potential expla-
nation might include differing rates of antigen presentation via
depot-effects of the adjuvants (Herbert 1967).

The difference in the outcome of both immunizations was
used to identify protein spots associated with anti-PRM activ-
ity, namely, those that are exclusively or to a larger extent
recognized by antibodies from hens immunized with the
Montanide-adjuvanted extract. However, it cannot be exclud-
ed that proteins of relevance are also recognized by antibodies
from the Freund’s-adjuvanted group; therefore, the initial se-
lection of spots should be seen as the first attempt to identify
antigens of interest.

Recently, Bartley et al. (2015) have published a similar
study and identified PRM proteins which elicited antibodies
with anti-PRM activity in in vitro feeding assays.
Interestingly, only one protein (PRM-3 described here) was
found in both studies. Possible explanations for the identifica-
tion of different proteins might include differences in the an-
tigen preparations used for initial immunizations. Bartley et al.
(2015) used only the soluble protein fraction, whereas in the
present study a mixture of soluble and insoluble proteins was
applied. Therefore, the production of a different antibody pop-
ulation according to the kind of extract used for immunization
is a possible explanation. This implies that the identification of
potential vaccine antigens is highly dependent on the exact
procedure used and underlines the need for in vivo challenge
studies using chicken immunized with these proteins.

The results of the present study demonstrate that using a
combination of immunization, in vitro-feeding experiments
and proteomic approaches, a number of PRM-proteins were

Table 2 Dermanyssus gallinae proteins identified in this study and their alignments in the NCBI (GenBank) database

Candidate
(Gel-spot)

Homologous protein/
organism in NCBI

Identities (PRM vs.
NCBI sequence)

NCBI reference and
sequence length

PRM protein molecular
weight and length

Molecular weight of
homologous protein

PRM-1 (U1, U2) Predicted: uncharacterized
protein LOC100908065
(Metaseiulus occidentalis)

133/250 (53 %) XP_003739449.1 411 aa ∼45 kDa 470 aa 39,625 kDa

PRM-2 (U2) Predicted: putative RNA-binding
protein 15B-like
[Metaseiulus occidentalis]

133/175 (76 %) XP_003747839.1 620 aa ∼45 kDa 182 aa 68,904 kDa

PRM-3 (U3) Hemelipoglycoprotein-1
(Dermanyssus gallinae)

1574/1576 (99 %) ALC78839.1 1579 aa ∼95 kDa 1584 aa No information

PRM-4 (U4, U6) Predicted: fructose-bisphosphate
aldolase A-like
(Metaseiulus occidentalis)

332/363 (91 %) XP_003738517.1 363 aa ∼40 kDa 364 aa 39,239 kDa

PRM-5 (U5, U7) Predicted: arginine kinase-like
(Metaseiulus occidentalis)

310/393 (79 %) XP_003742610.1 371 aa ∼40 kDa 395 aa 41,471 kDa

PRM-6 (U7) Predicted: ribose-phosphate
pyrophosphokinase 2-like
(Metaseiulus occidentalis)

311/318 (98 %) XP_003740568.1 437 aa ∼35 kDa 319 aa 47,645 kDa

PRM-7 (U9) Predicted: low quality protein:
mitochondrial-processing
peptidase subunit beta-like
(Metaseiulus occidentalis)

363/477 (76 %) XP_003739385.1 474 aa ∼40 kDa 479 aa No information

PRM-8 (U10) Predicted: uncharacterized
protein LOC100903760
(Metaseiulus occidentalis)

88/123 (72 %) XP_003746532.1 125 aa ∼12 kDa 184 aa 12,917 kDa
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identified which are specifically recognized by antibody prep-
arations causing mortality in poultry red mites. The group is
very heterogeneous and includes unknown proteins as well as
homologues to housekeeping proteins from other mite spe-
cies. Based only on the sequences, it is not possible to judge
which one of these proteins are suitable antigens for vaccina-
tion against PRM. However, the method presented here re-
duces the numbers of potential candidate antigens from sev-
eral thousands (i.e., the PRM proteome) to a much smaller
number which is feasible to be analyzed individually.
Further immunization studies in chicken will provide more
details for each one of the identified proteins.
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