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a  b  s  t  r  a  c  t

Ticks  are  obligate  haematophagous  ectoparasites  considered  the  principal  vectors  of disease  among  ani-
mals. Rhipicephalus  microplus  and  R. annulatus  ticks are the most  important  vectors  for  Babesia  bigemina
and  B.  bovis,  two of  the  most  important  intraerythrocytic  protozoan  parasites  species in cattle,  responsible
for  babesiosis  which  together  with  anaplasmosis  account  for  substantial  economic  losses  in  the livestock
industry  worldwide.  Anti-tick  vaccines  are  a proved  alternative  to traditional  tick  and  tick  borne  diseases
control  methods  but  are  still  limited  primarily  due  to the  lack of effective  antigens.  Subsequently  to the
identification  of antigens  the validation  is a  laborious  work  often  expensive.  Tick  artificial  feeding,  is  a
low  cost  alternative  to  test  antigens  allowing  achieving  critical  data.  Herein,  R.  microplus  females  were
successfully  artificially  fed  using  capillary  tubes.  Calreticulin  (CRT)  protein,  which  in a previous  study  has
been  identified  as being  involved  in B.  bigemina  infection  in  R. annulatus  ticks,  was  expressed  as  recom-
binant  protein  (rCRT)  in an  E.  coli expression  system  and  antibodies  raised  against  rCRT.  Anti-rCRT  serum

was  supplemented  to a blood  meal,  offered  to  partially  engorged  R.  microplus  females  and  their  effect  in
feeding  process  as  well  as infection  by  B.  bigemina  was  analyzed.  No  significant  reductions  in  tick  and  egg
weight  were  observed  when  ticks  fed  with  anti-rCRT  serum.  Furthermore,  B. bigemina  infection  levels
did  not  show  a statistically  significant  decrease  when  ticks  fed  with  anti-rCRT  antibodies.  Results  suggest
that  CRT  is  not  a suitable  candidate  for cattle  vaccination  trials.

©  2014  Elsevier  GmbH.  All  rights  reserved.
ntroduction

The “One Health”  concept recognizes the need for joint work
etween veterinaries, physicians and environmental scientists,
iven the dynamic interface between people, animals and envi-
onment. This concept is becoming increasingly important for
oonotic diseases, such as animal host-dependent tick-borne dis-
ases (TBDs) (Breitschwerdt, 2011). Ticks are resilient and constant
rthropods in the environment, with a complex life-cycle. These
Please cite this article in press as: Antunes, S., et al., Artificial feeding of
do not influence tick and Babesia bigemina acquisition. Ticks Tick-born

aematophagous ectoparasites have a direct negative effect in the
ertebrate host while feeding and act as vectors and reservoirs for
everal pathogens (Jongejan and Uilenberg, 2004).

∗ Corresponding author.
E-mail address: santunes@ihmt.unl.pt (S. Antunes).

ttp://dx.doi.org/10.1016/j.ttbdis.2014.09.003
877-959X/© 2014 Elsevier GmbH. All rights reserved.
Rhipicephalus microplus ticks are the most relevant ectoparasites
in bovine cattle production, causing debilitation, anaemia, weight
loss and ultimately death. R. microplus ticks are vectors of pathogens
such as Babesia bovis and B. bigemina causing bovine babesiosis,
also, these cattle ticks are vectors of Anaplasma marginale,  etiologic
agent of anaplasmosis (Almazan et al., 2010; Peter et al., 2009),
which are the most prevalent and higher cost TBDs in cattle pro-
duction (Suarez and Noh, 2011).

The use of chemical acaricides is currently the major method
of tick control, however, their use is in most cases incorrect, lead-
ing to limited efficiency in terms of infestation reduction; besides,
their use promotes selection of resistant ixodids as well as envi-
 Rhipicephalus microplus female ticks with anti calreticulin serum
e Dis. (2014), http://dx.doi.org/10.1016/j.ttbdis.2014.09.003

ronmental, meat and milk contamination (George et al., 2004;
Graf et al., 2004). Development of new improved acaricides could
be a desirable perspective, but it is a long and expensive pro-
cess, strengthening the need for alternatives. Developing anti-tick

dx.doi.org/10.1016/j.ttbdis.2014.09.003
dx.doi.org/10.1016/j.ttbdis.2014.09.003
http://www.sciencedirect.com/science/journal/1877959X
http://www.elsevier.com/locate/ttbdis
mailto:santunes@ihmt.unl.pt
dx.doi.org/10.1016/j.ttbdis.2014.09.003
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accines is therefore an alternative with clear advantages, allow-
ng the combination of antigens for different pathogens and ticks,
romoting control of both vectors and parasites (de la Fuente and
erino, 2013; Graf et al., 2004; Guerrero et al., 2012).
The main objective of an arthropod-directed vaccine is the con-

rol of vector infestation, causing reduction in vector-transmitted
iseases (VTDs). The impact of vaccines on VTDs can be con-
rmed by (a) reduction in vector populations, which leads to
educed exposure of susceptible hosts to pathogens, (b) reduction
f arthropod vector capacity and preferably and (c) a combination
f both factors (de la Fuente et al., 2007; Merino et al., 2013). With
he exception of the Bm86 antigen, directed against R. microplus,
lready included in a commercial vaccine (Canales et al., 2009;
odriguez et al., 1994; Willadsen, 2006; Willadsen et al., 1989),

dentification of efficient antigens is still a major limitation in the
evelopment of new vaccines (Parizi et al., 2012) stressing the
eed for new experimental approaches or the combination of dif-

erent approaches to develop effective vaccines (de la Fuente and
erino, 2013). A low cost alternative for testing new compounds

irected to tick inoculation of medicines or antibodies against a
pecific protein, while not completely abolishing the need of cattle
se, would significantly reduce it (Gonsioroski et al., 2012; Lew-
abor et al., 2014). One approach to increase the possibilities of
dentifying tick protective antigens is to combine RNAi functional
tudies with in vitro tick feeding. RNAi allows screening of a rela-
ively large number of genes involved in tick-pathogen interactions,
hile in vitro feeding with antibodies against selected candidate

ntigens should provide results more closely resembling vaccine
rotective capacity (Antunes et al., 2014; de la Fuente and Merino,
013).

Tick artificial feeding is a broadly used technique for different
urposes (Almazan et al., 2005; Antunes et al., 2014; Broadwater
t al., 2002; Gonsioroski et al., 2012; Inokuma and Kemp, 1998;
atsuo et al., 2004), besides mimicking the natural process of

eeding, allows blood meal manipulation once the polyclonal or
onoclonal antibodies can be supplemented in the meal (Almazan

t al., 2005; Antunes et al., 2014; Gonsioroski et al., 2012; Lew-Tabor
t al., 2014), with their effects being therefore assessed.

Recently, functional genomics studies identified differentially
xpressed genes in Babesia-infected female Rhipicephalus sp. ticks
Antunes et al., 2012; Heekin et al., 2013; Rachinsky et al., 2007).
hese studies represent a step forward in the characterization of
ew antigens, potential vaccine candidates. Calreticulin (CRT) was

dentified as being involved in the transmission process of B. bigem-
na in R. annulatus ticks (Antunes et al., 2012). CRT is conserved in
rganisms with the exception of yeast and prokaryotes (Persson
t al., 2002). This multifunctional protein is involved in Ca2+ stor-
ge, folding and quality control of newly synthesized glycoproteins
Michalak et al., 2009; Vitale, 2009). Phylogenetic analysis shows

 high evolutionary relationship between tick CRTs and vertebrate
RTs; nevertheless, amino acid divergences among the full-length
rotein sequences of tick CRTs reveal a clear separation of tick CRTs
Parizi et al., 2009).

In ticks, CRT is expressed in salivary glands and saliva, pre-
umably as a mechanism to divert host defensive responses: the
rotein becomes a target for both cell-mediated and innate immune
esponses and parasites might exploit the anti-thrombotic and
omplement-inhibiting characteristics of CRT to suppress host
efense actions (Ferreira et al., 2004; Kovacs et al., 1998). Moreover,
eing secreted to the host it integrates the group of exposed anti-
ens not requiring re-vaccination; thus suggesting that this protein
an be integrated in an anti-tick vaccine (Kaewhom et al., 2008).
Please cite this article in press as: Antunes, S., et al., Artificial feeding o
do not influence tick and Babesia bigemina acquisition. Ticks Tick-born

RT has been used in different immunization studies (Ferreira et al.,
002; Gao et al., 2008; Parizi et al., 2009; Rachinsky et al., 2008).
abbits immunized with Amblyomma americanum CRT exhibited
ecrotic lesions in the tick bite sites, indicating that the immune
 PRESS
e Diseases xxx (2014) xxx–xxx

reaction could disrupt the feeding cycle (Jaworski et al., 1995), vac-
cination of sheep with Haemaphysalis qinghaiensis rCRT conferred
protective immunity against ticks (Gao et al., 2008) or anti-rBmCRT
(R. microplus)  and anti-rHlCRT (H. longicornis)  bovine sera also rec-
ognized the native proteins in larvae extracts (Parizi et al., 2009).
However, in immunization assays with rCRT in cattle against R.
microplus, no effect in tick biological parameters was  observed
mainly due to its low immunogenic capacity in bovines (Ferreira
et al., 2002).

Despite the various studies done with recombinant CRT, the
evaluation of the direct effect of anti CRT antibodies on the tick and
infection using artificial feeding was never conducted. The present
study was designed in agreement to previous similar ones (Antunes
et al., 2014; Gonsioroski et al., 2012) that used similar method-
ology. Herein, groups of adult female ticks (partially engorged R.
microplus) were fed with serum enriched with anti-CRT antibodies
supplemented-bovine blood characterizing CRT potential as anti-
gen for the control of cattle tick infestations and infection with B.
bigemina.

Materials and methods

Babesia bigemina non-infected and infected bovine blood

To obtain B. bigemina infected blood a six months old Holstein
calf was  splenectomized and after 2 weeks, intravenously inoc-
ulated with 2 × 108 cryopreserved B. bigemina (Chiapas Strain).
Infection was  monitored by measuring animal body temperature,
observing hematocrit and peripheral-blood smears. Five days after
inoculation, 500 ml  of bovine blood were collected from the jugu-
lar vein. Non-infected blood was obtained in the same way, from a
healthy babesiosis and anaplasmosis-free bovine. After collection
blood was kept at 37 ◦C and used promptly. Calves were tested for
antibodies to Babesia spp. and Anaplasma spp. infection using an
IFA assay (Knowles et al., 1996; Shkap et al., 2005).

Rhipicephalus microplus ticks

R. microplus ticks (strain Media Joya, CENAPA, México), used
in this study, were produced at the University of Querétaro,
Mexico, being initially acquired from naturally infested cattle. For R.
microplus feeding, a 3–4 months old Holstein calf free from babesio-
sis and anaplasmosis was used. The calf was  infested with larvae
resulting from 0.5 g of R. microplus eggs and 20–21 days after, par-
tially engorged female adults were manually collected.

Expression and purification of rCRT from R. microplus ticks

CRT-corresponding coding sequence was  obtained by PCR.
Primers, forward 5′-CACC AT GCG GCT TCT CTG CAT TTT G-3 and
reverse 5′-CAG TTCTTC GTG CTT GTG GTC-3′ were designed using
as templates the sequences present in GenBank accession num-
bers AY395253 and AY395254 from R. annulatus and R. microplus
respectively. To the forward primer a four base pair sequence
(CACC) was included on the 5′ end necessary for directional cloning.
Two hundred nanogram cDNA of R. microplus were used with
Advantage® 2 PCR polymerase mix  PCR Kit (Clontech, Mountain
View, CA, USA). Positive PCR products were purified using illustra
GFXTM PCR DNA Kit (GE Healthcare, Buckinghamshire, UK), fol-
lowing manufacturer instructions, sequenced (Stab Vida, Almada,
Portugal) and analyzed. Protein sequences were aligned using
the CLUSTAL 2.1 multiple sequence alignment tool (EMBL-EBI;
f Rhipicephalus microplus female ticks with anti calreticulin serum
e Dis. (2014), http://dx.doi.org/10.1016/j.ttbdis.2014.09.003

http://www.ebi.ac.uk/Tools/).
Recombinant CRT with poly-histidine tail was  obtained using

ChampionTM pET101 directional TOPO® Expression Kit (Invitrogen
Life Technologies, Carlsbad, CA, USA). The PCR obtained sequence

dx.doi.org/10.1016/j.ttbdis.2014.09.003
http://www.ebi.ac.uk/Tools/
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as inserted into the pET101/D-TOPO plasmid vector, used to
ransform E. coli OneShot® cells (Invitrogen Life Technologies,
arlsbad, CA, USA). The correct insertion of the target sequence
as confirmed by sequencing and the same vector was used to

ransform BL21 StarTM (DE3) One Shot cells (Invitrogen Life Tech-
ologies, Carlsbad, CA, USA). Recombinant protein expression was

nduced by IPTG (isopropylthiogalactoside) at a concentration of
.5 mM.  The cell culture was lysed by sonication and recombinant
roteins were purified from the soluble fraction of the extracts by
ffinity chromatography using HisTrap HP column (GE Healthcare,
uckinghamshire, UK). Sample purity was determined by SDS-
AGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis)
nd rCRT concentration was obtained by Bradford assay using BSA
bovine serum albumin) as standard.

olyclonal serum production

Four to six weeks old BALB/c mice were immunized intraperi-
oneally with 20 �g of rCRT emulsified with incomplete Freund
djuvant (Sigma–Aldrich) with 3-week intervals. After 4 immun-
zations, blood was collected from the tail of each mouse and the
ntibody titer was determined by indirect ELISA (enzyme-linked
mmunosorbent assay). Briefly, 96-well ELISA plates were coated

ith 0.5 �g/well of rCRT, overnight at 4 ◦C and then blocked with
00 �L/well of 5% (w/v) skim milk in PBS (phosphate buffered
aline) containing 0.05% (v/v) Tween-20 (PBS-T), for 1 hour at room
emperature. The ELISA plates were washed three times with PBS-T
nd mice serum (1:500 and 1:1000 in 100 �L) incubated for 1 h at
7 ◦C following three times wash. Alkaline phosphatase-conjugated
oat anti-mouse IgG antibody (Sigma–Aldrich, St Louis, MO,  USA),
iluted 1:3000 in PBS-T, was after added and incubated for 1 h
t 37 ◦C. After a final five times wash with PBS-T, 100 �L of sub-
trate solution BCIP (5-bromo-4-chloro-3-indolyl phosphate)-NBT
nitro blue tetrazolium) (Bio-Rad, CA, USA), in AP color develop-

ent buffer (Bio-Rad, USA) was added. After 30 min  of incubation
t 37 ◦C, absorbance was read on an ELISA plate reader (Triad Series
ultimode detector, Dynex Technologies, Chantilly, VA, USA) at a
avelength of 405 nm.  Mice were euthanized by cervical disloca-

ion and total blood was  collected. Blood was centrifuged at 1500
PM (revolutions per minute) for 10 min  and serum was collected.
erum against rCRT was used in Western blotting analysis, as well
s in artificial feeding assays. Control serum from PBS immunized
ice was obtained in similar way.

mmunolocalization assays by indirect immunofluorescence

Cattle tick R. microplus tissues (guts, salivary glands and ovaries)
ere dissected in ice-cold PBS buffer from individual engorged

emales. All tissues were washed in PBS giving special attention
o gut samples from which the luminal contents were carefully
emoved and remaining tissues were gently washed from the host
lood excess in the same buffer. Tissues were either used imme-
iately after dissection or stored at −80 ◦C in RNAlater (Ambion,
ustin, TX, USA). Samples were prepared for indirect fluorescent
icroscopy, as described previously in Antunes et al. (2014). To

tain the internal cells, tissues were permeabilized with 0.5% (v/v)
riton X-100 (USB, Cleveland, OH, USA) in PBS for 30 min  and
ashed three times with excess PBS before blocking overnight
ith 3% (w/v) BSA at 4 ◦C. After washing the slides again with

xcess PBS, the anti-rCRT serum diluted (1:100) in blocking solu-
ion, was applied and the slides incubated for 1 h at 37 ◦C. The
lides were then washed three times with PBS and the appro-
Please cite this article in press as: Antunes, S., et al., Artificial feeding of
do not influence tick and Babesia bigemina acquisition. Ticks Tick-born

riate secondary antibody, Alexa Fluor 488 (green)-conjugated
nti-mouse (Molecular Probes), diluted (1:1000) in blocking solu-
ion was applied and slides incubated for 1 h at 37 ◦C. After a
nal PBS wash, a drop of ProLong® Gold Antifade Reagent with
 PRESS
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4′,6′-diamidino-2-phenylindole (DAPI) (Invitrogen Life Technolo-
gies, Carlsbad, CA, USA) was  placed over the tissues and then slides
were sealed with a coverslip. Slides were kept in a moist dark box
until microscopic analysis to prevent drying and fluorescence fad-
ing. Tick tissues sections were visualized under a Nikon eclipse 80i
fluorescence microscope using appropriate filters.

Artificial feeding by capillary tubes

Semi-engorged ticks were cleaned, weighted and fixed over a
polystyrene tray (214 mm × 114 mm)  with double-sided adhesive
tape. Females with weight inferior to 20 mg and superior to 60 mg
were discarded, as well as females showing mouth apparatus dam-
aged. These assays were conducted under controlled environment,
at 26–28 ◦C and a relative humidity of 85%. Experimental groups of
15 females/group were used (group fed with bovine blood, group
fed with bovine blood supplemented with anti-rCRT and a final
group fed with bovine blood supplemented with control serum).
The same procedure was used for bovine blood infected with B.
bigemina. Regarding groups fed with serum supplement roughly
15–20 �L of serum was offered to each tick. Microhematocrit cap-
illary tubes (75 mm × ∅1.5 mm)  were filled with the blood meal
and placed over the ticks’ mouthparts. Tubes were replaced every
2–3 h, as described previously (Gonsioroski et al., 2012). After feed-
ing, ticks were detached from the double-sided tape and weighed
again to determine tick weight increase during feeding. Five ticks
per group were then placed in Petri dishes and incubated at 27 ◦C
and 85% relative humidity for oviposition. Weight increase dur-
ing feeding (mg/tick) and oviposition (weight of eggs/tick in mg)
were compared between ticks fed with blood supplemented with
serum against rCRT and control ticks fed with bovine blood sup-
plemented with control serum by Student’s t test with unequal
variance (P = 0.05).

Determination of Babesia bigemina DNA levels

In order to quantify pathogen DNA levels, 10 ticks per group
were incubated in Petri dishes at 27 ◦C and 85% relative humid-
ity for three days after feeding, then each tick was dissected
and whole internal organs were placed in a 2 ml tube with 1 ml
of Tri Reagent (Sigma–Aldrich, St. Louis, MO,  USA). Total RNA
and DNA were isolated according to the manufacturer’s proto-
col. B. bigemina DNA levels were analyzed by real-time PCR using
the oligonucleotide primers RTBbF 5′-AGCTTGCTTTCACAACTCGCC-
3′/RTBbR 5′-TTGGTGCTTTGACCGACGACAT-3′ to amplify the 16S
rDNA (HQ264118) gene. Real-time PCR was performed using the
iScript SYBR Green RT-PCR Kit (BioRad, Hercules, CA, USA) in a
BioRad IQ5 thermo-cycler following the manufacturer’s recom-
mendations. The B. bigemina 16S rDNA levels were normalized
against tick 16S rDNA (L34310) using the comparative Ct method
(Livak and Schmittgen, 2001; Schefe et al., 2006). Infection levels
in ticks (arbitrary units) were compared between ticks fed with
blood supplemented with serum anti rCRT and control ticks fed
with bovine blood supplemented with control serum by Student’s
t test with unequal variance (P = 0.05).

Characterization of tick CRT mRNA levels

The crt mRNA levels were characterized in 10 ticks per
group by real-time RT-PCR using the oligonucleotide primers5′-
TGAGAGTCTTGTGGGGAAGG-3′ and 5′-CGTCATCCTCCTTCTTGCTC-
3′, that amplify a 171 bp fragment (Antunes et al., 2012). Real-time
 Rhipicephalus microplus female ticks with anti calreticulin serum
e Dis. (2014), http://dx.doi.org/10.1016/j.ttbdis.2014.09.003

RT-PCR was performed using the iScript One-Step RT-PCR Kit with
SYBR Green and thermocycler BioRad IQ5 (Hercules, CA, USA) fol-
lowing the manufacturer’s recommendations. The mRNA levels
were normalized against tick 16S rRNA (Zivkovic et al., 2010) using

dx.doi.org/10.1016/j.ttbdis.2014.09.003
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he comparative Ct method (Livak and Schmittgen, 2001; Schefe
t al., 2006). Normalized mRNA levels were compared between
icks fed with blood supplemented with anti rCRT serum and con-
rol ticks fed with bovine blood supplemented with control serum
y Student’s t test with unequal variance (P = 0.05).

esults and discussion

In a previous study calreticulin was shown to be up regulated
n ticks infected with B. bigemina affecting tick infection when
he expression of the protein was disrupted by RNA interference
Antunes et al., 2012). The present work reports the production
f rCRT protein from R. microplus as a potential antigen to induce
nti-tick immunity.

xpression of rCRT
Please cite this article in press as: Antunes, S., et al., Artificial feeding o
do not influence tick and Babesia bigemina acquisition. Ticks Tick-born

First the crt open reading frame (ORF) was amplified by PCR
sing R. microplus cDNA. The obtained amplicon showed to have
round 1250 bp. The amplicon was cloned in the pET101/D-TOPO
lasmid vector, sequenced, analyzed and assembled sequence was

ig. 1. Alignment of CRT multiple amino acid sequences. Sequences aligned included part
AAR29939), R. microplus (AGK88372), R. sanguineus (AY395275), Ixodes scapularis (AY69
sterisks denote amino acids conserved in all sequences analyzed.
 PRESS
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deposited in GenBank with the accession number. This sequence
was then compared to available sequences for R. annulatus
(AAR29939), R. microplus (AGK88372), R. sanguineus (AY395275),
Ixodes scapularis (AY690335), Amblyomma americanum (U07708)
and Dermacentor variabilis (AY241957), revealing, as expected, a
highly conserved sequence among ticks (Table 1). Additionally,
the obtained sequence was  translated to amino acid sequence and
alignment reveals high conservation of CRT proteins among ticks
(Fig. 1). As discussed in Ferreira et al. (2002) the tick calreticulin
presents the N-terminal domain (N, residues 17–196), the inter-
nal domain (P, residues 197–306), and the C-terminal domain (C,
residues 307–411) and it shares high conservation observed among
the CRT sequences, mainly within the N and P-domains. The C-
domain is more variable, but a high content of acidic residues is
conserved in all sequences.

The recombinant CRT protein (rCRT) was obtained with the
expected molecular weight of 46 kDa (Fliegel et al., 1989; Gao
f Rhipicephalus microplus female ticks with anti calreticulin serum
e Dis. (2014), http://dx.doi.org/10.1016/j.ttbdis.2014.09.003

et al., 2008) and then purified by affinity chromatography (Fig. 2).
The purified rCRT was used for the immunization of BALB/c mice,
being conducted four immunizations and the immune response
followed by ELISA (Fig. 3). As it can be perceived, phylogenetic

 of the rCRT obtained in the present study (put), Rhipicephalus (Boophilus) annulatus
0335), Amblyomma americanum (U07708) and Dermacentor variabilis (AY241957).

dx.doi.org/10.1016/j.ttbdis.2014.09.003
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Table  1
Comparison of the obtained nucleotide sequence with CRT nucleotide sequences available at GenBank. Similarity expressed as percentage.

CRT sequence R. microplus
AY395254

R. annulatus
AY395253

R. sanguineus
AY395275

I. scapularis
AY690335

A. americanum
U07708

D. variabilis
AY241957

CRT sequence 100 99.2 94.7 88.3 77.1 86.4 89
R.  microplus
AY395254

100 93.9 88.4 76.9 86.4 88.9

R.  annulatus
AY395253

100 77.6 73.7 85.3 82.4

R.  sanguineus
AY395275

100 72.3 84.6 82.3

I.  scapularis
AY690335

100 78 75.7

A.  americanum 100 87.4

F
L
a

a
a
t
a
o

F
r

ig. 2. Purified rCRT. SDS-PAGE gel at 12.5% stained with Coomassie-blue. 1 well:
ow Molecular Weight calibration kit for SDS electrophoresis (GE Healthcare); 2nd
nd 3rd wells: 1 �g of purified recombinant protein.

nalysis show a high evolutionary relationship between tick CRTs
Please cite this article in press as: Antunes, S., et al., Artificial feeding of
do not influence tick and Babesia bigemina acquisition. Ticks Tick-born

nd vertebrate CRTs; nevertheless, amino acid divergences among
he full-length protein sequences of tick CRTs reveal a clear sep-
ration of tick CRTs (Parizi et al., 2009) indicating the existence
f different immunogenic epitopes. In fact several studies point to

ig. 3. Serum titer of each mouse after four rCRT immunizations. The dashed line
epresents three times the O.D. of the control serum.
U07708
D. variabilis
AY241957

100

the immunogenicity of tick CRT (Gao et al., 2008; Jaworski et al.,
1995; Parizi et al., 2009; Xu et al., 2004) and, recently, antibodies
against tick CRT were used as a biomarker to tick exposure (Alarcon-
Chaidez et al., 2006; Vu Hai et al., 2013). Within the present study
the rCRT showed to have a weak immunogenicity in mice since
compared to control mice antibody titers were no greater than
1:4000 (Fig. 3). This appears in agreement with Ferreira et al. (2002)
that found that bovines did not raise anti-tick CRT antibodies after
vaccination with R. microplus rCRT. Differences in antigen produc-
tion methodology and on adjuvant used, together with host natural
genetic differences, may  explain the discrepancies in results that
have been obtained in different studies. As in Ferreira et al. (2002)
study, the rCRT used for immunization in the present study did not
have the native conformation therefore some epitopes may  not
have been accessible limiting the immunological response of the
host. Both recombinant proteins were expressed using an affinity
tag, which can influence protein folding/conformation (Smyth et al.,
2003); (Klose et al., 2004). Since the capacity of an antigen to induce
cross-reactive immunity in the host is essential when considering
candidate vaccines to control infestation by multiple tick species,
the CRT protein may  not be an ideal candidate due to the high
similarity to host CRT; more studies using anti-CRT antibodies and
different adjuvants can clarify their effect in vector-tick-pathogen
interactions.

Immunolocalization assays

The ability of the produced antibodies to recognize native
CRT proteins was tested by immunofluorescence in different R.
microplus tissues (Fig. 4) and compared with a negative control
(Fig. 5). We  used fixed paraffin-embedded tissue sections to detect
the presence of CRT protein in tick tissues. Preliminary analysis
showed that anti-CRT antibodies recognized native tick protein in
all tissues (Fig. 4). IFA assays revealed that, as expected, CRT is dis-
persed in salivary glands cells (Gao et al., 2008; Jaworski et al., 1995;
Kaewhom et al., 2008). CRT was also found in ovaries and, in this tis-
sue, a predominantly cytoplasmic localization is clear in immature
eggs. Anti-rCRT antibodies detected native CRT in tick midgut. Due
to the many cellular functions, such as Ca2+ storage and signaling,
it was  expected that this protein would be found in the midgut
(Michalak et al., 1999; Rachinsky et al., 2007).

Artificial feeding

CRT is an attractive candidate to the development of an anti-
 Rhipicephalus microplus female ticks with anti calreticulin serum
e Dis. (2014), http://dx.doi.org/10.1016/j.ttbdis.2014.09.003

tick vaccine since it is highly conserved between ticks and as it is
secreted by the tick to the host integrating the group of exposed
antigens not requiring re-vaccination: feeding of ticks would per
se re-boost the host immune system. The low immunogenicity

dx.doi.org/10.1016/j.ttbdis.2014.09.003
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Fig. 4. Immunofluorescence analysis of cattle tick R. microplus tissues probed with anti-CRT antibodies. Sections of 2–3 �m of different tick tissues were made and subsequently
incubated with anti-CRT serum (1:100). Anti-mouse Alexa Green 488 (Invitrogen) conjugated was used as secondary antibody and slides were visualized under a Nikon
fluorescence microscope. Nuclear DNA was stained with DAPI. (A) Salivary glands section under a fluorescein filter at 400× amplification; (B) salivary glands section with
DAPI  staining; (C) merge of both staining in salivary glands; (D) salivary glands section under a fluorescein filter at 1000× amplification; (E) salivary glands section with DAPI
s uores
o 00× a
o

o
a
1
c
i

T
T

F
w
d

taining; (F) merge of both staining in salivary glands; (G) midgut section under a fl
f  both staining in midgut section; (J) ovaries section under a fluorescein filter at 4
varies section. Bars, 50 �m (A–C); 10 �m (D–I) and 20 �m (G–H).

bserved within the present study is in fact a drawback that can
Please cite this article in press as: Antunes, S., et al., Artificial feeding o
do not influence tick and Babesia bigemina acquisition. Ticks Tick-born

ffect the outcome of the present study. Having this in mind,
5–20 �L of anti-CRT serum was presented to each tick during
apillary feeding assays in an attempt to surpass the low antibod-
es titers. Semi-engorged females were used in accordance with

able 2
ick weight of capillary fed R. microplus females.

Groups Weight (mg) avg ± SD 

Before AF A

A – bovine blood 32.7 ± 6.8 

B  – infected blood (B. bigemina) 32.9 ± 9.4 

C  – blood + anti-CRT serum 29.7 ± 2.7 

D  – blood + control serum 30.1 ± 4.6 

E  – infected blood + control serum 30.3 ± 8.3 

F  – infected blood + anti-CRT serum 36.7 ± 7.6 

ifteen females were fed artificially by capillary tubes. Blood infected with B. bigemina at 0
as  offered to ticks. Around 15–20 �L of serum was  presented to each tick. After 28 h 

igestion. (AF, artificial feeding; avg, average; sd, standard deviation).
cein filter at 1000× amplification; (H) midgut section with DAPI staining; (I) merge
mplification; (K) ovaries section with DAPI staining; (L) merge of both staining in

Gonsioroski et al. (2012) and Sonenshine (1991) that demonstrate
f Rhipicephalus microplus female ticks with anti calreticulin serum
e Dis. (2014), http://dx.doi.org/10.1016/j.ttbdis.2014.09.003

that females within a weight range accept artificial feeding better.
Table 2 summarizes the results acquired relatively to parameters
associated with artificial feeding. A significant weight increment
in all groups was  observed. Statistically, no significant differences

Weight increment

fter AF (mg) avg ± sd (%) avg ± sd

116.6 ± 19.9 83.8 ± 20.7 134.1 ± 48.1
126.2 ± 41.6 93.3 ± 36 195.2 ± 45.6
110.9 ± 20.8 81.2 ± 21.7 139.1 ± 47.8
127.3 ± 29.2 97.2 ± 27.1 162.1 ± 41.7

91.4 ± 29.2 61.1 ± 26.1 104.5 ± 43.3
125.7 ± 37.6 89.1 ± 33.6 122.8 ± 42.6

.7% parasitaemia or non-infected blood, both supplemented or not with antibodies,
ticks were weighted and placed into an incubator for 2–3 days to promote blood

dx.doi.org/10.1016/j.ttbdis.2014.09.003
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Fig. 5. Immunofluorescence analysis of cattle tick tissues probed with pre-immune serum (1:100). Sections of 2–3 �m of different tick tissues were made and subsequently
incubated with pre-immune serum (1:100). Anti-mouse Alexa Green 488 (Invitrogen) conjugated was used as secondary antibody and slides were visualized under a Nikon
fl PI. (A) Salivary glands section under a fluorescein filter; (B) salivary glands section with
D ith under a fluorescein filter; (E) midgut section with DAPI staining; (F) merge of both
s  section with DAPI staining; (I) merge of both staining in ovaries section. Bars 50 �m.
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Fig. 6. Oviposition average in tick groups fed by capillary tubes. Five females of
each group were randomly chosen and oviposition was  allowed. Each specimen
was placed into a 2 ml  Eppendorf tube and incubated at 28 ◦C with an 85% relative
humidity, which promotes oviposition.

Table 3
Babesia bigemina infection levels in partially engorged females after artificial feeding
by  capillary tubes.

Infection levels by B.
bigemina (avg ± sd)

Infected blood B. bigemina 7.89E−03 ± 2.25E−02
Infected blood + control serum 4.36E−03 ± 9.07E−03
Infected blood + anti-CRT serum 2.74E−03 ± 7.96E−03
uorescence microscope at 400× amplification. Nuclear DNA was stained with DA
API  staining; (C) merge of both staining in salivary glands; (D) midgut section w

taining in midgut section; (G) ovaries section under a fluorescein filter; (H) ovaries

ere observed in weight increment between the group fed with
ovine blood and the group fed with infected blood (P > 0.05),
hich is in accordance with previous studies that demonstrate

he lack of impact of infection on blood ingestion by R. microplus
Antunes et al., 2014; Cen-Aguilar et al., 1998; Guglielmone et al.,
989).

Anti CRT serum did not influenced the increment of weight
hen compared to the control group (t-Student’s test P > 0.05).
iven the described putative functions to the CRT protein, which
ppears to be essential for feeding and pathogen transmission
Antunes et al., 2012; Gao et al., 2008; Jaworski et al., 1995;

ichalak et al., 1999), these results were not expected. Instead,
pecimens fed with anti-CRT antibodies should have suffered
eight loss. Concerning reproductive parameters analyzed here

s the oviposition success by the weight of the laid eggs (Fig. 6),
esults demonstrate that infection does not influence the repro-
uctive capacity of ticks (t-Student’s test, P > 0.05) and also anti
RT serum did not influenced these tick parameters (t-Student’s
est, P > 0.05).

Regarding infection levels by B. bigemina, there was an appar-
nt reduction in ticks fed with infected blood supplemented with
nti-rCRT serum, both when compared with the group fed with
nfected blood (±65%) and with the group fed with control serum
±37%) (Table 3). However, these differences were not statistically
ignificant (t-Student’s test, P > 0.05).

As for CRT gene expression, a significant difference exists
Please cite this article in press as: Antunes, S., et al., Artificial feeding of Rhipicephalus microplus female ticks with anti calreticulin serum
do not influence tick and Babesia bigemina acquisition. Ticks Tick-borne Dis. (2014), http://dx.doi.org/10.1016/j.ttbdis.2014.09.003

etween the group fed with infected blood and the group fed
ith healthy blood (t-Student’s test, P < 0.05) (data not shown), as

bserved previously by Antunes et al. (2012), who identified higher
xpression in the infected blood-fed population.

Infection levels of 10 females fed artificially by capillary tubes with blood infected
by  B. bigemina at 0.7% parasitaemia, supplemented or not with antibodies, were
determined by Real Time PCR using the delta delta Ct method and 16S rDNA tick
gene as reference. (avg, average; sd, standard deviation).

dx.doi.org/10.1016/j.ttbdis.2014.09.003
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Tick to tick variation may  have masked the real effect of specific
ntibodies and probably a larger sample number would improve
he discussion of the present results (Antunes et al., 2014). More-
ver, as CRT is a ubiquitous protein (Michalak et al., 1999) quantity
f antibodies presented to ticks may  have not been enough to pro-
ote visible effects: the number of offered antibodies as to be

igher to ensure that a significant number of CRT proteins are
locked in the tick in order to affect tick metabolism. As reported

n Antunes et al. (2014) other factors that could lead to this lack
f effect on infection acquisition were the levels of parasitaemia in
lood used for capillary feeding (0.7% infected erythrocytes in the
resent study) that may  need to be higher to evidence the effect of
he antibodies on pathogen infection and differences in pathogen
nfection mechanisms between in vivo tick feeding and in vitro cap-
llary feeding. Although Inokuma and Kemp (1998) showed that
t is possible to infect cattle ticks with B. bigemina using capillary
eeding with infected blood, Kocan et al. (2005) demonstrated that
he in vitro capillary feeding system does not reproduce in vivo A.
arginale infection in ticks. Despite all these possibilities, under the

onditions this study was undertaken, CRT shows not to be a good
andidate for vaccine development since ingested antibodies did
ot affect any of the analyzed parameters. Also, the results obtained

n the present study suggest that using serum, while raising the
umber of available antibodies in the meal, limited the amount of
pecific antibodies ingested by the specimens.

onclusions

Herein recombinant CRT protein was expressed in an E. coli
xpression system. For being such a conserved protein, mice immu-
ization resulted in a low immunogenic response and as a result
igh titers of anti-CRT antibody were not obtained. The central
bjective of this study was to evaluate the CRT antigen using in vitro
ick feeding with antibodies directed against tick CRT involved in
ick-pathogen interactions, as determined by systems biology and
NAi functional studies. R. microplus females were successfully arti-
cially fed with infected and healthy bovine blood supplemented
ith anti-CRT serum with remarkable gain weight in all experimen-

al groups. Also, after artificial feeding with infected and uninfected
lood, the crt levels were found to be statistically different between
roups in accordance to previous studies showing that this feeding
ethod in fact mimics natural feeding. No significant reductions in

ick body and egg weight were observed when ticks were fed with
nti-rCRT serum. Regarding B. bigemina infection levels, in groups
ed with infected blood containing anti-rCRT antibodies did not
how a statistically significant decrease. The results reported here
how that using in vitro tick capillary the recombinant CRT is not a
ood candidate for anti-tick vaccine development. A possible alter-
ative to obtain different results could be the use of monoclonal
ntibody directed to protective epitopes. More studies focused in
hese protective epitopes can contribute not only to the character-
zation of this CRT protein but also to understand if surpassing the
ow immunogenic capacity of this protein would suffice to obtain
ifferent outcomes.
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