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Thesis Structure 

This thesis is focused on  the antigenic characterization of proteins encoded 

by genes differentially expressed in ticks in response to infection with 

Anaplasma marginale and Babesia bigemina. 

Chapter 1 is a literature review of tick vaccines and the impact they have 

on tick-borne pathogens. 

Chapter 2 describes an experiment to characterize the protein subolesin for 

control tick infestations and tick pathogen infections. 

In Chapter 3 proteins involved in tick-pathogen interactions were 

characterized by immunofluorescence and vaccination as new approach to 

control of infestations and tick pathogen infections. 

In Chapter 4, based on the previous results, the use of an algorithm that 

translates molecular events of tick-pathogen interaction in new vaccine 

strategies for the control tick infestations and control of tick-borne 

pathogens was presented. 

Finally, we report the conclusions of the research presented in this thesis. 
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Chapter I 

Introduction: Tick vaccines and the control of tick-borne 
pathogens 

Merino, O., Alberdi, P., Pérez de la Lastra, J.M., de la Fuente, J. 2013. Tick vaccines and the control 
of tick-borne pathogens. Frontiers in Cellular and Infection Microbiology 3: 30. 
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Ticks are obligate hematophagous ectoparasites that transmit a wide variety of pathogens
to humans and animals. The incidence of tick-borne diseases has increased worldwide
in both humans and domestic animals over the past years resulting in greater interest in
the study of tick-host-pathogen interactions. Advances in vector and pathogen genomics
and proteomics have moved forward our knowledge of the vector-pathogen interactions
that take place during the colonization and transmission of arthropod-borne microbes.
Tick-borne pathogens adapt from the vector to the mammalian host by differential gene
expression thus modulating host processes. In recent years, studies have shown that
targeting tick proteins by vaccination can not only reduce tick feeding and reproduction,
but also the infection and transmission of pathogens from the tick to the vertebrate host.
In this article, we review the tick-protective antigens that have been identified for the
formulation of tick vaccines and the effect of these vaccines on the control of tick-borne
pathogens.

Keywords: tick-borne pathogens, vaccine, transmission-blocking, tick, vector

INTRODUCTION
Ticks are of great medical and veterinary importance as they
can transmit a wide variety of infectious agents (de la Fuente
et al., 2008a). The family Ixodidae comprises hard ticks of
the Amblyomma, Dermacentor, Rhipicephalus, and Ixodes spp.
that not only inflict direct damage to their host but also rank
second to mosquitoes as vectors of disease. The Ixodes rici-
nus species alone transmits viruses, bacteria, and protozoa that
cause in humans tick-borne encephalitis, Lyme disease, and
babesiosis, respectively (de la Fuente et al., 2008a). In cat-
tle, anaplasmosis caused by Anaplasma spp., and babesiosis,
caused by Babesia spp., are two of the most important dis-
eases transmitted by Rhipicephalus spp. ticks (Merino et al.,
2011a).

Vector-borne diseases are on the increase and new infec-
tious agents are also emerging leading to significant public
health concerns as potential zoonotic disease threats (Parola and
Raoult, 2001; de la Fuente and Estrada-Peña, 2012). Amongst
other factors, climate change itself can have an adverse effect
on the distribution of ticks and tick-borne diseases. It is
predicted that more than 50% of tick species of the genus
Rhipicephalus (Boophilus) could expand its range in Africa, with
more than 70% of this range expansion linked to economically
important tick species such as R. appendiculatus, R. microplus,
or R. decoloratus (Estrada-Peña et al., 2006; Olwoch et al.,
2007).

The ultimate goal of arthropod vector vaccines is the control of
vector infestations and vector-borne diseases (VBD). The effect of
vector vaccines on VBD could be obtained by (a) reducing vector
populations and thus the exposure of susceptible hosts to vector-
borne pathogens, (b) reducing the arthropod vector capacity for
pathogen transmission, and, preferably, (c) a combination of
these factors.

Herein, we review recent advances in tick vaccine develop-
ment focused on discovery and characterization of tick protective
antigens that impact on pathogen infection and transmission.
Identification of molecules essential for both tick survival and
pathogen infection and transmission will likely contribute to the
discovery of novel vaccine strategies for the simultaneous control
of ticks and tick-borne pathogens (Figure 1).

CONTROL METHODS FOR TICKS AND TICK-BORNE
DISEASES
A major component of integrated tick control has been the appli-
cation of acaricides. However, their use has had limited efficacy
in reducing tick infestations and is often accompanied by seri-
ous drawbacks, including the selection of acaricide-resistant ticks,
environmental contamination and contamination of milk and
meat products with drug residues (Graf et al., 2004; Ghosh et al.,
2007).

An alternative host-targeted method involves the elimination
of ticks from the host using baits impregnated with different com-
pounds such as acaricides or antibiotics. Immature I. scapularis
ticks were eliminated from mice using bait boxes impregnated
with fipronil, therefore reducing the subsequent populations
of nymphs and adults and thus reducing the proportion of
ticks infected with the Lyme disease agent, Borrelia burgdorferi
(Sonenshine et al., 2006). Field trials by Dolan et al. (2011)
have revealed that infections rates with A. phagocytophilum and
B. burgdorferi can be significantly reduced in both rodent reser-
voirs and ticks I. scapularis using antibiotic-treated baits. Thus
this method can successfully reduce tick infestations and may also
help to reduce pathogen transmission but can also contribute to
the selection of acaricide and/or antibiotic resistant ticks.

Ecological approaches to control diseases involve intervention
in the natural cycle of disease agents vaccinating wild reservoirs
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FIGURE 1 | Transmission blocking vaccines based on tick recombinant

proteins aim to reduce vector infestations and the infection and

transmission of vector-borne pathogens (VBP).

but the effects may be complex and hard to predict. For instance,
Tsao et al. (2004) immunized white-footed mice, reservoir host
for the Lyme disease agent, with a recombinant outer surface pro-
tein A (OspA). Even though vaccination significantly reduced the
prevalence of B. burgdorferi in nymphal ticks, the results also indi-
cated that non-mouse hosts played a larger than expected role in
infection dynamics, suggesting the need to vaccinate additional
hosts.

Entomopathogenic fungi, such as Metarhizium anisopliae and
Beauveria bassiana, are active against a range of several eco-
nomically important species of ticks under laboratory and field
conditions, for example R. annulatus (Pirali-Kheirabadi et al.,
2007), I. scapularis (Hornbostel et al., 2005), R. appendiculatus
and A. variegatum (Kaaya et al., 1996). Despite the relative safety
of this type of biocontrol method they haven’t been successfully
implemented as yet because of their environmental instability,
and potential damage to non-target species.

Ticks can harbor a wide range of endosymbiotic bacte-
ria including Rickettsia, Francisella, Coxiella, and Arsenophonus,
amongst others (Alberdi et al., 2012). Tick control strategies could
be devised based on interference with their endosymbionts for
the control of these vectors and the pathogens they hold (Ghosh
et al., 2007). For instance, Wolbachia pipientis when transfected
into Aedes aegypti mosquitoes hinders the replication of Dengue
and Chikungunya viruses (Iturbe-Ormaetxe et al., 2011).

Vaccination is an attractive alternative for the control of
tick infestations and pathogen infections as it is a more
environmentally friendly method. By targeting a common vec-
tor, several tick-borne diseases can be controlled simultane-
ously (Brossard, 1998; de la Fuente et al., 1998, 2007a,b, 2011;
Rodríguez Valle et al., 2004; Almazán et al., 2005b). Since vector-
borne pathogens exploit tick proteins to establish an infection,
targeting the pathogen in the vector by blocking transmission
is an innovative and promising method to control vector-borne

infections (Lee and Opdebeeck, 1999; Havlíková et al., 2009).
However, the selection of suitable antigens is a major constraint
on vaccine development.

FINDING CANDIDATE TICK PROTECTIVE ANTIGENS
Candidate tick protective antigens have been identified using
high throughput screening technologies allowing rapid, system-
atic and global antigen screening and providing a comprehen-
sive approach for the selection of candidate vaccine antigens
(Diatchenko et al., 1999; Almazán et al., 2003; Antunes et al.,
2012). Other screening approaches include using RNA interfer-
ence (RNAi) (de la Fuente et al., 2005, 2008b, 2010; Almazán et al.,
2010; Kocan et al., 2011) and capillary feeding (Almazán et al.,
2005a; Canales et al., 2009a; Gonsioroski et al., 2012; Rodriguez-
Valle et al., 2012). Using a functional genomics approach, Antunes
et al. (2012) identified differentially expressed genes in B. bigem-
ina-infected Riphicephalus ticks. TROSPA and serum amyloid A
in particular significantly reduced bacterial infection levels in the
ticks. Other methods such as protein arrays (Manzano-Román
et al., 2012) and yeast surface display (Schuijt et al., 2011b) have
also been proposed for the identification and characterization of
antigens that elicit tick immunity.

The tick protective antigen, Subolesin, was discovered by
expression library immunization and evaluation of expressed
sequence tags (Almazán et al., 2003). Ghosh et al. (2008)
employed strategic methods for the isolation of targeted
molecules using affinity purification of proteins showing reac-
tivity with immunoglobulins of animals previously immunized
with different sources of tick antigens. Rachinsky et al. (2008)
investigated the differences in protein expression in midgut tis-
sue of uninfected and Babesia bovis-infected R. microplus ticks
to establish a proteome database containing proteins involved in
pathogen transmission. As pathogen neutralization occurs within
the feeding vector, the development of a successful transmission-
blocking vaccine requires that the antigen induce high and
long-lasting circulating antibody titers in immunized hosts.

Nano/microparticle technologies can be applied toward the
development of transmission-blocking vaccines that target anti-
gens expressed only inside the vector. Although not yet used in
ticks, experiments by Dinglasan et al. (2013) showed that a single
inoculation and controlled release of mosquito antigen in mice,
elicited long-lasting protective antibody titers against malaria sex-
ual stages. Conserved carbohydrate targets have been identified
in the midgut of arthropod species (Dinglasan et al., 2005) and
are a promising tool for the elaboration of transmission blocking
vaccines that control a wide range of arthropod vectors.

SPECIFIC TICK ANTIGENS AND THEIR EFFECT ON
PATHOGEN TRANSMISSION (SEE TABLE 1)
BM86-BASED VACCINES
Tick vaccines became commercially available in the early 1990’s
for the control of cattle tick infestations (Willadsen et al., 1995;
Canales et al., 1997; de la Fuente et al., 1998, 2007b). TickGARD
(in Australia) and Gavac (in Latin American countries) are both
derived from R. microplus midgut membrane-bound recom-
binant protein BM86. The protective action of BM86-based
vaccines in cattle is due to the positive correlation between
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Table 1 | Overview of tick protective antigens and their effect on the control of tick-borne pathogens.

Vaccinated hosts (N)a Recombinant

tick antigen

Vectorb Pathogenc Reduction in vector

infectiond

References

Cattle (>260,000) Bm86 R. microplus Babesia sp. 76%e de la Fuente et al., 1998

Cattle (>260,000) Bm86 R. microplus Anaplasma sp. No effect de la Fuente et al., 1998

Cattle (5) Ba86 R. annulatus Babesia sp. N/D Canales et al., 2009a

Cattle (5) Ba86 R. annulatus Anaplasma sp. N/D Canales et al., 2009a

Rabbit (4) Bm95 R. microplus Babesia sp. N/D Canales et al., 2009b

Rabbit (4) Bm95 R. microplus Anaplasma sp. N/D Canales et al., 2009b

Cattle (5) HGAg H. a. anatolicum Theileria annulata 10% Das et al., 2005; Ghosh
et al., 2008;

Cattle (5) Haa86 H. a. anatolicum Theileria annulata 3 calves survived
lethal challenge

Jeyabal et al., 2010

Cattle (5) Bm91 R. microplus Babesia, N/D Willadsen et al., 1996

Cattle (5) Bm91 R. microplus Anaplasma N/D Willadsen et al., 1996

Mice (5) SUB I. scapularis A. phagocytophilum 33% de la Fuente et al., 2006b

Cattle (4) SUB R. microplus A. marginale 98% Merino et al., 2011b

Cattle (4) SUB R. microplus B. bigemina 99% Merino et al., 2011b

Mice (15) SUB I. scapularis B. burgdorferi 40% Bensaci et al., 2012

Mice (10) 64TPR I. ricinus TBEV 52% Labuda et al., 2006

Rabbits (2); Cattle (4) RmFER2 I. ricinus, R.
microplus, R.
annulatus

Anaplasma sp.,
Babesia sp.

N/D Hajdusek et al., 2010

Mice (5) Salp15 I. scapularis B. burgdorferi 60% Dai et al., 2009

Mice (5) Salp25D I. scapularis B. burgdorferi Three-fold Narasimhan et al., 2007

Cattle (5) RAS-3, RAS-4,
RIM36 coktail

R. appendiculatus T. parva 38% Imamura et al., 2008

Mice (5) TROSPA I. scapularis B. burgdorferi 75% Pal et al., 2004

Mice (5) tHRF I. scapularis B. burgdorferi 20–30% mice fully
protected

Dai et al., 2010

Mice (3) TSLPI I. scapularis B. burgdorferi 30% Schuijt et al., 2011a

aN, number of individuals per group.
bArthropod vector species in which vaccine was tested.
cPathogen species in which the effect of vaccination was tested.
d Reduction in vector infection was determined with respect to the control group vaccinated with adjuvant/saline.
eOverall reduction in the incidence of dead animals caused by infections with Babesia sp. after vaccination.

Abbreviation: N/D, not determined.

antigen-specific antibodies and reduction of ticks infestations and
fertility (Rodríguez et al., 1995; de la Fuente et al., 1998; Merino
et al., 2011a). The mechanism by which BM86 immunization
affects ticks involves antibody-antigen interaction that interferes
with the still unknown BM86 biological function thus reduc-
ing the number, weight and reproductive capacity of engorging
female ticks (de la Fuente et al., 1998, 1999). As a result, the preva-
lence of some tick-borne pathogens can indirectly be affected (de
la Fuente et al., 2007b). Vaccine trials with BM86 resulted in a
reduction in the incidence of babesiosis, as well as reduced tick
infestations in vaccinated cattle herds, and these results were cor-
roborated in extensive field trials (de la Fuente et al., 1998, 2007a;
Rodríguez Valle et al., 2004). However, because A. marginale
is also mechanically transmitted by blood-contaminated mouth
parts of biting insects and fomites, BM86 antigen vaccination
controlled the transmission of A. marginale only in regions where
ticks are the main vectors (de la Fuente et al., 1998).

Despite the effectiveness of these commercial BM86-based vac-
cines for the control of cattle tick infestations, they show strain-to
strain variation in efficacy and are effective against Rhipicephalus
tick species mainly (de la Fuente and Kocan, 2003; Willadsen,
2006; de la Fuente et al., 2007a,b; Odongo et al., 2007) hence the
need to develop improved vaccine formulations (Guerrero et al.,
2012).

BM86 ORTHOLOGS AND HOMOLOGS
BA86 is a recombinant R. annulatus BM86 ortholog protein
with over 90% similarity to BM86 (Canales et al., 2008).
Experimental trials in cattle proved the efficacy of recombi-
nant BA86 for the control of R. annulatus and R. microplus
infestations, showing that the efficacy of both BM86 and BA86
is higher against R. annulatus. These results suggested that
physiological differences between R. microplus and R. annu-
latus and those encoded in the sequence of BM86 orthologs
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may be responsible for the differences in susceptibility of tick
species to BM86 vaccines (Canales et al., 2009a; Jeyabal et al.,
2010).

A BM86 ortholog of Hyalomma anatolicum anatolicum,
HAA86, was cloned and expressed by Azhahianambi et al. (2009).
Jeyabal et al. (2010) reported that vaccination of cattle with
the recombinant HAA86 antigen did not only protect against
homologous tick challenge but also reduced tick transmission
of Theileria annulata, thus protecting the animals against lethal
exposure.

The R. microplus BM95 glycoprotein is a BM86 homologue
that protects cattle against infestations by South American cat-
tle tick strains not protected by BM86 vaccination (Canales et al.,
2009b). Studies with BM95 have shown it protects against a
broader range of tick strain infestations suggesting BM95 could
be a more universal antigen against infestations by R. microplus
strains from different geographical areas (García-García et al.,
2000; de la Fuente and Kocan, 2003).

The number of new upcoming promising targets that can
affect both tick infestations and pathogen transmission is rising.
Nijhof et al. (2010) have recently identified a novel protein from
metastriate ticks with structural similarities to BM86, named
ATAQ after a part of its signature peptide. Although its function
is unknown, ATAQ is expressed in both midguts and Malpighian
tubules, while BM86 is expressed only in midguts. The vaccine
efficacy of recombinant ATAQ proteins against tick infestations
has not been evaluated but it may constitute a good vaccine candi-
date with an increased cross-protective effect against heterologous
ticks compared to BM86-based vaccines because ATAQ proteins
are more conserved.

TICK SALIVARY PROTEINS
Arthropod vectors induce immunosuppression in the host dur-
ing feeding and secrete pathogen transmission-enhancing factors
that counteract host rejection responses. For example, the Lyme
disease agent B. burgdorferi exploits tick salivary proteins (B-cell
inhibitory protein BIP and Salp15 from I. ricinus and I. scapularis,
respectively) to facilitate transmission to the mammalian host
(Anguita et al., 2002, 2003; Hannier et al., 2004; Ramamoorthi
et al., 2005). During feeding, tick salivary glands secrete a large
variety of pharmacologically active molecules with immunosup-
presive properties that facilitate pathogen transmission and are
potential candidates for anti-tick vaccines that limit infestations
and interfere with tick-borne pathogen transmission (Valenzuela,
2002; Ribeiro and Francischetti, 2003; Nuttall et al., 2006; Titus
et al., 2006; Nuttall, 2009).

64TRP is a 15 kDa protein that resembles mammalian host
skin proteins, identified in expression libraries as a putative
tick cement protein involved in the attachment and feeding
of R. appendiculatus (Trimnell et al., 2002; Havlíková et al.,
2009). The protein derives from the cement cone that secures
the tick’s mouthparts in the host skin and, as a broad-spectrum
vaccine antigen, is effective against adult and immature stages
of several tick species, including I. ricinus (Trimnell et al.,
2005). Recombinant forms of R. appendiculatus 64TRP induce
potent humoral and delayed type hypersensitivity responses
(Trimnell et al., 2002). In hamster, guinea pig and rabbit models

this cement antigen acts as a dual-action vaccine by target-
ing the tick-feeding site (impairing attachment and feeding)
and cross-reacting with “concealed” midgut antigens, result-
ing in death of engorged ticks (Trimnell et al., 2002, 2005;
Havlíková et al., 2009). Histological and immunocytological
studies have indicated that the key mode of action of 64TRP
immunisation is the local cutaneous delayed type hypersensi-
tivity response induced at the skin site of tick feeding (Labuda
et al., 2006). Recent experiments have illustrated how vaccina-
tion with this antigen also affects tick vector capacity. Labuda
et al. (2006) reported that vaccination of mice with 64TRPP
antigen prevented transmission of tick-borne encephalitis virus
(TBEV) by I. ricinus thus having a protective effect on pathogen
transmission.

Salp15 is another secreted salivary protein with host
immunosuppressive properties, inhibiting CD4+ T-cell activation
(Anguita et al., 2002), complement activity (Schuijt et al., 2008),
and dendritic cell function (Hovius et al., 2008a). OspC is an
outer surface protein produced by B. burgdorferi. When ticks take
a blood meal, the spirochetes initiate its synthesis in the midguts
of infected ticks. Salp15 physically binds to OspC on B. burgdor-
feri spirochetes surface during exit from the salivary glands,
facilitating the survival of spirochetes, pathogen transmission
and host infection (Ramamoorthi et al., 2005; Dai et al., 2009).
Salp15-OspC interaction potentially conceals OspC from the
host immune response protecting the spirochete (Ramamoorthi
et al., 2005). Mice immunized with recombinant Salp15 and chal-
lenged with B. burgdorferi infected nymphs were significantly
protected from infection (Dai et al., 2009). Antibodies directed
against Salp15 may separate Salp15 away from OspC leaving
it exposed to the immune responses, or, hypothetically, Salp15
antibodies could bind to Salp15-coated spirochetes and release
the spirochetes more effectively to phagocytes (Dai et al., 2009).
Immunization of murine hosts with a combination of Salp15
and OspA provide better protection from B. burgdorferi infec-
tion than either alone (Dai et al., 2009). Salp15 homologs have
been identified in I. ricinus ticks, they also bind B. garinii and B.
afzelii OspC to facilitate spirochete transmission (Hovius et al.,
2008b).

Salp25D is expressed by I. scapularis salivary glands and
midguts (Das et al., 2001) and has homology to peroxiredox-
ins antioxidants (Barr and Gedamu, 2003). Immunization of
mice with rSalp25D reduces Borrelia acquisition by I. scapu-
laris (Narasimhan et al., 2007) demonstrating it plays a criti-
cal role during tick feeding in the mammalian host, protecting
the bacteria from reactive oxygen produced by neutrophils and
facilitating Borrelia acquisition by ticks. Therefore it could be
used to vaccinate reservoir hosts to interrupt the spirochete
life cycle and reduce its prevalence in ticks in Lyme disease
endemic areas. Interestingly, Salp25D does not influence trans-
mission from the tick to the mammalian host (Narasimhan et al.,
2007).

The tick histamine release factor (tHRF) from I. scapularis
was characterized by Dai et al. (2010). tHRF is secreted in tick
saliva, upregulated in B. burgdorferi-infected ticks and it appears
to have a role in tick engorgement and efficient B. burgdor-
feri transmission (Dai et al., 2010). Silencing tHRF by RNAi
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significantly impaired tick feeding and decreased B. burgdorferi
infection levels in mice. Actively immunized mice with recom-
binant tHRF, or passively transferring tHRF antiserum, also
markedly reduced the efficiency of tick feeding and B. burgdorferi
infection in mice. Blocking tHRF might offer a viable strat-
egy to develop vaccines that block tick feeding and therefore
transmission of tick-borne pathogens.

The I. scapularis salivary protein TSLPI (Tick Salivary Lectin
Pathway Inhibitor) identified by Schuijt et al. (2011a) protects
B. burgdorferi from direct killing by the host complement sys-
tem. Silencing TSLPI mRNA significantly reduces Borrelia loads
in nymphs and also impairs transmission to mice. TSLPI plays a
significant role in both transmission and acquisition of Borrelia
(Schuijt et al., 2011a) but immunization against rTSLPI does not
completely block bacterial transmission from the tick to the host,
suggesting the need for a combination of tick proteins in future
tick antigen-based vaccines to prevent Lyme disease (Schuijt et al.,
2011b).

OTHER TICK PROTEINS
Ferritins are iron-storage proteins that play a pivotal role in
the homeostasis of iron during tick feeding. A common heavy
chain type ferritin 2 (Kopacek et al., 2003), without functional
orthologs in vertebrates, has been recently characterized as a
gut-specific protein secreted into the tick hemolymph, where it
acts as an iron transporter (Hajdusek et al., 2009). Ferritin 2
(RmFER2) knockdown by RNAi and vaccination with the recom-
binant protein resulted in reduction of feeding, oviposition and
fertility in I. ricinus, R. microplus and R. annulatus (Hajdusek
et al., 2009, 2010) thus highlighting its potential use as a future
dual action tick and tick-borne diseases protective antigen candi-
date.

TROSPA is a tick receptor for B. burgdorferi OspA that has
been identified in the tick midgut (Pal et al., 2004; Antunes
et al., 2012). Tick-borne pathogens can adapt from the vector to
the mammalian host by differential gene expression. For exam-
ple, outer surface proteins OspA and OspB are produced when
Lyme disease spirochetes enter and reside in ticks (Pal and Fikrig,
2003) but they are downregulated during transmission to the
host. Other genes that facilitate transmission from ticks and col-
onization of the host such as bba52 and OspC are upregulated.
TROSPA expression is upregulated during B. burgdorferi infec-
tion and downregulated during tick engorgement. The recep-
tor’s physiological function is unknown but binding of OspA
to TROSPA is essential for B. burgdorferi to colonize the tick
gut, thus supporting bacterial infection in the vector (Pal et al.,
2004). B. burgdorferi infection enhances expression of specific
tick genes such as TROSPA and salp15 that can be targeted
to prevent the transmission of Borrelia spirochetes and other
tick-borne microbes (Hovius et al., 2007). Blocking TROSPA
with TROSPA antisera or via RNA interference (RNAi) reduces
B. burgdorferi adherence to the gut of I. scapularis, and as a
result reduces bacterial colonization of the vector and, potentially,
pathogen transmission to the host (Pal et al., 2004). Bacterial
OspA has been used as a Lyme disease vaccine that blocks
pathogen transmission as anti-OspA antibodies destroy the spiro-
chetes in the tick gut before transmission to the host occurs (Pal

et al., 2000). Studies by Tsao et al. (2001) suggested that vac-
cination of mice with OspA could reduce transmission of the
bacteria to the tick vector regardless of whether the reservoir
host was previously infected or not. A combination of OspA with
TROSPA antigens may enhance vaccine protective efficacy against
Lyme disease.

Serpins (serine protease inhibitors) are a large family of struc-
turally related proteins found in a wide variety of organisms,
including hematophagous arthropods. They are known to regu-
late many important functions such as blood coagulation, food
digestion, inflammatory and immune responses (Mulenga et al.,
2001) and therefore are attractive target antigens for tick vac-
cine development. Combining different serpins to vaccinate cat-
tle results in a reduction of engorgement rates and increased
mortality of Haemaphysalis and Rhipicephalus ticks (Imamura
et al., 2005, 2006). Furthermore, immunization of cattle with a
cocktail vaccine containing recombinant R. appendiculatus ser-
pins RAS-3, RAS-4, and a 36 kDa immune-dominant protein
RIM36, reduces tick infestations and also has an effect on the
tick mortality rate of Theileria parva-infected ticks by increas-
ing it from 10.8 to 48.5% in the vaccinated group (Imamura
et al., 2008). Infection of cattle with T. parva could not be pre-
vented by the vaccine although the presence of the pathogen
in peripheral blood was delayed by a couple of days indicating
the vaccine also had an effect on pathogen transmission to the
mammalian host.

Tick Subolesin (SUB), the ortholog of insect and verte-
brate akirins (AKR) (de la Fuente et al., 2006a; Goto et al.,
2008; Canales et al., 2009c; Galindo et al., 2009; Macqueen and
Johnston, 2009; Mangold et al., 2009), was discovered as a tick
protective antigen in I. scapularis (Almazán et al., 2003). Most
vertebrates have two closely related AKR homologues, AKR1
and AKR2 (Goto et al., 2008). Only one SUB/AKR gene has
been identified in insects and ticks, which is evolutionary and
functionally related to mammalian AKR2 (de la Fuente et al.,
2006a; Goto et al., 2008; Galindo et al., 2009; Macqueen and
Johnston, 2009). SUB has a role in tick immunity and other
molecular pathways and has been shown to protect against tick
infestations and infection by vector-borne pathogen such as
A. phagocytophilum, A. marginale, B. bigemina, and B. burgdor-
feri (de la Fuente et al., 2006b; Merino et al., 2011b; Bensaci
et al., 2012). RNAi experiments have demonstrated that SUB
knockdown affects the expression of genes involved in multiple
cellular pathways (de la Fuente et al., 2006c, 2008c). It also has
an effect on pathogen infection by reducing tick innate immu-
nity that results in higher infection levels but also indirectly by
affecting tick tissue structure and function and the expression of
genes required for pathogen infection, therefore interfering with
pathogen infection and multiplication (Zivkovic et al., 2010; de
la Fuente et al., 2011) (Figure 2). Vaccines containing conserved
SUB/AKR protective epitopes have been shown to protect against
tick, mosquito and sand fly infestations, thus suggesting the pos-
sibility of developing universal vaccines for the control of arthro-
pod vector infestations (Moreno-Cid et al., 2013). However, the
effects of SUB/AKR vaccines on vector-borne viruses showed no
effect on tick-borne encephalitis virus infection and transmission
(Havlíková et al., 2013).
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FIGURE 2 | Model for Subolesin role in pathogen infection. Targeting SUB
by vaccination or RNAi reduces tick immunity, thereby increasing pathogen
infection levels. However, lower pathogen infection levels may result from the
effect on tissue structure and function and the expression of genes that are
important for pathogen infection and multiplication. Both direct and indirect
effects of targeting SUB results in lower tick infestations, feeding and fertility.

CONCLUSIONS AND FUTURE DIRECTIONS
This review has focused on studies showing the effects of tick anti-
gens on the control of tick-borne pathogens by either decreasing
the exposure of susceptible hosts to infected ticks (i.e., BM86) or
by reducing tick vector capacity (i.e., TROSPA) (Kocan, 1995; de
la Fuente and Kocan, 2003; Willadsen, 2006; de la Fuente et al.,
2007a,b).

Tick-borne pathogens are maintained in a complex enzootic
infection cycle involving ticks and vertebrate hosts (Wilson,
2002). Our understanding of the biology of vector-pathogen
interactions, primarily involving model insects has advanced
over the past decades. However, our knowledge of tick biology,
especially the molecular interactions with the pathogens they
maintain and transmit, and the mechanism by which the tick
immune response influences invading pathogens, remains insuf-
ficient. The relative fitness of a pathogen within the vector can be
a major determinant of pathogen prevalence within the vertebrate

host population. For example, strains of the tick-borne rickettsia
A. marginale differ markedly in their transmission efficiency (Ueti
et al., 2009). These areas are understudied but important and
warrant future investigation.

Transmission-blocking vaccines that interfere with specific
aspects of tick physiology important for arthropod survival or
development may prevent multiple infections that are often co-
transmitted by a single tick species, an advantage over vaccines
which only target particular pathogens. For example, immuniza-
tion of hosts using SUB significantly inhibits tick infection with
multiple pathogens such as A. marginale and B. bigemina (Merino
et al., 2011b).

Progress in the development of transmission blocking vaccines
has been slow. The limiting step in the development of vector
vaccines has been the identification of new antigens that induce
protective immune responses whilst preventing pathogen trans-
mission (de la Fuente and Kocan, 2003). The number of proteins
that may be of value as antigens has continued to increase quite
rapidly over recent years but there have not been many reports
of their actual assessment in vaccination trials (Willadsen, 2004;
Guerrero et al., 2012). Very few antigens appear to be highly
effective on their own suggesting the need for a multi-antigen
or chimeric vaccine that incorporates critical tick and pathogen
antigenic epitopes (Almazán et al., 2012; Parizi et al., 2012b;
Moreno-Cid et al., 2013) to elicit synergistic anti-pathogen and
anti-tick immune responses.

The selection of new vaccine antigens from the study of
tick-pathogen interactions using systems biology requires the
development of algorithm that allow the selection of the most
effective targets to control tick infestations and pathogen trans-
mission (de la Fuente, 2012).

Finally, identification of new protective antigens that are
conserved across vector species, with similar structure and/or
sequence motifs, may provide the opportunity to develop a uni-
versal and so more commercially viable vaccine for the control
of multiple arthropod infestations and their associated pathogens
(de la Fuente et al., 2011; Parizi et al., 2012a; Moreno-Cid et al.,
2013).
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Hypothesis and Objectives
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Hypothesis: 

Tick proteins found to be involved in tick-pathogen interactions could be 

used for the development of vaccines with the dual effect of reducing 

vector infestations and tick pathogen infection. 

Objectives: 

1. To characterize vaccination of cattle with tick Subolesin for the control

of tick infestations and tick pathogen infections. 

2. To characterize tick proteins involved in tick-pathogen interactions for

the control of vector infestations and pathogen infections. 

14



Development of objectives 

15



DEVELOPMENT OF OBJECTIVES 

Objective 1 is addressed in Chapter 2. In Chapter 2a vaccination trials 

using the tick antigen subolesin and RNAi of subolesin were tested for 

control of Rhipicephalus (Boophilus) microplus tick infestations. In 

Chapter 2b the subolesin tick protein was chosen as a target protein for 

control Rhipicephalus (Boophilus) microplus tick infestations and for 

reduction of tick infections of the pathogens A. marginale and B. bigemina. 

Objective 2 was addressed in Chapter 3. In Chapter 3a characterization 

of proteins involved in tick-pathogen interactions was done to discover new 

antigens for control tick infestations and reduction of pathogen infections 

in ticks. In Chapter 3b the effect of vaccination using selected proteins 

shown to be involved in tick-pathogen interactions was determined. 
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Chapter II 

Proof of concept: Characterization of tick subolesin for the 
control of tick infestations and pathogen infection. 

17
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a b s t r a c t

Tick subolesin was shown in immunization trials using the recombinant protein to protect hosts against
tick infestations. In this study, we demonstrated that subolesin vaccination and release of ticks after sub-
olesin knockdown by RNA interference (RNAi) could be used for the control of Rhipicephalus (Boophilus)
microplus tick infestations in cattle and suggested that the combination of these methods could increase
the efficacy of cattle tick control under some circumstances. The greatest tick control was obtained when
both release of ticks after subolesin knockdown and vaccination were used concurrently. However, mod-
eling results suggested that vaccine efficacy could be increased if at least 80% of the ticks infesting cattle
correspond to subolesin-knockdown ticks. The results of this proof-of-concept trial demonstrated the effi-
cacy of the sterile acarine technique (SAT) through production of subolesin-knockdown larvae by dsRNA
injection into replete females for the control of R. microplus tick infestations, alone or in combination
with subolesin vaccination.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Rhipicephalus (Boophilus) microplus ticks are distributed in trop-
ical and subtropical regions of the world with geographic range
expansion due to changes in climatic conditions and host pop-
ulations increase and movement [1–5]. Infestations with the
cattle tick, R. microplus, economically impact cattle production by
reducing weight gain and milk production, and by transmitting
pathogens that cause babesiosis (Babesia bovis and Babesia bigem-
ina) and anaplasmosis (Anaplasma marginale) [6].

The use of acaricides constitutes a major component of inte-
grated tick control strategies [7]. However, acaricide application
has had limited efficacy in reducing tick infestations and is often
accompanied by serious drawbacks, including the selection of
acaricide-resistant ticks, environmental contamination and con-
tamination of milk and meat products with drug residues [7]. All of
these issues reinforce the need for alternative approaches to control
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cattle tick infestations, which may include the use of hosts naturally
resistant to ticks, pheromone-impregnated decoys for attracting
and killing ticks, biological control methods and vaccines [8–10].

Vaccines were developed and commercialized in the early 1990s
that induced immunological protection in cattle against cattle tick
infestations. These commercial vaccines, Gavac and TickGARD, con-
tained the recombinant R. microplus BM86 gut antigen [11]. These
vaccines reduce the number of engorging female ticks, their weight
and reproductive capacity. Thus the greatest vaccine effect was
the reduction of larval infestations in subsequent generations. Vac-
cine controlled field trials in combination with acaricide treatments
demonstrated that an integrated approach resulted in control
of cattle tick infestations while reducing the use of acaricides
[11–13]. These trials demonstrated the advantages of tick control
by vaccination, by being cost-effective, reducing environmental
contamination and preventing the selection of drug resistant ticks
that result from repeated acaricide application. In addition, these
vaccines also reduced or prevented the transmission of pathogens
by reducing tick populations and/or affecting tick vector capacity
[11,12,14].

Subolesin was discovered in Ixodes scapularis as a tick protective
antigen [15] and then characterized in several tick species includ-
ing R. microplus [16–19]. Immunization trials with recombinant
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subolesin resulted in protection of hosts against tick infestations
by decreasing tick survival and reproduction rates [18–20,23]. In
addition, subolesin knockdown by RNAi had a profound effect on
tick biology and caused degeneration of tick tissues (guts, salivary
glands, reproductive tissues and embryos). In subsequent stud-
ies, subolesin was found to control tick gene expression, impact
the innate immune response, and decrease the vector capacity
of ticks for A. marginale and A. phagocytophilum [16–19,21–27].
Notably, subolesin knockdown by RNAi resulted in production
of sterile ticks. When sterile female or male ticks were paired
with normal ticks, lack of successful mating by the sterile ticks
prevented female engorgement and oviposition. Consequently,
the release of subolesin-silenced ticks was proposed as a sterile
acarine technique (SAT) for autocidal control of tick populations
[28].

The combination of different control methods adapted to geo-
graphic areas may be the most efficient way to control tick
infestations and pathogen transmission [9,10]. The combination
of tick vaccines with other control methods may be required to
effect maximum cattle tick control. The experiments reported here
were conducted to characterize the effect on cattle tick infestations
of the combination of subolesin vaccination with tick autocidal
control through subolesin gene knockdown by RNAi. The results
demonstrated that the combination of cattle tick vaccines and SAT
show promise as an effective and safe approach for cattle tick
control.

2. Materials and methods

2.1. Ticks

The R. microplus (Susceptible Media Joya strain, CENAPA,
Mexico) ticks were obtained from a laboratory colony maintained
at the University of Tamaulipas, Mexico. Originally, these ticks were
collected from infested cattle in Tapalpa, Jalisco, Mexico. Tick lar-
vae were fed on cattle and collected after repletion to allow for
oviposition and hatching in humidity chambers at 12 h light:12 h
dark photoperiod, 22–25 ◦C and 95% relative humidity (RH). Larvae
were used for infestations at 15 days after hatching from eggs.

2.2. RNA interference in ticks

Oligonucleotide primers containing T7 promoter
sequences (in italics) at the 5′-end (SUB: D8BMT75: 5′-
TAATACGACTCACTATAGGGTACTGACTGGGACCCCTTGCACAGT-3′

and D8BMT73: 5′-TAATACGACTCACTATAGGGTACTCGAGTTTGGTAG-
ATAGCACA-3′) were synthesized and used for in vitro transcription
of subolesin (Genbank accession number DQ159966) dsRNA using
the Acess RT-PCR system (Promega, Madison, WI, USA) and the
Megascript RNAi kit (Ambion, Austin, TX, USA) following man-
ufacturer’s recommendations [18]. The dsRNA was purified and
quantified by spectrophotometry.

Engorged R. microplus females were weighted and injected with
5 �l of dsRNA (5 × 1010 molecules/�l) in the right spiracular plate
within 6 h after dropping off the host. Ticks were injected using
a Hamilton syringe with a 1-in., 33 gauge needle. Control ticks
were injected with the unrelated GIII dsRNA. The GIII sequence was
identified in R. microplus and was shown previously to not affect
tick feeding, mortality and oviposition after RNAi [18]. After dsRNA
injection, ticks were stored individually in an incubator at 22–25 ◦C
and 95% RH for oviposition. The subsequently hatched larvae were
use for cattle infestation.

Subolesin expression silencing was characterized in adult
female ticks obtained from larvae produced by subolesin dsRNA-
injected replete females and GIII dsRNA-injected controls. Ten ticks
per group were dissected and whole internal tissues pooled for

RNA extraction to evaluate gene expression by semi-quantitative
RT-PCR using the same oligonucleotide primers used for subolesin
dsRNA synthesis. The mRNA levels (nanograms per amplicon) were
estimated in ethidium bromide-stained agarose gels by comparison
to a standard curve of the target gene, normalized against tick actin
mRNA levels [17] and compared between subolesin gene dsRNA
and GIII dsRNA-injected control ticks to calculate the percent of
gene silencing after RNAi.

2.3. Cattle vaccination with recombinant subolesin

Recombinant R. microplus subolesin was expressed in
Escherichia coli from a synthetic gene (Genbank accession number
GQ456170) optimized for codon usage in E. coli and purified by Ni
affinity chromatography to 80–90% purity. Protein adjuvation was
done by mixing a solution of anhydromannitoletheroctodecenoate
(Montanide ISA 50 V; Seppic, Paris, France) with the recombinant
protein solution in batch-by-batch processes using a high-speed
mixer Heidolph DIAX 900 (Heidolph Elektro, Kelheim, Germany)
at 8000 rpm and the vaccine was filled manually under sterile
conditions in glass bottles of 20 ml (Wheaton, Millville, NJ, USA) at
a concentration of 100 �g/2 ml dose. Quality controls were made
by testing mechanical and thermal stability of vaccine emulsions
as described previously [29].

Seven-month-old European crossbred calves were immunized
with 3 doses (days 0, 28 and 49) containing 100 �g/dose of purified
recombinant subolesin formulated as described above. Negative
controls were injected with adjuvant/saline alone. Cattle were
injected intramuscularly with 2 ml/dose using a 5 ml syringe and
an 18G needle.

2.4. Experimental design, data collection and analysis

Cattle were randomly assigned to two experimental groups of
6 animals each, subolesin-vaccinated and adjuvant/saline control.
Thirty days after the last immunization (day 79), cattle in both vac-
cinated and control groups were infested with R. microplus larvae.
Three tick infestations treatments were evaluated on each animal in
individual cells glued on the back of the calf. The cells were infested
with 500 larvae obtained from a replete female injected with GIII
control dsRNA (control), 500 larvae obtained from a replete female
injected with subolesin dsRNA (RNAi) and a combination of 500
control and 500 RNAi larvae (mixed). Cattle were cared for in accor-
dance with standards specified in the Guide for Care and Use of
Laboratory Animals for the University of Tamaulipas.

Adult engorged female ticks dropping from cattle were daily
collected, counted and weighted. All the collected adult female
ticks were assessed for oviposition [30]. The personnel collecting
the ticks were ‘blinded’ as to which group animals belonged. The
effect of each treatment on cattle tick infestations was evaluated
employing the formulae used before in tick vaccine experiments
[18,20,23,31].

Effect on the number of adult female ticks (DT) = 100
[l − (NTV/NTC)], where NTV is the number of adult female ticks in
the vaccinated group and NTC is the number of adult female ticks
in the control group.

Effect on tick weight (DW) = 100 [1 − (WTV/WTC)], where WTV
is the average adult female tick weight in the vaccinated group and
WTC is the average adult female tick weight in the control group.

Effect on oviposition (DO) = 100 [1 − (PATV/PATC)], where PATV
is the average weight of the eggs per survived tick in the vaccinated
group and PATC is the average weight of the eggs per survived tick
in the control group.

For each evaluated parameter, the percent reduction was cal-
culated with respect to the adjuvant/saline injected control cattle
(DT1, DW1, DO1) and the tick control group (DT2, DW2, DO2)
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Fig. 1. Experimental design and data analysis. Cattle were randomly assigned to two
experimental groups (N = 6 per group), subolesin-vaccinated and adjuvant/saline
control and infested with R. microplus larvae. Three tick infestation treatments were
evaluated on each animal in individual cells containing 500 control larvae (con-
trol), 500 larvae obtained from a replete female after subolesin knockdown by RNAi
(RNAi) and a combination of 500 control and 500 RNAi larvae (mixed). The percent
reduction was calculated for tick numbers (DT), tick weight (DW) and oviposition
(DO) with respect to the adjuvant/saline control cattle (DT1, DW1, DO1) and the tick
control group (DT2, DW2, DO2) and were statistically compared between subolesin-
vaccinated and control groups (1c, 1r and 1m) and within each treatment between
RNAi and mixed treatments and control ticks (2r, 2rc, 2m, and 2mc).

(Fig. 1). The average ± S.D. for adult female tick number, weight
(mg), and oviposition (egg weight (mg)/tick) were calculated and
compared between subolesin-vaccinated and control cattle and
between RNAi and mixed treatments and control ticks by �-test
(˛ = 0.01) for tick numbers and by Student’s t-test with unequal
variance (P = 0.05) for tick weight and oviposition.

Treatment efficacy was calculated as 100 [l − (CRT × CR0)],
where CRT = NTV/NTC and CR0 = PATV/PATC represent the reduc-
tion in the number of adult female ticks and oviposition as
compared to the control ticks fed on adjuvant/saline injected con-
trol cattle, respectively.

2.5. Determination of serum antibody levels by ELISA

Before each immunization and tick infestation and at the end of
the experiment (day 95), blood samples were collected from each
calf into sterile tubes and maintained at 4 ◦C until arrival at the lab-
oratory. Serum was then separated after centrifugation and stored
at −20 ◦C. Serum antibody titers were determined using an antigen-
specific indirect ELISA. Purified subolesin antigen (0.1 �g/well)
was used to coat ELISA plates overnight at 4 ◦C. Sera were seri-
ally diluted to 1:10, 1:100 and 1:1000 in PBST (PBS/0.5% Tween
20, pH 7.2) and 10% fetal bovine serum (Sigma). The plates were
incubated with the diluted sera for 1 h at 37 ◦C and then incu-
bated with 1:10,000 rabbit anti-bovine IgG-HRP conjugates (Sigma)
for 1 h at 37 ◦C. The color reaction was developed with 3,3′,5,5′-
tetramethylbenzidine (Sigma) and the OD450nm was determined.
After incubation the plates were washed with PBST. Antibody titers
were considered positive when they yielded an OD450nm value at
least twice as high as the preimmune serum. Antibody titers in
immunized cattle were expressed as the OD450nm value for the
highest serum dilution (1:1000) and compared between vaccinated
and control cattle using an ANOVA test (P = 0.05). A correlation anal-
ysis was conducted in Microsoft Excel (version 12.0) to compare
the numbers of female ticks collected after feeding with anti-
subolesin antibody titers at time of tick infestation in individual
cattle.

2.6. Model simulations of subolesin vaccination and RNAi on
cattle tick control

The simulations were done using Simgua (www.simgua.com).
This is a no-nonsense modeling application for dynamics simula-
tions. The objective was to simulate the variations in the abundance
of ticks as a consequence of the combined effect of the subolesin
vaccination and infestation with ticks after subolesin knockdown
by RNAi to control the wild type cattle tick population. In the model,
the host population had a fixed growth rate of 1.5 with growth lim-
its imposed by a variable carrying capacity of the environment (k).
The variability of k was simulated with a sinusoidal curve to simu-
late temporal stochasticity. The tick population was modeled with
the same growth pattern, but the carrying capacity (kt) was lim-
ited by the number of available hosts with an upper limit of 1000
ticks/host. The death rate of both hosts and ticks was regulated
by the k and kt limits along the time. Other effects of climate on
ticks and tick mortality were considered as described by Corson
et al. [32]. Mortality derived from density-dependent effects [33]
was not included since the model was intended only to extend the
results obtained from the proof-of-concept experiment described
here using subolesin vaccination and release of ticks after subolesin
knockdown by RNAi.

3. Results and discussion

The development of new methods to control cattle tick
infestations and reduce the incidence of bovine anaplasmosis
and babesiosis while minimizing acaricide applications is essen-
tial towards improving cattle health and production in tropical
and subtropical regions of the world. Tick vaccines based on
R. microplus BM86/BM95 antigens have proven their efficacy
for control of cattle tick infestations and the transmission of
tick-borne pathogens in some regions [11]. Field application of
cattle tick vaccines demonstrated that the combination of dif-
ferent control methods adapted to a geographic area may be
the most efficient way to control tick infestations and pathogen
transmission [9,10]. Based on these premises, the experiments
reported herein were conducted to characterize the impact of the
combination of subolesin vaccination and tick autocidal control
after subolesin gene knockdown by RNAi on cattle tick infesta-
tions.

3.1. Effect of subolesin vaccination on the control of cattle tick
infestations

Anti-subolesin antibody titers raised in vaccinated cattle after
the first immunization and remained significantly higher through-
out the experiment when compared to adjuvant/saline injected
controls (P < 0.01; Fig. 2).

The effect of subolesin vaccination on the control of R. microplus
tick infestations was characterized by comparing the results with
control ticks between subolesin-vaccinated and adjuvant/saline
control cattle (DT1c, DW1c, DO1c; Table 1). As demonstrated pre-
viously [18], the results showed a significant reduction in tick
numbers but no effect on tick weight and oviposition (Table 1).
The overall subolesin vaccine efficacy (E1) was 44% considering the
effect on tick numbers and oviposition (Fig. 3).

When antibody titers at tick infestation time (day 79) were cor-
related with the number of control ticks collected after feeding,
a positive correlation was obtained (R2 = 0.7; Fig. 4). These results
strongly suggested, as in previous experiments with BM86 [12,34],
that the reduction in cattle tick infestations were the result of anti-
subolesin antibodies in vaccinated cattle.
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Table 1
Effect of different treatments on the control of R. microplus infestations in cattle.

Vaccinea Treatmentb R. microplus (susceptible; Mexico strain)

Percent reduction (average ± S.D.)c

DT DW DO

Subolesin Control DT1c = 42%* DW1c = 2% DO1c = 3%
– – –
(18 ± 6) (286 ± 18) (126 ± 14)

RNAi DT1r = 13%*
DT2r = 40%*

DW1r = 0% DO1r = 0%

(11 ± 4) DW2r = 26%* DO2r = 25%**
(212 ± 31) (94 ± 46)

Mixed DT1m = 24%* DW1m = 5% DO1m = 14%*
DT2m = 0% DW2m = 13%* DO2m = 18%*
(31 ± 6) (249 ± 26) (103 ± 10)

Adjuvant/saline control Control – – –
(32 ± 6) (293 ± 19) (129 ± 7)

RNAi – – –
DT2rc = 60%* DW2rc = 33%* DO2rc = 44%*
(13 ± 4) (195 ± 21) (72 ± 17)

Mixed – – –
DT2mc = 8% DW2mc = 10%* DO2mc = 8%**
(41 ± 12) (263 ± 16) (119 ± 11)

a Cattles were randomly assigned to two experimental groups (N = 6 per group), subolesin-vaccinated and adjuvant/saline control and infested with R. microplus larvae.
b Three tick infestation treatments were evaluated on each animal in individual cells containing 500 control larvae (control), 500 larvae obtained from a replete female

after subolesin knockdown by RNAi (RNAi) and a combination of 500 control and 500 RNAi larvae (mixed).
c The percent reduction was calculated with respect to the adjuvant/saline control cattle (DT1, DW1, DO1) and the tick control group (DT2, DW2, DO2): DT, % reduction in

tick infestation; DW, % reduction in tick weight; DO, % reduction in oviposition. In parenthesis are shown the average ± S.D. for adult female tick number, tick weight (mg),
and oviposition (egg weight (mg)/tick) and were compared between subolesin-vaccinated and control groups and between RNAi and mixed treatments and control ticks by
�-test (*˛ < 0.005) for tick number and by Student’s t-test with unequal variance (*P ≤ 0.01; **P < 0.05) for tick weight and oviposition.

3.2. Effect of subolesin gene knockdown on cattle tick infestations

The effect of subolesin knockdown by RNAi on R. microplus tick
infestations was characterized by comparing the results between
larvae obtained from replete females injected with subolesin
dsRNA and control ticks fed on vaccinated (DT2r, DW2r, DO2r;
Table 1) and adjuvant/saline control (DT2rc, DW2rc, DO2rc; Table 1)
cattle. A significant decrease in tick numbers, weight and ovipo-
sition was observed, and the results were similar for ticks fed
on subolesin-vaccinated and adjuvant/saline control cattle (com-
pare DT2r, DW2r, DO2r with DT2rc, DW2rc, DO2rc, respectively;
Table 1). These results were similar to those reported previously
for subolesin knockdown in R. microplus [17,18]. However, this was

Fig. 2. Antibody response in vaccinated and adjuvant/saline injected cattle. Bovine
serum antibody titers to recombinant subolesin were determined by ELISA in cattle
vaccinated with subolesin and adjuvant/saline controls. Antibody titers in immu-
nized cattle were expressed as the OD450nm value for the 1:100 serum dilution and
compared between vaccinated and control cattle using an ANOVA test (*P < 0.01).
The time of vaccination shots and tick infestation (arrows) are indicated.

the first experiment characterizing the effect of subolesin dsRNA
injection into replete females on the subsequent generation of
adult ticks. Previous experiments have shown that gene knock-
down after dsRNA injection into replete females continues until
larval stages but suggested an RNAi dilution effect that could pre-
vent gene knockdown in subsequently molted nymphs and adults
[17,24,35]. Herein, the results showed an effect of subolesin gene

Fig. 3. Efficacy of each treatment on the control of cattle tick infestations consid-
ering the effect on tick numbers and oviposition. Treatment efficacy was calculated
as 100 [l − (CRT × CR0)], where CRT = NTV/NTC and CR0 = PATV/PATC represent the
reduction in the number of adult female ticks and oviposition as compared to the
control ticks fed on adjuvant/saline injected control cattle, respectively. Treatment
efficacy was calculated for subolesin vaccination (E1), subolesin vaccination and
release of 100% larvae after subolesin gene knockdown (E2), and subolesin vacci-
nation and release of 50% larvae after subolesin gene knockdown mixed with 50%
control ticks (E3).
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Fig. 4. Anti-subolesin antibody titers positively correlated with the reduction of tick
infestations. A correlation analysis was conducted using Microsoft Excel (version
12.0) between the number of control female ticks collected after feeding from both
subolesin-vaccinated and control cattle and anti-subolesin antibody titers at time of
tick infestation in individual cattle. The linear correlation coefficient (R2) is shown.

knockdown on tick female weight and oviposition (Table 1), thus
suggesting that at least in the one-host tick, R. microplus, gene
knockdown continued until adult tick stages after dsRNA injection
into replete females. In fact, when subolesin mRNA levels were
compared between adult female ticks that developed from lar-
vae produced by subolesin dsRNA-injected replete females and GIII
dsRNA-injected controls, gene expression silencing averaged (±SD)
48 ± 33% (range, 0–90%) and was similar for ticks fed on vaccinated
(48 ± 38; range, 0–80%) and control (48 ± 32; range, 0–90%) cattle.

3.3. Effect of subolesin vaccination and gene knockdown on the
control of cattle tick infestations

The main objective of this experiment was to characterize the
effect of combining subolesin vaccination and release of ticks after
subolesin knockdown by RNAi on the control of R. microplus tick
infestations in cattle. Although a significant added effect of sub-
olesin vaccination was observed only in the reduction of tick
numbers for subolesin-knockdown ticks fed on vaccinated cattle
when compared to ticks fed on adjuvant/saline controls (DT1r;
Table 1), the efficacy of the combined treatment (E2) was 75% (66%
and 27% reduction in the number of ticks and oviposition when
compared to the control ticks fed on adjuvant/saline control cattle,
respectively) (Fig. 3).

The efficacy of the combined treatment with subolesin vac-
cination and the release of ticks after subolesin knockdown by
RNAi was 1.7-fold higher than the efficacy of the subolesin vaccine
alone. However, under natural conditions, the ticks with sub-
olesin gene knockdown would mix with wild type ticks infesting
the same animal. To mimic this situation, subolesin-knockdown
larvae were mixed 1:1 with control larvae and fed on vacci-
nated and control cattle. The results showed a reduction in tick
female weight and oviposition when compared to control ticks
fed on both vaccinated and control cattle (DW2m, DO2m, and
DW2mc, DO2mc; Table 1). However, this effect was less pro-
nounced than when subolesin-knockdown larvae were fed alone
on both vaccinated and control cattle (compare DT2r, DW2r, DO2r,
DT2rc, DW2rc, DO2rc with DT2m, DW2m, DO2m, DT2mc, DW2mc,
DO2mc, respectively; Table 1). Although subolesin RNAi affects
both female and male fertility [28], the results of female tick weight
and oviposition suggested that some of the control males mated
successfully with control females and thus produced ticks with nor-
mal weight and oviposition. Further support for this suggestion was
provided by the fact that the number of female ticks obtained from

mixing subolesin-knockdown larvae with control larvae and fed on
adjuvant/saline control cattle with a weight higher than the aver-
age weight of control ticks (293 mg; Table 1) was 93. Thus, at least
38% (93/245) of the female ticks in this group could be assumed
to reflect the mating of control female by control male ticks. Nev-
ertheless, as expected from previous experiments, the weight of
most female ticks probably reflected mating between treated and
treated/control ticks [28].

Remarkably, a significant effect on the reduction of tick num-
bers and oviposition was observed for subolesin-knockdown ticks
mixed with control ticks fed on subolesin-vaccinated cattle when
compared to the same group fed on adjuvant/saline control cat-
tle (DT1m and DO1m; Table 1). This effect resulted in an efficacy
of the combined treatment for subolesin-knockdown ticks mixed
with control ticks (E3) of 22% (3% and 20% reduction in the number
of ticks and oviposition when compared to the control ticks fed on
adjuvant/saline control cattle, respectively) (Fig. 3).

3.4. Possible use of the combination of subolesin vaccination and
SAT for the control of cattle tick infestations

The results reported here showed the possibility of combining
subolesin vaccination and SAT through release of subolesin-
knockdown larvae obtained after RNAi as a method to control cattle
tick infestations. The limitations of this method are associated,
among others discussed for sterile-insect technique (SIT) [36], with
the massive production of ticks with subolesin knockdown and the
release of genetically modified ticks into the environment. How-
ever, the injection of dsRNA into replete R. microplus females shown
here and in previous publications [17,18,37] could allow the pro-
duction of large amounts of larvae with subolesin gene knockdown.
Furthermore, the effect of gene knockdown after RNAi in ticks has
been shown to be transient and mechanisms have not been discov-
ered that could amplify and maintain this effect through multiple
generations [35].

The efficacy of the subolesin vaccine shown herein and in pre-
vious experiments (44–51%) [18] was lower than that obtained
with BM86 (60–70%) on the control of the same R. microplus strain
[18,31,38]. The efficacy of the combined subolesin vaccination and
release of ticks after subolesin knockdown by RNAi (75%) was sim-
ilar or slightly higher than that obtained with the BM86 vaccine.
However, when mixed infestations of subolesin-knockdown and
control ticks were characterized on subolesin-vaccinated cattle,
the efficacy of the treatment decreased to 22%. It has been gen-
erally accepted from experimental data and models that a tick
vaccine efficacy higher than 50% is sufficient to reduce larval infes-
tations in subsequent generations [13,29,39–41]. Therefore, further
experiments are needed to characterize the efficacy of the com-
bined subolesin vaccination and SAT by increasing the proportion
of subolesin-knockdown larvae over wild type ticks to define the
number of RNAi treated ticks to be released according to the infes-
tation load in a particular region.

To address this question, the effect of releasing different num-
bers of subolesin-knockdown ticks into the environment was
simulated using the data reported here on tick mortality and
oviposition after different treatments in subolesin vaccinated cat-
tle (Fig. 5). The simulation was done with subolesin-knockdown
ticks representing from 10% to 100% of the total tick population in
intervals of 10%. To consider stochastic effects and to increase the
robustness of the system, 1000 tick generations were simulated
for each combination of subolesin-knockdown and wild type ticks,
allowing the release of subolesin-knockdown larvae at each tick
generation. The efficacy of each treatment on cattle tick control was
simulated in comparison with control ticks fed on adjuvant/saline
injected control cattle.
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Fig. 5. Simulation of tick population control. The figure displays the percent of tick control with respect to the number of control ticks fed on adjuvant/saline injected
control cattle. The simulation was conducted with subolesin vaccine only (0% of subolesin-knockdown ticks released) and after a series of growing percentage of subolesin-
knockdown ticks released into the environment. The percent reduction of tick populations shown in the graph was simulated for 1000 tick generations and each simulation
was the average of 100 runs.

As expected from results of previous vaccination experiments
and simulations [11–13,34,39–41], the accumulated efficacy of
each treatment on cattle tick population performance over 1000
tick generations (Fig. 5) was higher than treatment efficacy after
one generation only (Fig. 3). In agreement with the experimental
results obtained here, the highest and lowest treatment efficacies
were obtained when 100% and 50% of subolesin-knockdown ticks
fed on vaccinated cattle, respectively, thus validating the results of
the simulation. Interestingly, subolesin vaccine efficacy decreased
as the number of subolesin-knockdown ticks released increased
from 0% to 50% of the tick population (Fig. 5). This negative effect
of subolesin-knockdown tick release over tick control could be due
to the fact that the effect of the vaccine decreased in subolesin-
knockdown ticks because subolesin levels, targeted by vaccine
antibodies, decreased in these ticks and the effect of subolesin
knockdown on tick fertility was not sufficient to counteract this
effect until the number of subolesin-knockdown ticks increased
to over 70% of the tick population. In fact, the results of the sim-
ulation suggested that the efficacy of subolesin vaccination on the
control of cattle tick infestations could be increased if at least 80% of
the ticks infesting cattle correspond to subolesin-knockdown ticks
(Fig. 5). This fact may constitute an additional limitation of the com-
bination of SAT with subolesin vaccination for cattle tick control,
as it requires the release of large numbers of subolesin-knockdown
ticks into the environment. However, it may still be an option in
regions where acaricide-resistant tick populations are present at
relatively low infestation rates [11].

4. Conclusions

These results demonstrated that the combination of subolesin
vaccination and release of ticks after subolesin knockdown by
RNAi could be used for the control of R. microplus tick infestations
in cattle and suggested that the combination of these methods
could increase the efficacy of cattle tick control, at least under
some circumstances. The results reported here suggested the use
of the SAT through production of subolesin-knockdown larvae by
dsRNA injection into replete females for the control of R. microplus
tick infestations, alone or in combination with subolesin vaccina-
tion. However, these experiments are a proof-of-concept only and
future studies are needed to fully address efficacy and safety issues
associated with the combination of vaccination and SAT using sub-
olesin. Additionally, it may be possible to increase the efficacy of
the subolesin vaccine using different adjuvant/formulations and to

combine the SAT approach with vaccination with BM86 and other
tick antigens.
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a b s t r a c t

The ultimate goal of vector vaccines is the control of vector infestations while reducing pathogen infec-
tion and transmission to protect against the many diseases caused by vector-borne pathogens. Previously
(Vaccine 2011;29:2248–2254), we demonstrated that subolesin vaccination and release of tick larvae
after subolesin knockdown by RNA interference (RNAi) were effective for the control of cattle tick, Rhipi-
cephalus (Boophilus) microplus infestations in cattle. In this study, we used the fact that these animals
were naturally infected with Anaplasma marginale and Babesia bigemina to evaluate the effect of sub-
olesin vaccination and gene knockdown on tick infection by these cattle tick-transmitted pathogens.
Ticks fed on vaccinated cattle had lower subolesin mRNA levels when compared to controls, resembling
RNAi results. A. marginale and B. bigemina infection was determined by PCR and decreased by 98% and
99%, respectively in ticks fed on vaccinated cattle and by 97% and 99%, respectively after subolesin knock-
down. These results demonstrated that targeting subolesin expression by vaccination or RNAi results in
lower subolesin mRNA and pathogen infection levels, probably due to the effect of subolesin downreg-
ulation on tick feeding, gene expression and gut and salivary glands tissue development and function.
These results suggested that subolesin vaccines could be used for the dual control of tick infestations and
pathogen infection, a result that could be relevant for other vectors and vector-borne pathogens.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Blood-sucking arthropod-borne pathogens cause diseases that
greatly impact human and animal health, accounting for over 20% of
all emerging infectious diseases recorded between 1940 and 2004
[1]. Ticks are considered to be second worldwide to mosquitoes
as vectors of pathogens that cause human diseases and the most
important vectors of pathogens that cause disease in cattle [2].
The cattle ticks, Rhipicephalus (Boophilus) microplus, are distributed
in tropical and subtropical regions of the world, where they eco-
nomically impact cattle industry by reducing weight gain and milk
production, and by transmitting pathogens that cause babesiosis
(Babesia bovis and Babesia bigemina) and anaplasmosis (Anaplasma
marginale) [2–7].

The problems associated with acaricide applications for tick
control reinforced the need for developing vaccines with the dual

∗ Corresponding author at: Instituto de Investigación en Recursos Cinegéticos
IREC-CSIC-UCLM-JCCM, Ronda de Toledo s/n, 13005 Ciudad Real, Spain.

E-mail addresses: jose delafuente@yahoo.com, djose@cvm.okstate.edu
(J. de la Fuente).

effect of controlling tick infestations and pathogen infection [8–11].
Vaccination trials with the commercial vaccines containing the
recombinant R. microplus BM86 gut antigen, Gavac and TickGARD,
demonstrated the advantages of tick control by vaccination, by
being cost-effective, reducing environmental contamination and
preventing the selection of acaricide-resistant ticks. In addition,
these vaccines also reduced or prevented the transmission of
pathogens by reducing tick populations and/or affecting tick vec-
tor capacity [12–15]. The efficacy of tick vaccines for reduction of
tick infestations and reduction of the transmission of some tick-
borne pathogens and preliminary results obtained in insect vector
species have provided evidence that protective vector antigens
could be used for development of vaccines with the dual target of
controlling arthropod infestations and reducing the vector capac-
ity for pathogens which impact human and animal health [10].
These vaccines would bypass the need to develop a vaccine for
individual pathogens and vectors, particularly if antigens such as
subolesin/akirin that are conserved among different vector species
are identified [10].

Subolesin was discovered in Ixodes scapularis as a tick protective
antigen [16] and then characterized in several tick species includ-
ing R. microplus [17–20]. Immunization trials with recombinant

0264-410X/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.vaccine.2011.09.023
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subolesin resulted in cattle protection against R. microplus infes-
tations by decreasing tick survival and reproduction rates [19,21].
In addition, subolesin knockdown by RNA interference (RNAi) had a
profound effect on tick biology and caused degeneration of tick tis-
sues such as guts, salivary glands, reproductive tissues and embryos
[17–20,22,23]. In subsequent studies, subolesin was found to con-
trol tick gene expression, impact the innate immune response, and
decrease tick infection by A. marginale and Anaplasma phagocy-
tophilum [24–29]. Subolesin is the ortholog of akirins, a recently
renamed group of evolutionarily conserved proteins in inverte-
brates and vertebrates [10,30].

Ticks constitute a good model of blood-sucking arthropod vec-
tors that transmit pathogens to humans and animals worldwide.
The ultimate goal of tick and other blood-sucking vector vaccines is
the control of vector infestations while reducing pathogen infection
and transmission [10,31]. The development of tick vaccines with
the dual effect of reducing cattle tick infestations and the incidence
of tick-borne diseases such as bovine anaplasmosis and babesio-
sis while minimizing acaricide applications is essential towards
improving cattle health and production in tropical and subtropi-
cal regions of the world. In a previous study [21], we demonstrated
that subolesin vaccination and release of tick larvae after subolesin
knockdown by RNA interference (RNAi) was effective for the con-
trol of R. microplus infestations in cattle. In this research, we used
the fact that these animals were naturally infected with A. marginale
and B. bigemina to test the hypothesis that subolesin is a good can-
didate tick protective antigen to reduce R. microplus infestations
while reducing the infection levels by two of the most important
pathogens transmitted by cattle ticks. The results demonstrated
that the reduction of subolesin expression in ticks after feeding on
subolesin-vaccinated cattle resembled the results after gene knock-
down by RNAi and resulted in lower pathogen infection levels.

2. Materials and methods

2.1. Experimental design

In this study, ticks obtained from a previous study were used
[21]. Briefly, engorged R. microplus females (Acaricide-susceptible
and Anaplasma and Babesia free Media Joya strain, CENAPA, Mexico;
[32,33]) were injected with subolesin and the unrelated GIII dsRNA
and the subsequently hatched larvae were used for cattle infesta-
tion in two separate cells for each animal. Crossbred calves were
randomly assigned to two experimental groups of 6 animals each,
subolesin-vaccinated and adjuvant/saline-injected control. Calves
were naturally infected with A. marginale and B. bigemina as shown
by PCR (see below). Collected engorged females were counted and
evaluated for tick weight, oviposition, fertility, subolesin mRNA
levels and pathogen infection levels. Pathogen infection levels were
defined as determined by real-time PCR using pathogen-specific
gene markers (see bellow). This study was carried out in strict
accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the Institute of Laboratory Animal
Resources Commission on Life Sciences, National Research Council
(http://www.nal.usda.gov/awic/pubs/noawicpubs/careuse.htm).
The protocol was approved by the Committee on the Ethics of
Animal Experiments of FOMIX (TAMPS-2007-C13-73622) and the
University of Tamaulipas (0073622).

2.2. Determination of subolesin expression levels

Subolesin mRNA levels were characterized in adult female
ticks obtained from larvae produced by subolesin dsRNA-injected
replete females and GIII dsRNA-injected controls fed on both sub-
olesin vaccinated and control cattle. Twenty ticks per group were

dissected and whole internal tissues used for RNA extraction to
evaluate subolesin gene expression by real-time RT-PCR using the
oligonucleotide primers RTBMF 5′-GAGACCAGCCCCTGTTCA-3′ and
RTBMR 5′-CTGTTCTGCGAGTTTGGTAGAG-3′. Real-time RT-PCR was
done using the QuantiTec SYBR Green RT-PCR kit (Qiagen, Valencia,
CA, USA) and a Bio-Rad iQ5 thermal cycler (Hercules, CA, USA) fol-
lowing manufacturer’s recommendations. Subolesin mRNA levels
were normalized against tick 16S rRNA using the comparative Ct
method [18]. Normalized subolesin mRNA levels were compared
between ticks injected with subolesin and control GIII dsRNAs and
between ticks fed on subolesin-vaccinated and control cattle by
Student’s t-test (P = 0.05).

2.3. Determination of pathogen infection levels

DNA was extracted from cattle blood samples and
whole internal tissues dissected from 20 adult female
ticks per group. A. marginale and B. bigemina infec-
tion levels were analyzed by real-time PCR using the
oligonucleotide primers RTMSP4F 5′-GACGTGCTGCACACAGATTT-
3′/RTMSP4R 5′-CTCATCAAATAGCCCGTGGT-3′ and RTBbF
5′-AGCTTGCTTTCACAACTCGCC-3′/RTBbR 5′-TTGGTGCTTTGAC-
CGACGACAT-3′ to amplify the A. marginale major surface protein
4 (msp4) (Genbank accession number AF428083) and B. bigemina
16S rDNA (HQ264118) genes, respectively. Real-time PCR was
done using the QuantiTec SYBR Green RT-PCR kit (Qiagen) and a
Bio-Rad iQ5 thermal cycler following manufacturer’s recommen-
dations. The A. marginale msp4 and B. bigemina 16S rDNA levels
were normalized against tick 16S rDNA using the comparative
Ct method [18]. Normalized DNA levels were compared between
ticks injected with subolesin and control GIII dsRNAs and between
ticks fed on subolesin-vaccinated and control cattle by Student’s
t-test (P = 0.05). A correlation analysis was conducted in Microsoft
Excel (version 12.0) to compare normalized subolesin mRNA levels
with pathogen infection levels in ticks.

3. Results and discussion

3.1. Subolesin mRNA levels in ticks fed on cattle vaccinated with
recombinant subolesin and after gene knockdown

Subolesin mRNA levels were characterized in ticks fed on
subolesin-vaccinated cattle and after gene knockdown by RNAi.
Subolesin mRNA levels were 73% lower in ticks fed on subolesin-
vaccinated cattle when compared to ticks fed on control cattle
(Fig. 1). After RNAi, subolesin expression was significantly reduced
by more than 90% in adult female ticks derived from larvae obtained
from replete females injected with subolesin dsRNA when com-
pared to GIII dsRNA-injected controls (Fig. 1). This effect was
demonstrated in both ticks fed on subolesin-vaccinated and control
cattle (Fig. 1).

These results demonstrated that subolesin expression
decreased in ticks after feeding on subolesin-vaccinated cattle and
these results resembled those obtained after gene knockdown
by RNAi. Subolesin knockdown by RNAi has been consistently
reproduced in different tick species, including R. microplus, show-
ing an effect on tick infestations and female weight, oviposition,
fertility and tissue development [18,19,21,23,34]. In ticks fed on
subolesin-vaccinated cattle, these results are in agreement with
recent reports in Amblyomma americanum and R. microplus [10].
As discussed previously, subolesin is involved in the regulation
of its own expression [27]. Therefore, subolesin targeting by host
antibodies in ticks feeding on immunized cattle could affects
its function and thus results in downregulation of subolesin
expression.
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Fig. 1. Subolesin mRNA levels in ticks after gene knockdown and feeding on vacci-
nated cattle. Subolesin mRNA levels were determined in adult female R. microplus
ticks obtained from subolesin knockdown and control larvae after feeding on
infected subolesin vaccinated and control cattle. Normalized subolesin mRNA levels
(in arbitrary units) were compared between subolesin knockdown and control ticks
and between ticks fed on subolesin vaccinated and control cattle by Student’s t-test
(*P < 0.05) and percent reduction calculated.

3.2. Effect of subolesin vaccination in cattle and gene knockdown
in ticks on R. microplus infection by A. marginale and B. bigemina

The main objective of this experiment was to characterize
the effect of subolesin targeting by vaccination in cattle and
gene knockdown by RNAi in ticks on R. microplus infection by
A. marginale and B. bigemina after feeding on naturally infected
cattle. Cattle were purchased from an endemic area and were
naturally infected with similar pathogen infection levels (B. bigem-
ina 16S rDNA levels: 32.0 ± 1.5, range 28.5–33.7 arbitrary units;
A. marginale msp4 levels: 27.5 ± 5.3, range 21.3–35.5 arbitrary
units).

The correlation analysis between tick subolesin expression and
pathogen infection showed that subolesin expression was activated
in response to infection (Fig. 2), supporting subolesin role in tick

Fig. 3. Pathogen infection levels in ticks after subolesin gene knockdown and
feeding on vaccinated cattle. A. marginale and B. bigemina infection levels were
determined in adult female R. microplus ticks obtained from subolesin knockdown
and control larvae after feeding on infected subolesin vaccinated and control cattle.
Normalized pathogen infection levels (in arbitrary units) were compared between
subolesin knockdown and control ticks and between ticks fed on subolesin vac-
cinated and control cattle by Student’s t-test (*P < 0.05) and percent reduction
calculated.

innate immune response [26,29]. Alternatively, subolesin may acti-
vate the expression of genes that encode for factors that facilitate
pathogen multiplication in the tick. However, the results showed
that infection levels for both pathogens were over 87% lower in ticks
fed on subolesin-vaccinated cattle and after gene knockdown by
RNAi when compared to controls (Fig. 3). Interestingly, pathogen
infections levels were lower in ticks fed on vaccinated cattle for
both subolesin dsRNA-injected and control ticks, but an added
effect of gene knockdown was observed for ticks feeding on both
vaccinated and control cattle (Fig. 3).

The reduction in subolesin mRNA levels in both ticks fed on
subolesin-vaccinated cattle and after gene knockdown by RNAi
resulted in lower tick infection levels for two different cattle
tick-borne pathogens, the bacterium A. marginale (Rickettsiales:
Anaplasmataceae) and the protozoal piroplasm B. bigemina (Piro-
plasmida: Babesiidae). These results are similar to those previously

Fig. 2. Subolesin mRNA levels positively correlated with pathogen infection levels. A correlation analysis was conducted between subolesin mRNA levels and A. marginale
and B. bigemina infection levels (in arbitrary units) in female ticks collected after feeding on both subolesin-vaccinated and control cattle. The linear correlation coefficient
(R2) is shown for both pathogens (see inserts).
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obtained in Dermacentor variabilis for A. marginale and in I. scapu-
laris for A. phagocytophilum [24] and suggested that the mechanism
by which pathogen infection was affected in ticks in which sub-
olesin expression was targeted by feeding on subolesin-vaccinated
cattle or gene knockdown after RNAi is probably due to the impact
that subolesin downregulation has on tick feeding, gene expres-
sion and gut and salivary gland tissue structure and function
[16–21,23,25]. As suggested in previous experiments [21,26,29,35],
the combination of these and possibly other factors could result
in the ingestion of less infected blood and interference with
pathogen infection and multiplication in ticks feeding on subolesin-
vaccinated cattle or after gene knockdown by RNAi. However,
pathogen infection levels were determined in this and previous
studies by PCR using pathogen-specific gene markers. Thus, exper-
iments are required to confirm organism levels in tick tissues and
the effect on pathogen transmission in vivo.

4. General considerations and conclusions

Tick vaccines based on R. microplus BM86/BM95 antigens proved
their efficacy for control of cattle tick infestations and the trans-
mission of tick-borne pathogens in some regions [12,13,15,36].
However, the effect of the BM86/BM95-based vaccines on pathogen
transmission is likely the result of reducing tick populations and not
an effect on tick vector capacity [12,13,15,37]. Previously, Labuda
et al. [31] showed that an anti-tick vaccine derived from a Rhipi-
cephalus appendiculatus tick cement protein (64P) protected mice
against tick infestations and tick-borne encephalitis virus (TBEV)
transmitted by infected Ixodes ricinus ticks. However, their model
was limited to TBEV and they did not show the effect of tick feed-
ing on an infected and vaccinated host on tick pathogen infection.
Tick subolesin has been shown to control R. microplus infestations in
vaccinated cattle [10,19,21] and to play a role in reducing pathogen
infection [10,24,26,29]. Therefore, we hypothesized that subolesin
is a good candidate tick protective antigen to reduce R. microplus
infestations while also reducing the infection levels by two of the
most important pathogens transmitted by cattle ticks, A. marginale
and B. bigemina.

Tick-borne pathogens such as A. marginale and B. bigemina
affect cattle health and production worldwide, thus the need to
control pathogen infection even in regions with low tick infesta-
tions. Therefore, a vaccine that reduces both tick infestations and
pathogen infection is potentially effective in regions with high tick
infestations and enzootic stability for tick-borne pathogens and for
cattle highly susceptible to tick-borne pathogens in regions with
low tick infestations. The animals used in this experiment were pur-
chased from an A. marginale and B. bigemina endemic area and were
naturally infected with these pathogens, thus reproducing the field
situation in many regions where cattle production is an important
economic activity.

These results may be relevant for the control of other blood-
sucking arthropod vectors and the pathogens they transmit.
Because subolesin/akirins are highly conserved in arthropods, they
may constitute a good candidate for a universal antigen for the
control of several vector species [10,30]. Recent results support
this hypothesis and encourage further experiments to character-
ize the effect of subolesin/akirin vaccination on vector infestations
and vector-borne pathogen infection and transmission [38–41].

In summary, the results reported herein proved our hypothesis
by showing that targeting subolesin expression by cattle vaccina-
tion resembled gene knockdown results and reduced R. microplus
tick infection by A. marginale and B. bigemina. These results, in com-
bination with the effect of subolesin vaccination on the control
of R. microplus infestations in cattle [21], have important impli-
cations for tick vaccine research because they demonstrated the

possibility of using subolesin vaccination for the control of cattle
tick infestations while reducing pathogen infection levels, a result
that could be relevant for other blood-sucking arthropod vectors
and vector-borne pathogens.
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Abstract 

Ticks represent a significant health risk to animals and humans due to the variety of pathogens they 
can transmit during feeding. The traditional use of chemicals to control ticks has serious drawbacks, 
including the selection of acaricide-resistant ticks and contamination of the environment with 
chemical residues. Vaccination with the tick midgut antigen BM86 was shown to be a good 
alternative for cattle tick control. However, results vary considerably between tick species and 
geographic location. Therefore new antigens are required for the development of vaccines 
controlling both tick infestations and pathogen infection/transmission. Tick proteins involved in 
tick-pathogen interactions may provide good candidate protective antigens for these new vaccines, 
but appropriate screening procedures are needed to select the best candidates. In the present study, 
we selected proteins involved in tick-Anaplasma (Subolesin, SILK) and tick-Babesia (TROSPA) 
interactions and used the in vitro capillary feeding system to characterize their potential as antigens 
for the control of both cattle tick infestations and infection with Anaplasma marginale and Babesia 
bigemina. Purified rabbit polyclonal antibodies were generated and their specificity against tick 
recombinant proteins was confirmed by Western blot and against native proteins in tick cell lines 
using immunofluorescence. Capillary-fed ticks ingested antibodies added to the blood meal and the 
effect of these antibodies on tick weight and/or oviposition was shown. However, no effect was 
observed on pathogen acquisition. The results highlighted the advantages and disadvantages of in 
vitro tick capillary feeding for the characterization of candidate tick protective antigens. Moreover, 
these results together with previous results of RNA interference functional studies suggest that these 
proteins are good candidate vaccine antigens for the control of R. microplus infestations and 
infection with A. marginale and B. bigemina and support the need for vaccine trials to validate these 
antigens. 

Keywords: tick, pathogen, Anaplasma, Babesia, capillary feeding, vaccine, tick cell line 
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1. Background

Ticks are hematophagous ectoparasites whose 
feeding can have an adverse effect on animal 
health and production (Jongejan and 
Uilenberg, 2004). In particular, Rhipicephalus 
(Boophilus) spp. cattle ticks affect weight 
gain and milk production and transmit 
pathogens that cause bovine anaplasmosis 
(Anaplasma marginale) and babesiosis 
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(Babesia bigemina and Babesia bovis) in 
tropical and subtropical regions of the world 
(Estrada-Peña et al., 2006; Peter et al., 2005). 
Chemical acaricides are currently the main 
method for the control of tick infestations, but 
problems associated with their use, such as 
limited efficacy in some regions due to 
selection of acaricide-resistant ticks and 
contamination of the environment and animal 
products with chemical residues indicate the 
need for alternative control methods (Graf et 
al., 2004). 
A promising alternative for the control of 
tick-borne diseases is vaccination with 
recombinant tick antigens (de la Fuente, 
2012). Vaccination with commercial 
vaccines containing the recombinant 
Rhipicephalus (Boophilus) microplus BM86 
gut antigen demonstrated their advantages 
for tick control, including cost-effectiveness 
and reduction in acaricide application. In 
addition, these vaccines also reduced the 
prevalence of anaplasmosis and babesiosis 
in some regions, presumably through 
reducing exposure of cattle to infected ticks 
(de la Fuente et al., 2007a). However, 
BM86-based vaccines have variable efficacy 
against different geographic strains of R. 
microplus and do not affect the vectorial 
capacity of ticks (de la Fuente et al., 2007a). 
Therefore new antigens are required for the 
development of vaccines affecting tick 
feeding, reproduction and vector capacity to 
control both tick infestations and pathogen 
infection/transmission. 
Recently, the application of molecular 
biology approaches including 
transcriptomics and proteomics to the 
characterization of interactions between 
ticks (Rhipicephalus spp.) and pathogens (A. 
marginale or B. bigemina), with functional 
analyses using RNA interference (RNAi), 
have resulted in the identification of tick 
proteins with a possible role in pathogen 
infection and transmission (Almazan et al., 
2010; de la Fuente et al., 2007b; Zivkovic et 
al., 2010; Antunes et al., 2012). However, 
additional analyses are required to 
characterize the potential of these proteins as 

vaccine antigens for the control of tick 
infestations and pathogen infection.  
One approach to increase the possibilities of 
identifying tick protective antigens is to 
combine RNAi functional studies with in 
vitro tick feeding. RNAi allows screening of 
a relatively large number of genes involved 
in tick-pathogen interactions, while in vitro 
feeding with antibodies against selected 
candidate antigens should provide results 
more closely resembling vaccine protective 
capacity. In vitro tick feeding techniques 
have been used for studies on tick biology 
and tick-pathogen interactions (Rau et al., 
1968; Macaluso et al., 2001; Sonenshine et 
al., 2002; de la Fuente et al., 2005; Kocan et 
al., 2005; Kröber and Guerin, 2007) and 
more recently to test the effect on tick 
feeding of antibodies added to the blood 
meal (Matsuo et al., 2004; Almazán et al., 
2005; Gonsioroski et al., 2012).  
In the present study, we selected proteins 
involved in tick-A. marginale (Subolesin 
(SUB), SILK) (Almazan et al., 2010; 
Zivkovic et al., 2010a; Zivkovic et al., 
2010b) and tick-B. bigemina (TROSPA) 
(Antunes et al., 2012) interactions, as 
determined by systems biology and RNAi 
functional studies, to characterize their 
potential as antigens for the control of both 
R. microplus tick infestations and infection 
with A. marginale or B. bigemina using in 
vitro capillary feeding with purified rabbit 
polyclonal antibodies against recombinant 
proteins. The results showed the possibilities 
and limitations of this approach for the 
identification of candidate tick protective 
antigens.  

2. Material and Methods

2.1. Expression and purification of 
recombinant proteins 

The R. microplus SUB (Genbank accession 
number GQ456170.1) coding region was 
amplified by RT-PCR using 
oligonucleotides 5’-
CACCATGGCGTGCGCCACCCTGAAAC
-3’ and 5’-
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TTAAGACAGATAAGACGGGGTG-3’ 
and total RNA from the acaricide-
susceptible and Anaplasma- and Babesia-
free Media Joya strain, CENAPA, México 
(Fragoso-Sanchez et al., 2011; Mosqueda et 
al., 2004; Merino et al., 2011a). The genes 
encoding Rhipicephalus (Boophilus) 
annulatus TROSPA (JK489429) and R. 
microplus SILK (GO496219) proteins were 
synthesized by GenScript (Piscataway, NJ, 
USA). Tick genes were cloned into the 
expression vector pET101/D-TOPO®

(Invitrogen, Carlsbad, CA, USA) following 
the manufacturer’s recommendations. 
Recombinant constructs were transformed 
into Bl21 Escherichia coli cells (Invitrogen, 
Carlsbad, CA, USA) and inoculated into 
Luria broth containing 50 mg/ml ampicillin 
and 0.4% glucose. Cultures were grown at 
37 ºC to an OD600nm = 0.4. IPTG was then 
added to a final concentration of 0.5 mM 
and then incubated for 4 h to induce the 
production of recombinant proteins. Cells 
were collected by centrifugation and 
recombinant proteins were purified to 80- 
90% purity by Ni affinity chromatography 
using the Ni-NTA Spin kit (QIAGEN, 
Hilden, Germany). Protein concentration 
was measured using the Pierce® BCA 
protein assay kit (Thermo Scientific, 
Rockford, IL, USA). Purified proteins were 
analyzed by SDS-PAGE and Western blot.  

2.2. Production of polyclonal antibodies 

For each tick protein, three New Zealand 
white rabbits (Oryctulagus cuniculus) were 
subcutaneously injected at weeks 0, 3 and 6 
with 50 µg protein in 0.5 ml Montanide ISA 
50V adjuvant (Seppic, Paris, France). Blood 
was collected before injection and two 
weeks after the last immunization to prepare 
preimmune and immune sera, respectively. 
Serum aliquots were kept at 4 °C for 
immediate use or at -20 °C for long-term 
storage. IgGs were purified from serum 
samples using the Montage Antibody 
purification kit and spin columns with 
PROSEP-A Media (Millipore, MA, USA) 

following the manufacturer’s 
recommendations. 

2.3. Western blot analysis 

Ten micrograms of each protein were loaded 
into a 10% SDS-polyacrylamide pre-cast gel 
(Expedeon, San Diego, CA, USA). Samples 
were electrophoresed for 1 h at 180V 
constant current. The SDS-PAGE gel was 
transferred to a nitrocellulose membrane 
(Whatman, Dassel, Germany) during 1 h at 
12V. The membrane was blocked with 5% 
skimmed milk in TBS for 1 h at room 
temperature, washed three times in TBS and 
incubated overnight with 2.5 µg/ml of the 
purified polyclonal IgGs in TBS, then 
washed three times with TBS and incubated 
with an anti-rabbit horseradish peroxidase 
(HRP) conjugate (Sigma-Aldrich, St. Louis, 
MO, USA) diluted 1:1000 in TBS. The 
membrane was washed three times with 
TBS and finally developed with 3, 3´, 5, 5´-
tetramethylbenzidene (TMB) stabilized 
substrate for HRP (Promega, Madison WI, 
USA). 

2.4. Tick cell lines 

Three embryo-derived tick cell lines, R. 
microplus BME/CTVM2 (Bell-Sakyi, 2004) 
and Ixodes scapularis IDE8 (Munderloh et 
al., 1994) and ISE6 (Kurtti et al., 1996) were 
used in the experiment. BME/CTVM2 cells 
were cultured in L-15 (Leibovitz) medium 
supplemented with 10% tryptose phosphate 
broth (TPB) and 20% fetal calf serum (FCS) 
at 28° C. IDE8 and ISE6 cells were grown in 
L-15B medium (Munderloh and Kurtti, 
1989) supplemented with 10% TPB, 5% 
FCS and 0.1% bovine lipoprotein 
concentrate (MP Biomedicals, UK) at 32° C. 
Both media were supplemented with 2mM 
L-glutamine, 100 IU/ml penicillin and 100 
μg/ml streptomycin. Tick cell lines were 
maintained in flat-sided tubes (Nunc). 
Medium changes were carried out weekly by 
removal and replacement of two-thirds of 
the medium volume. Cultures were passaged 
at a split ratio of 1:1 at 2-3 week intervals as 
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follows: an equal volume of fresh medium 
was added to the parent tube, cells were 
resuspended by gentle pipetting, and half the 
resultant cell suspension was transferred to a 
new culture tube (previously conditioned by 
incubating fresh culture medium therein for 
several hours) while leaving the remainder 
in the parent tube for reattachment.  

2.5. Immunofluorescence assay 

For the immunofluorescence assay, tick cells 
were harvested by pipetting, counted by 
haemocytometer and seeded at 5-6 x 105

cells/ml in 1ml fresh medium onto glass 
coverslips inside 24-well plates. After 
overnight incubation the cells were fixed in 
situ with 10% neutral buffered 
paraformaldehyde for 1 h. After a wash with 
PBS, they were permeabilised by covering 
with 0.3 ml Triton X-100/PBS for 30 min. 
The Triton X-100/PBS was removed and the 
cells were coated with 0.1% SDS/PBS for 
10 min. The cells were then washed with 
PBS and blocked with CAS-block 
(Invitrogen, Paisley, UK) for 60 min and 
then incubated overnight at 4° C with the 
purified IgGs diluted 1:100 in CAS-block. 
After at least 3 x 5 min additional washes 
with PBS, they were incubated in CAS-
block containing a secondary FITC-
conjugated anti-rabbit antibody (1:500; AbD 
Serotec, Oxford, UK) for 1 h at room 
temperature. Cells were washed three more 
times with PBS and the coverslips were 
drained and mounted onto microscope slides 
using Vectashield hardset mounting medium 
(Vector Laboratories, Peterborough, UK). 
For fluorescence and light microscopy, a 
confocal microscope was used (Zeiss 
AxioSkop confocal microscope; Carl Zeiss 
Ltd., Welwyn Garden City, UK) and images 
were analyzed with Zeiss Zen software. 

2.6. Tick capillary feeding 

To obtain B. bigemina and A. marginale 
infected blood, two 6 month-old 
Babesia/Anaplasma-free calves were 
splenectomized and two weeks later 

intravenously inoculated one each with 
cryopreserved 1x106 B. bigemina (Chiapas
strain; Rodríguez-Hernández et al., 2012) or 
1x108 A. marginale (Morelos strain;
Ocampo et al., 2006) infected erythrocytes 
(IE). After inoculation, animals were 
regularly monitored by checking their rectal 
temperature and haematocrit, and by 
examination of Giemsa-stained blood 
smears. Once the parasitemia levels reached 
0.7% IE, 500 ml blood was collected into 
collection bags containing 70 ml citrate 
phosphate dextrose anticoagulant. 
Uninfected bovine blood was obtained in a 
similar manner from a healthy calf.  
Tick artificial feeding was carried out with 
partially engorged female R. microplus 
(Media Joya strain) ticks recovered 
manually from calves 20-21 days after 
infestation with larvae. Collected ticks were 
cleaned, weighed and fixed on expandable 
polystyrene plates (19 x 10 cm) with double-
sided adhesive tape (3M, St. Paul, MN, 
USA). Female ticks were discarded if they 
had damaged mouthparts or their weight did 
not lie between 20 and 60 mg. Citrated 
bovine blood from uninfected or infected 
animals was used to fill microhematocrit 
capillary tubes (75 x Ø1.5 mm) that were 
placed over the ticks’ mouthparts. Tubes 
were replaced every 2-3 h, as described 
previously (Gonsioroski et al., 2012). 
Female ticks were divided into experimental 
groups of 15 individuals each and fed for 28 
h with uninfected, B. bigemina-infected or 
A. marginale-infected blood alone or 
supplemented with 1 mg/ml of preimmune 
or antigen-specific purified IgGs. After 
feeding, 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% humidity for oviposition (Almazan 
et al., 2010). Weight increase during feeding 
(mg/tick) and oviposition (weight of 
eggs/tick in mg) were compared between 
ticks fed with blood supplemented with 
antibodies against the selected recombinant 
proteins and control ticks fed with bovine 
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blood supplemented with preimmune 
antibodies by Student's t test with unequal 
variance (P=0.05).  
This study was carried out in strict 
accordance with the Guide for Care and Use 
of Laboratory Animals for the University of 
Queretaro and the protocol was approved by 
the Committee on the Ethics of Animal 
Experiments (Permit no.: 23FCN2012). 

2.7. PCR to determine pathogen infection 
levels in ticks 

In order to quantify pathogen infection 
levels, 10 ticks per group were incubated in 
Petri dishes at 27°C and 85% humidity for 
three days after feeding and their internal 
tissues dissected to obtain total RNA and 
DNA using TRI Reagent (Invitrogen, 
Carlsban, CA, USA) following the 
manufacturer’s recommendations. For each 
tick, A. marginale and B. bigemina infection 
levels were analyzed by real-time PCR using 
the oligonucleotide primers RTMSP4F 5´-
GACGTGCTGCACACAGATTT-
3´/RTMSP4R 5´-
CTCATCAAATAGCCCGTGGT-3´ and 
RTBbF 5´-
AGCTTGCTTTCACAACTCGCC-
3´/RTBbR 5´-
TTGGTGCTTTGACCGACGACAT-3´ to 
amplify the A. marginale major surface 
protein 4 (msp4) (AF428083) and B. 
bigemina 16S rDNA (HQ264118) genes, 
respectively. Real-time PCR was performed 
using the QuantiTec SYBR Green RT-PCR 
kit (Qiagen, Valencia, CA, USA) and a Bio-
Rad iQ5 thermal cycler following the 
manufacturer’s recommendations. The A. 
marginale msp4 and B. bigemina 16S rDNA 
levels were normalized against tick 16S 
rDNA using the comparative Ct method 
(Nijhof et al., 2007). Bacterial infection 
levels in ticks (arbitrary units) were 
compared between ticks fed with blood 
supplemented with antibodies against the 
selected recombinant proteins and control 
ticks fed with bovine blood supplemented 
with preimmune antibodies by Student's t 
test with unequal variance (P=0.05).  

2.8. Characterization of tick mRNA levels of 
genes encoding for vaccine antigens. 

The sub, silk and trospa mRNA levels were 
characterized in 10 ticks per group by real-
time RT-PCR (Merino et al., 2011b) using 
the oligonucleotide primers SubolrtFw:5´-
CACAGTCCGAGTGGCAGAT-3´ and 
SubolrtRev:5´-
GATGCACTGGTGACGAGAGA-3´, 
SilkrtFw:5´-
GGACGTCAATCCGCATTTGG-3´ and 
SilkrtRev:5´-
GGCCATAGCCGTAGTTTCCA-3´, 
TROSPArtFw:5´-
AGGTTACGGACACGGAGGA-3´ and 
TROSPArtRev:5´-
GCCCAAGCGCATAAATAAGA-3´ for 
sub, silk and trospa, respectively. Real-time 
RT-PCR was performed using the 
QuantiTec SYBR Green RT-PCR kit 
(Qiagen, Valencia, CA, USA) and a Bio-
Rad iQ5 thermal cycler (Hercules, CA, 
USA) following the manufacturer’s 
recommendations. The mRNA levels were 
normalized against tick 16S rRNA using the 
comparative Ct method (Nijhof et al., 2007). 
Normalized mRNA levels were compared 
between ticks fed with blood supplemented 
with antibodies against the selected 
recombinant proteins and control ticks fed 
with bovine blood supplemented with 
preimmune antibodies by Student's t test 
with unequal variance (P=0.05). 

3. Results

3.1. Production and characterization of 
antibodies against tick proteins involved in 
tick-pathogen interactions 

Proteins involved in tick-A. marginale 
(Subolesin (SUB), SILK) and tick-B. 
bigemina (TROSPA) interactions as 
determined by systems biology and RNAi 
functional studies were selected to 
characterize their potential as antigens for 
the control of both R. microplus tick 
infestations and infection with A. marginale 
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or B. bigemina. Recombinant proteins were 
produced in E. coli (Fig. 1A) and used to  
obtain polyclonal antibodies in rabbits for in 
vitro capillary tick feeding experiments. 

The antibodies were first characterized by 
Western blot showing the specific 
recognition of their respective denatured 
antigens (Fig. 1B). The antibodies were then 
characterized for their ability to recognize  

Fig. 1. Production of recombinant proteins and antibodies. (A) Ten micrograms of recombinant 
proteins TROSPA, SILK, Subolesin (SUB) and thioredoxin (TRX; negative control) were loaded onto an 
SDS-PAGE gel under reducing conditions and visualized by Coomassie brilliant blue staining. (B) 
Western blot analysis of the recombinant proteins using purified IgGs produced in rabbits immunized 
with these proteins. Hybridization signals were developed with an anti-rabbit IgG HRP conjugate and 
TMB substrate for HRP. Arrows indicate the position of recombinant proteins. Abbreviation: MW, 
molecular weight.

Fig. 2. Immunofluorescence analysis of tick cells. Representative images of imunofluorescence analysis of 
tick cells. Tick cells were stained with rabbit anti-tick protein antibodies (green, FITC). (A, B) BME/CTVM2 
cells stained with anti-SILK antibodies. (C, D) BME/CTVM2 cells stained with anti-TROSPA antibodies. (E) 
BME/CTVM2 cells stained with anti-SUB antibodies. (F) IDE8 cells stained with anti-SUB antibodies. (G) 
ISE6 cells stained with anti-SUB antibodies. (H) preimmune control serum-treated BME/CTVM2 cells. Scale 
bars, 5 μm (A-G); 20 μm (H). 
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Fig. 3. Effect of antibodies on tick weight. (A) Ticks capillary-fed on uninfected blood without (Blood) and with 
preimmune and anti-tick protein IgGs (TROSPA, SILK and Subolesin). (B) Ticks capillary-fed on B. bigemina-infected 
blood without (Blood) and with preimmune and anti-tick protein IgGs. (C) Ticks capillary fed on A. marginale-infected 
blood without (Blood) and with preimmune and anti-tick protein IgGs. Ticks (N=15) were weighed before and after 
capillary feeding, the tick weight increase calculated as final minus initial tick weight, expressed as Ave+S.D. (mg/tick) and 
compared between the group with preimmune antibodies and the other groups by Student´s t-test (*P<0.05). 

Fig. 4. Effect of antibodies on tick oviposition. (A) Ticks capillary-fed on uninfected blood without (Blood) and with 
preimmune and anti-tick protein IgGs (TROSPA, SILK and Subolesin). (B) Ticks capillary-fed on B. bigemina-infected 
blood without (Blood) and with preimmune and anti-tick protein IgGs. (C) Ticks capillary-fed on A. marginale-infected 
blood without (Blood) and with preimmune and anti-tick protein IgGs. Ticks (N=5) were incubated for oviposition after 
feeding, the egg mass weight was determined for each tick, expressed as Ave+S.D. (mg eggs/tick) and compared between 
the group with preimmune antibodies and the other groups by Student´s t-test (*P<0.05). 
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tick proteins by immunofluorescence in 
cultured tick cells derived from both 
homologous (R. microplus) and 
heterologous (I. scapularis) species (Figs. 
2A-2H). Preliminary analysis showed that 
all antibodies recognized tick proteins in 
different cellular compartments in the tick 
cell lines. For example, antibodies against 
SILK (Figs. 2A and 2B) and TROSPA 
(Figs. 2C and 2D) preferentially recognized 
intracellular structures and cell membrane, 
respectively. Anti-SUB antibodies 
recognized proteins in the nucleus, 
perinuclear region and cytoplasm of tick 
cells (Figs. 2E-2G). Antibodies against R. 

microplus SUB were tested and showed 
positive reactions in both R. microplus 
(BME/CTVM2) and I. scapularis (IDE8 and 
ISE6) cell lines. 

3.2. Effect of antibodies against tick proteins 
on tick weight, oviposition and pathogen 
infection. 

Capillary feeding experiments were 
conducted to evaluate the effect of 
antibodies against selected tick proteins on 
tick weight, oviposition and infection with 
B. bigemina and A. marginale. When ticks 
were fed with uninfected bovine blood 

Fig. 5. Effect of antibodies on pathogen infection and gene expression. (A) B. bigemina DNA levels determined by PCR in 
ticks capillary-fed on B. bigemina-infected blood without (Blood) and with preimmune and anti-tick protein IgGs (TROSPA, 
SILK and Subolesin). The DNA levels were normalized against tick 16S rDNA, shown as Ave+S.D. normalized Ct values 
(arbitrary units) and compared between the group with preimmune antibodies and the other groups by Student’s t-Test 
(P>0.05; N=10). (B) A. marginale DNA levels determined by PCR in ticks capillary-fed on A. marginale-infected blood 
without (Blood) and with preimmune and anti-tick protein IgGs. The DNA levels were normalized against tick 16S rDNA, 
shown as Ave+S.D. normalized Ct values (arbitrary units) and compared between the group with preimmune antibodies and 
the other groups by Student’s t-Test (P>0.05; N=10). (C) Effect of A. marginale and B. bigemina infection on gene 
expression. The mRNA levels of genes encoding for tick proteins trospa, silk and sub were characterized by RT-PCR in ticks 
capillary-fed on uninfected and infected blood. The mRNA levels were normalized against tick 16S rRNA, shown as the 
Ave+S.D. infected/uninfected blood Ct ratio (arbitrary units) and compared between ticks fed on infected and uninfected 
blood by Student’s t-Test (P>0.05; N=10). (D) Effect of anti-SUB antibodies on sub gene expression. The sub mRNA levels 
were characterized by RT-PCR in ticks capillary-fed on uninfected blood alone or with the addition of preimmune or anti-
SUB IgGs. The mRNA levels were normalized against tick 16S rRNA, shown as Ave+S.D. normalized Ct values (arbitrary 
units) and compared between groups by Student’s t-Test (*p≤0.05; N=10).
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supplemented with antibodies against tick 
proteins, only the group with anti-SUB IgGs 
showed a significant reduction in tick weight 
(24% reduction; P=0.0003) when compared 
to ticks fed on blood with preimmune serum 
(Fig. 3A). When ticks were fed on B. 
bigemina-infected blood, only groups with 
anti-TROSPA and anti-SUB IgGs showed 
reductions in tick weight, of 18% (P=0.04) 
and 37% (P=0.001) respectively, when 
compared to ticks fed on blood with 
preimmune serum (Fig. 3B). When ticks 
were fed on A. marginale-infected blood, 
tick weight was similar between all groups 
(Fig. 3C). 
Oviposition was reduced when compared to 
ticks fed on blood supplemented with 
preimmune antibodies in the groups fed on 
uninfected blood with anti-SILK (62% 
reduction; P=0.005) and anti-SUB (70% 
reduction; P=0.001) antibodies (Fig. 4A) 
and on B. bigemina-infected blood with anti-
SUB IgGs (43% reduction; P=0.01) (Fig. 
4B). No reduction in oviposition was 
observed in ticks fed on A. marginale-
infected blood supplemented with antibodies 
against tick proteins (Fig. 4C).  
Significant differences in pathogen infection 
levels at day 3 after feeding were not found 
between groups fed on blood supplemented 
with preimmune and immune IgGs (Figs. 
5A and 5B).  

3.3. Effect of antibodies and pathogen 
infection on the mRNA levels of genes 
encoding for tick proteins. 

The mRNA levels of genes encoding for 
selected tick proteins were characterized in 
ticks fed on uninfected and infected blood 
(Fig. 5C). The results showed no difference 
in gene expression levels between ticks fed 
on uninfected and infected blood (Fig. 5C). 
Because of the role of SUB as a 
transcription factor involved in its own 
regulation, sub mRNA levels were 
characterized in ticks fed on blood 
supplemented with preimmune and anti-
SUB IgGs (Fig. 5D). The results showed 
that anti-SUB IgGs reduced sub expression 

in ticks when compared to ticks fed on 
uninfected blood (67% reduction; P=0.05) 
and blood supplemented with preimmune 
IgGs (90% reduction; P=0.01) (Fig. 5D). 

4. Discussion

SUB: Antibodies against R. microplus SUB 
reacted positively in both R. microplus 
(BME/CTVM2) and I. scapularis (IDE8 and 
ISE6) cell lines, supporting SUB amino acid 
sequence conservation in ticks (de la Fuente 
et a., 2006). SUB was used in these 
experiments as a control because previous 
results demonstrated the effect of 
vaccination with this antigen on the control 
of R. microplus infestations and infection 
with A. marginale and B. bigemina (Merino 
et al., 2011b). As in previous experiments 
with vaccinated cattle (de la Fuente et al., 
2011), anti-SUB antibodies reduced tick 
weight and oviposition in ticks fed on 
uninfected blood. However, while tick 
weight and oviposition were affected by 
anti-SUB antibodies when ticks were fed on 
B. bigemina-infected blood, no effect was 
seen with A. marginale-infected blood, in 
contrast to the results of a previous 
vaccination trial in cattle (Merino et al., 
2011b). Additionally, A. marginale and B. 
bigemina DNA levels did not change in 
ticks fed on infected blood with anti-SUB 
antibodies, again showing differences from 
the results of the vaccination trial in cattle 
(Merino et al., 2011b).  
The expression of sub has been shown to 
increase in response to A. marginale and B. 
bigemina infection in ticks (Merino et al., 
2011b). However, in capillary-fed ticks, sub 
mRNA levels did not increase in response to 
infection. These differences could be 
explained by different factors such as tick-
to-tick variations in infection levels that 
require the analysis of a larger number of 
ticks and/or differences in pathogen 
infection between in vivo tick feeding and in 
vitro capillary feeding (Kocan et al., 2005). 
However, the reduction in sub mRNA levels 
in ticks fed on uninfected blood with anti-
SUB antibodies suggested that ticks did 
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ingest antibodies in a manner resembling 
feeding on vaccinated cattle (Merino et al., 
2011b; de la Fuente et al., 2011). SUB is 
involved in the control of various tick 
physiological processes including the 
immune response to pathogen infection and 
the expression of genes that are important 
for pathogen infection and multiplication 
and for tissue structure and function (de la 
Fuente et al., 2006; 2011; Hajdusek et al., 
2013; Naranjo et al., 2013). SUB is also 
involved in the regulation of its own 
expression (Naranjo et al., 2013). Therefore, 
as previously discussed (Merino et al., 
2011b), the effect of anti-SUB antibodies on 
sub expression and possibly on SUB 
function could result in reduction of tick 
weight and oviposition. Similarly to ticks 
fed on SUB-vaccinated cattle (Merino et al., 
2011b), the ingestion of less infected blood 
and interference with pathogen infection and 
multiplication in ticks capillary-fed on blood 
with anti-SUB antibodies should have 
resulted in lower pathogen infection levels. 
However, considering that parasitemia 
levels were of 0.7% IE in the blood used for 
capillary feeding, reduction in pathogen 
DNA levels were not observed in the present 
study possibly due to limitations of the in 
vitro capillary feeding system for studying 
pathogen infection in ticks, at least for B. 
bigemina and A. marginale (Kocan et al., 
2005). 
TROSPA: TROSPA was first described in 
I. scapularis as a receptor for Borrelia 
burgdorferi showing potential as a vaccine 
antigen to control bacterial infection in ticks 
(Pal et al., 2004; Hovius et al., 2007). In I. 
scapularis and R annulatus, trospa mRNA 
levels increased in response to B. 
burgdorferi and B. bigemina infection, 
respectively (Pal et al., 2004; Antunes et al., 
2012). After gene knockdown by RNAi, B. 
bigemina DNA levels were 83% and 70% 
lower in R. annulatus and R. microplus, 
respectively (Antunes et al., 2012). 
Considering TROSPA’s function as a tick 
receptor for B. burgdorferi (Pal et al., 2004; 
Hovius et al., 2007), these results suggested 
that while TROSPA is not involved in tick 

infestation and oviposition, it may be 
involved in B. bigemina infection and/or 
multiplication in R. microplus. However, in 
the present study feeding ticks on anti-
TROSPA antibodies did not show any effect 
on pathogen infection, possibly because of 
the limitations of the in vitro capillary 
feeding system for studying tick-pathogen 
interactions discussed above for SUB.  
SILK: The flagelliform SILK protein was 
identified previously in ticks and orb-
weaving spider salivary glands (Hayashi and 
Lewis, 2000; Alarcon-Chaidez et al., 2007; 
Santos et al., 2004) and was suggested to 
play a role in A. marginale infection and/or 
multiplication in R. microplus (Zivkovic et 
al., 2010a). It was shown that silk mRNA 
levels increased in response to A. marginale 
infection of R. microplus salivary glands and 
RNAi experiments showed 74% tick 
mortality and 63% reduction in A. marginale 
DNA levels after gene knockdown 
(Zivkovic et al., 2010a). Additionally, 
Mulenga et al. (2007) demonstrated that 
SILK may be involved in tick attachment. In 
the present study, ticks fed on uninfected 
blood with anti-SILK antibodies showed 
decreased oviposition but similar tick weight 
when compared to ticks fed on preimmune 
serum, and anti-SILK antibodies did not 
show any effect on pathogen infection. 
Therefore, although previous results 
suggested a role for SILK in tick-host and 
tick-pathogen interactions, these results 
were only partially confirmed here.  
In conclusion, the results reported here show 
that the use of in vitro tick capillary feeding 
has possibilities and limitations for the 
characterization of candidate tick protective 
antigens. Ticks fed by capillary feeding 
ingested antibodies added to the blood meal 
and the effect of these antibodies was shown 
on tick weight and oviposition. However, 
capillary feeding showed limitations in the 
study of pathogen infection in ticks 
associated with tick-to-tick variations in 
infection levels that require the analysis of a 
larger number of ticks and/or differences in 
pathogen infection processes between in 
vivo tick feeding and in vitro capillary 
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feeding. Nevertheless, the combination of 
RNAi functional studies with tick capillary 
feeding using antibodies against selected 
proteins involved in tick-pathogen 
interactions should allow for a better and 
more efficient selection of candidate vaccine 
antigens. In the present study, all three 
selected antigens, SUB, TROSPA and SILK, 
showed an effect on tick weight and/or 
oviposition in ticks fed with uninfected or 
infected blood containing antigen-specific 
IgGs. These results together with previous 
results of RNAi experiments suggest that 
these proteins are good candidate vaccine 
antigens for the control of R. microplus 
infestations and infection with A. marginale 
and B. bigemina. Further experiments, in 
particular in vivo  vaccine trials, should be 
carried out to validate these antigens.   
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Abstract 

Tick-borne pathogens cause diseases that greatly impact human and animal health worldwide. 
The ultimate goal of tick vaccines is to protect against tick-borne diseases through the control of 
vector infestations and reducing pathogen infection and transmission. Tick genetic traits are 
involved in vector-pathogen interactions and some of these molecules such as Subolesin (SUB) 
have been shown to protect against vector infestations and pathogen infection. Based on these 
premises, herein we characterized the efficacy of cattle vaccination with tick proteins involved 
in vector-pathogen interactions, TROSPA, SILK, and Q38 for the control of cattle tick, 
Rhipicephalus (Boophilus) microplus infestations and infection with Anaplasma marginale and 
Babesia bigemina. SUB and adjuvant/saline placebo were used as positive and negative 
controls, respectively. The results showed that vaccination with Q38, SILK and SUB reduced 
tick infestations and oviposition with vaccine efficacies of 75% (Q38), 62% (SILK) and 60% 
(SUB) with respect to ticks fed on placebo control cattle. Vaccination with TROSPA did not 
have a significant effect on any of the tick parameters analyzed. The results also showed that 
vaccination with Q38, TROSPA and SUB reduced B. bigemina DNA levels in ticks while 
vaccination with SILK and SUB resulted in lower A. marginale DNA levels when compared to 
ticks fed on placebo control cattle. The positive correlation between antigen-specific antibody 
titers and reduction of tick infestations and pathogen infection strongly suggested that the effect 
of the vaccine was the result of the antibody response in vaccinated cattle. Vaccination and co-
infection with A. marginale and B. bigemina also affected the expression of genes encoding for 
vaccine antigens in ticks fed on cattle. These results showed that vaccines using tick proteins 
involved in vector pathogen interactions could be used for the dual control of tick infestations 
and pathogen infection. 

Keywords: vector, cattle tick, Boophilus, vaccine, RNA interference, subolesin, akirin 
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1. Introduction
Ticks greatly impact human and animal 
health and are considered the most 
important vectors of pathogens that cause 
disease in cattle [1, 2]. The cattle ticks, 
Rhipicephalus (Boophilus) microplus, are 
distributed in tropical and subtropical 
regions of the world, where they 
economically impact cattle industry by 
reducing weight gain and milk production, 
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and by transmitting pathogens that cause 
babesiosis (protozoal piroplasms Babesia 
bovis and Babesia bigemina) and 
anaplasmosis (bacterium Anaplasma 
marginale) [2-7]. 
The development of tick vaccines with the 
dual effect of reducing tick infestations and 
the incidence of tick-borne diseases such as 
bovine anaplasmosis and babesiosis while 
minimizing acaricide applications is 
essential towards improving cattle health 
and production in tropical and subtropical 
regions of the world [8-10]. Tick vaccines 
based on R. microplus BM86/BM95 
antigens have proven their efficacy for 
control of cattle tick infestations and the 
prevalence of tick-borne pathogens in some 
regions [11, 12]. However, these vaccines 
do not affect tick vector capacity and new 
vaccines are required to improve the control 
of tick infestation and the infection and 
transmission of tick-borne pathogens [13]. 
Previously, Labuda et al. [14] showed that a 
tick vaccine containing the Rhipicephalus 
appendiculatus tick cement protein 64P 
protected mice against tick infestations and 
tick-borne encephalitis virus (TBEV) 
transmitted by infected Ixodes ricinus ticks. 
Recently, cattle vaccinated with Subolesin 
(SUB), a protein involved in vector-
pathogen interactions [10, 15, 16], resulted 
in reduced R. microplus infestations and 
infection with two different cattle tick-
borne pathogens, A. marginale 
(Rickettsiales: Anaplasmataceae) and B. 
bigemina (Piroplasmida: Babesiidae) [17, 
18]. These results demonstrated that it is 
possible to reduce tick infestations while 
affecting tick vector 
capacity and prompted us to select tick 
proteins involved in tick-Anaplasma (SILK; 
[15, 19]) and tick-Babesia (TROSPA; [15, 
20]) interactions to characterize their 
efficacy as vaccines for the control of cattle 
tick infestations and pathogen infection by 
A. marginale and B. bigemina in cattle. 

2. Materials and Methods

2.1. Experimental design. 

The experimental design for this study is 
described in Figure 1. This study was 
carried out in strict accordance with the 
Guide for Care and Use of Laboratory 

Animals for the University of Queretaro 
and the protocol was approved by the 
Committee on the Ethics of Animal 
Experiments (Permit no.: 23FCN2012). 

2.2. Ticks. 

The R. microplus ticks (Acaricide-
susceptible and Anaplasma and Babesia 
free Media Joya strain, CENAPA, Mexico; 
[21-23]) were obtained from a laboratory 
colony maintained at the University of 
Queretaro, Mexico. Originally, these ticks 
were collected from infested cattle in 
Tapalpa, Jalisco, Mexico. Tick larvae were 
fed on cattle and collected after repletion to 
allow for oviposition and hatching in 
humidity chambers at 12 h light: 12 h dark 
photoperiod, 22-25ºC and 95% relative 
humidity. Larvae were used for infestations 
at 15 days after hatching from eggs. 

2.3. Cattle vaccination. 

Recombinant R. microplus TROSPA, 
SILK, SUB and Q38 chimera (Genbank 
accession numbers JK489429, GO496219, 
GQ456170 and JX193856, respectively) 
were expressed in Escherichia coli from 
synthetic genes optimized for codon usage 
in E. coli and purified by Ni affinity 
chromatography to 80-90% purity. Protein 
adjuvation was done by mixing a solution 
of anhydromannitoletheroctodecenoate 
(Montanide ISA 50 V; Seppic, Paris, 
France) with the recombinant protein 
solution in batch-by-batch processes using a 
high-speed mixer Heidolph DIAX 900 
(Heidolph Elektro, Kelheim, Germany) at 
8,000 rpm and the vaccine was filled 
manually under sterile conditions in glass 
bottles of 20 ml (Wheaton, Millville, NJ, 
USA) at a concentration of 100 μg/2 ml 
dose. Quality controls were made by testing 
mechanical and thermal stability of vaccine 
emulsions as described previously [24]. 
Calves were immunized with 3 doses (days 
0, 28 and 49) containing 100 μg/dose of 
purified recombinant proteins formulated as 
described above. Negative controls were 
injected with adjuvant/saline alone 
(placebo) or left untreated. Cattle were 
injected intramuscularly with 2 ml/dose 
using a 5 ml syringe and an 18G needle.  
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2.4. Tick infestation, data collection and 
analysis. 

On days 23, 26 and 28 after the last 
immunization (days 72, 75 and 77), cattle in 
vaccinated, placebo and untreated control 
groups were infested with R. microplus 
larvae. Three tick infestations treatments 
were evaluated on each animal in individual 
cells glued on the back of the calf. The cells 
were infested with 500 larvae each. Adult 
engorged female ticks dropping from cattle 
were daily collected, counted and weighted. 
All the collected adult female ticks were 
assessed for oviposition [21]. The personnel 
collecting the ticks were ‘blinded’ as to 
which group animals belonged. The effect 
of each treatment on cattle tick infestations 
was evaluated employing the formulae used 
before in tick vaccine experiments [21]. 
The average ± S.D. for adult female tick 
number, weight (mg), and oviposition (egg 
weight (mg)/tick) were calculated and 

compared between vaccinated and placebo 
control cattle by Student’s t-test with 
unequal variance (p=0.05) (Table 1).  
Vaccine efficacy (E) was calculated when 
statistically significant differences were 
obtained between vaccinated and placebo 
control cattle (Table 1). 

2.5. Infection with A. marginale and B. 
bigemina. 

To obtain the B. bigemina and A. marginale 
inoculates, two 6 month-old calves were 
splenectomized and two weeks later 
intravenously inoculated with 
cryopreserved 1x106 B. bigemina (Chiapas 
strain; [25]) or 1x108 A. marginale 
(Morelos strain; [26]) infected erythrocytes 
(IE). Once the parasitemia levels reached 
1% IE, blood was collected and used to 
inoculate animals. Animals in vaccinated 
and placebo control groups were infected 
with A. marginale (1x108 IE) and B. 
bigemina 

k-
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Figure 1. Experimental design. Seven-month-old crossbred Anaplasma and Babesia free calves were purchased from a tick- 
free area and randomly assigned to 6 experimental groups of 3 animals each: vaccinated with TROSPA, vaccinated with SIL K, 
vaccinated with Q38, vaccinated with SUB (positive control), injected with adjuvant/saline alone (placebo) and untreated 
(uninfected) controls. Calves were immunized with 3 doses on days 0, 28 and 49. Animals in vaccinated and control groups 
(placebo and untreated) were infested with R. microplus larvae in three separate cells for each animal on days 72, 75 and 77 
Animals in vaccinated and placebo groups were then infected with A. marginale and B. bigemina on days 69 and 92 respectively.
This experimental design allowed ticks to feed on vaccinated or placebo control cattle co-infected with both pathogens as well as
on untreated and uninfected animals. Calves were evaluated for antibody response to vaccination and pathogen infection. 
Engorged female ticks dropped from the host on days 98-104 and were collected, counted and evaluate for tick weight, 
oviposition and pathogen infection levels. The mRNA levels of genes encoding for protective antigens were als characterized in 
engorged ticks. 
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(1x106 IE) on days 69 and 92, respectively. 
The infection was monitored by animal 
temperature, haematocrit levels, analysis of 
blood smears and pathogen-specific ELISA 
tests validated for cattle (Anaplasma 
competitive cELISA, VMRD Inc., Pullman, 
WA, USA, and B. bigemina Svanovir 
ELISA, Boehringer Ingelheim Svanova, 
Uppsala, Sweden) following manufactures 
instructions. Antibody titers in vaccinated 
and placebo control infected cattle were 
compared to uninfected control cattle using 
an ANOVA test (p=0.01).  

2.6. Determination of serum antibody levels 
by ELISA. 

Before each immunization and tick 
infestation and at the end of the experiment 
(day 104), blood samples were collected 

from each calf into sterile tubes and 
maintained at 4ºC until arrival at the 
laboratory. Serum was then separated after 
centrifugation and stored at -20 ºC. Serum 
antibody titers were determined using an 
antigen-specific indirect ELISA [21] 
(Supplementary methods). Antibody titers 
in immunized cattle were expressed as the 
O.D.450nm value for the highest serum 
dilution (1:1000) and compared between 
vaccinated and placebo control cattle using 
an ANOVA test (p=0.01). A correlation 
analysis was conducted to compare the 
numbers of female ticks collected after 
feeding with the antibody titers at time of 
tick infestation in individual cattle. 

2.7. Determination of pathogen infection 
levels in ticks. 

Table 1. aCattle were randomly assigned to experimental groups (N=3), vaccinated and challenged with R. microplus larvae.
b
The percent reduction was calculated with respect to the control group: DT, % reduction in tick infestation (DT = 100 [l-

(NTV/NTC)], where NTV is the number of adult female ticks in the vaccinated group and NTC is the number of adult 
female ticks in the control group); DW, % reduction in tick weight (DW = 100 [1-(WTV/WTC)], where WTV is the average 
adult female tick weight in the vaccinated group and WTC is the average adult female tick weight in the control group); 
DO, % reduction in oviposition (DO = 100 [1-(PATV/PATC)], where PATV is the average weight of the eggs per survived 
tick in the vaccinated group and PATC is the average weight of the eggs per survived tick in the control group). In 
parenthesis are shown the average ± S.D. for adult female tick number (ticks/cell), tick weight (mg) and oviposition (egg 
weight (mg)/tick) and were compared by Student’s t-test with unequal variance between vaccinated and control groups 
(*P<0.05). Effect on the number of adult female ticks 
c
Vaccine efficacy (E) was calculated as 100 [l-(CRT x CR0)], where CRT and CRO are the reduction in the number of 

adult female ticks and oviposition as compared to the control group, respectively. Only values with significant differences 
between vaccinated and control animals were used to calculate E. 
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DNA was extracted from whole internal 
tissues dissected from 10 adult female ticks 
per group collected from the last infestation 
on day 77. A. marginale and B. bigemina 
infection levels were analyzed by real-time 
PCR [17] (Supplementary methods). 
Normalized Ct values were compared 
between ticks fed on vaccinated or 
uninfected cattle and placebo control cattle 
by Student’s t-Test (p=0.05). A correlation 
analysis was conducted to compare 
normalized Ct values for pathogen DNA 
with the antibody titers at time of tick 
infestation in individual cattle. 

2.8. Characterization of tick mRNA levels 
of genes encoding for vaccine antigens. 

The sub, silk and trospa mRNA levels were 
characterized in adult female ticks fed on 
vaccinated, placebo and uninfected cattle. 
Ten ticks per group were dissected and 
whole internal tissues used for RNA 
extraction to evaluate gene expression by 
real-time RTPCR [17] (Supplementary 
methods). Normalized mRNA levels were 
compared between ticks fed on vaccinated 
cattle and placebo or uninfected control 
animals by Student’s t- Test (p=0.05). 

3. Results and discussion

3.1. Effect of vaccination on R. microplus 
tick infestations. 

Figure 2. Vaccine efficacy on the control of tick infestations. (A) Antibody response in vaccinated and adjuvant/saline 
injected placebo cattle. Bovine serum antibody titers to recombinant proteins were determined by ELISA. Antibody titers in 
immunized cattle were expressed as the OD450nm value for the 1:1000 serum dilution and compared between vaccinated 
and control cattle using an ANOVA test (*p<0.01; N=3 for each treatment). The time of immunization shots and tick 
infestation (arrows) are indicated. (B) Effect of each vaccination treatment on the reduction in tick infestations (DT), weight 
(DW) and oviposition (DO) when compared to ticks fed on placebo animals. Adult female tick numbers, weight (mg), and 
oviposition (egg weight (mg)/tick) were compared between vaccinated and placebo control cattle by Student’s t-test with 
unequal variance (*p<0.05; N=3 for each treatment). (C) Vaccine efficacy (E) was calculated when statistically significant 
differences were obtained between vaccinated and placebo control cattle as 100 [l-(CRT x CR0)], where CRT and CR0 
represent the reduction in the number of adult female ticks and oviposition as compared to the control ticks fed on 
adjuvant/saline injected placebo control cattle, respectively. (D) Antibody titers to 
vaccine antigens positively correlated with the reduction of tick infestations. A correlation analysis was conducted using 
Microsoft Excel (version 12.0) between the number of female ticks collected after feeding on vaccinated and placebo control 
cattle and antibody titers at time of tick infestation in individual cattle (N=6). The linear correlation coefficients (R2) are 
shown. 
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Antibody titers increased in cattle 
vaccinated with SUB, Q38, TROSPA and 
SILK but not in controls after each 
immunization and remained high until the 
end of the experiment (p<0.05; Fig. 2A). 
The effect of vaccination was evaluated on 
the reduction in the number of ticks 
completing feeding (DT), tick weight (DW) 
and ovisposition (DO) with respect to ticks 
fed on placebo control cattle (Fig. 2B and 
Table 1). The results showed, as in 
previousexperiments [21, 27], that 
vaccination with SUB reduced cattle tick 
numbers, weight and oviposition (p<0.05). 
Vaccination with Q38 and SILK reduced 
tick numbers and weight (p<0.05) while 
vaccination with TROSPA did not have a 
significant effect on any of the tick 
parameters analyzed (Fig. 2B). These 

results showed more than 60% vaccine 
efficacy (E) for SUB (60%), Q38 (75%) 
and SILK (62%) but not for TROSPA (0%) 
(Fig. 2C). A direct correlation between 
antibody titers and vaccine efficacy has 
been demonstrated for tick vaccines [17, 21, 
28-31]. Antibody titers at day 69 just before 
tick infestations were correlated with the 
number of ticks collected after feeding and 
showed a positive correlation for ticks fed 
on SUB, Q38 and SILK vaccinated cattle 
(R2≥0.4; Fig. 2D) but not for ticks fed on 
TROSPA vaccinated animals (R2=0.05; Fig. 
2D) which had E=0% (Fig. 2C). These 
results strongly suggested as in previous 
experiments with BM86 [28, 31], SUB [17, 
21, 29, 30] and Q38 [29] that the reduction 
in cattle tick infestations was the result of 
the antibodies against SUB, Q38 and SILK 
in vaccinated cattle. 

Figure 3. Cattle infection with A. marginale and B. bigemina. (A) Parasitemia levels were determined by counting 
infected erythrocytes (IE) in blood smears. Animals in vaccinated and placebo control groups were inoculated with A. 

marginale (1x108 IE) and B. bigemina (1x106 IE) on days 69 and 92, respectively (arrows). Percent IE was compared 
between vaccinated or placebo and infected cattle and uninfected control cattle by Student’s t-Test (*p<0.05; N=3 for each 
treatment). (B) Representative image of a blood smear stained with Giemsa at the end of the experiment (day 104). (C) A. 
marginale antibody levels in vaccinated, placebo control and uninfected control cattle were determined using an 
Anaplasma competitive cELISA validated for cattle (VMRD Inc., Pullman, WA, USA). Positive theshold (30% inhibition) is 
shown with a dashed line. Antibody titers in vaccinated and placebo control infected cattle were compared to uninfected 
control cattle using an ANOVA test (*p<0.01; N=3 for each treatment). The time of pathogen inoculation and tick collection 
are indicated. (D) B. bigemina antibody levels in vaccinated, placebo control and uninfected control cattle were determined 
using a pathogen-specific ELISA test validated for cattle (B. bigemina Svanovir ELISA, Boehringer Ingelheim Svanova, 
Uppsala, Sweden). Positive theshold (O.D.450nm=1.2) is shown with a dashed line. Antibody titers in vaccinated and 
placebo control infected cattle were compared to uninfected control cattle using an ANOVA test (*p<0.01; N=3 for each 
treatment). The time of pathogen inoculation and tick collection are indicated. 
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3.2. Effect of vaccination on R. microplus 
infection by A. marginale and B. bigemina. 

Cattle were purchased from a tick-free area 
and were not infected with Anaplasma and 
Babesia until experimentally inoculated 
with A. marginale and B. bigemina (Figs. 
3A- 3D). After inoculation on days 69 and 
92 for A. marginale and B. bigemina, 
respectively peak parasitemia was obtained 
around day 103 for both pathogens (Figs. 
3A and 3B). Cattle became seropositive for 
Anaplasma and B. bigemina at 33 and 13 
days after inoculation, respectively (p<0.05; 
Figs. 3C and 3D). Under these conditions, 
ticks fed on vaccinated or placebo control 
cattle co-infected with A. marginale and B. 
bigemina as they completed feeding during 
days 98-104.  

The analysis of pathogen DNA in fed ticks 
by PCR showed that normalized DNA 
levels for B. bigemina were significantly 
lower (p≤0.05) in all groups except for ticks 
fed on SILK-vaccinated animals when 
compared to placebo (Fig. 4A). For A. 
marginale, DNA levels were significantly 
lower (p≤0.05) in ticks collected from cattle 
vaccinated with SUB, SILK or uninfected 
when compared to placebo (Fig. 4A). 
Uninfected animals, which served as a 
control for pathogen DNA levels in fed 
ticks, showed percent reduction in pathogen 
DNA levels similar to those found in ticks 
fed on some of the vaccinated groups when 
compared to ticks fed on placebo animals, 
strongly suggesting that vaccination with 
these antigens reduced infection by A. 
marginale and/or B. bigemina in ticks (Fig. 
4B). These results showed reduction of B. 
bigemina DNA levels ranging from 50-88% 

Figure 4. Vaccine effect on pathogen infection in ticks. (A) Pathogen DNA levels in ticks fed on vaccinated, placebo 
control and uninfected control cattle. A. marginale and B. bigemina DNA levels were determined by PCR in engorged adult 
female R. microplus ticks. Normalized pathogen DNA levels (in arbitrary units) were compared between ticks fed on 
vaccinated and infected or uninfected cattle and ticks fed on placebo control cattle by Student’s t-Test (*p<0.05; N=10). (B) 
Effect of each vaccination treatment on the reduction in pathogen DNA levels in ticks when compared to ticks fed on 
placebo control animals. Normalized pathogen DNA levels (in arbitrary units) were used for calculations and compared 
between ticks fed on vaccinated and infected or uninfected cattle and ticks fed on placebo control cattle by Student’s t-Test 
(*p<0.05; N=10). (C, D) Correlation between antibody titers to vaccine antigens and pathogen DNA levels (in arbitrary units) 
in ticks. A correlation analysis was conducted using Microsoft Excel (version 12.0) between the normalized Ct values for 
pathogen DNA levels in ticks fed on vaccinated  and placebo control cattle and antibody titers at time of tick infestation in 
individual cattle (N=6). The linear correlation coefficients (R2) are shown. 
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in ticks fed on SUB, Q38 and TROSPA 
vaccinated cattle and from 48-74% for A. 
marginale in ticks fed on SUB and SILK 
vaccinated cattle (Fig. 4B). Antibody titers 
in cattle at day 69 just before tick 
infestations were correlated with pathogen 
DNA levels in ticks (Figs. 4C and 4D). The 
results showed a positive correlation 
between reduction in pathogen DNA levels 
in ticks and antibody titers in cattle for 
samples with significant differences when 
compared to ticks fed on placebo animals 
(Figs. 4A, 4C and 4D). A positive 
correlation was obtained between reduced 
A. marginale DNA levels and antibody 
titers for ticks fed on SUB and SILK 
vaccinated cattle (R2=0.6; Fig. 4C) and for 
B. bigemina in ticks fed on SUB, Q38 and 
TROSPA vaccinated cattle (R2≥0.6; Fig. 
4D). These results were similar to those 
found before in R. microplus ticks fed on 
SUB-vaccinated cattle [17] and suggested 
that antibody response reduced pathogen 
infection levels in ticks fed on vaccinated 
cattle. 

3.3. Effect of vaccination and pathogen 
infection on the mRNA levels of genes 
encoding for vaccine antigens in ticks. 

The mRNA levels of genes encoding for 
vaccine antigens, sub, silk and trospa was 
characterized in ticks fed on vaccinated and 
placebo or uninfected control cattle (Figs. 
5A and 5B). The results showed that as in 
previous experiments [17, 20], infection 
increased mRNA levels for trospa and sub 
(Fig. 5A). However, although silk mRNA 
levels have been shown to increase in 
response to A. marginale infection in R. 
microplus salivary glands [19], herein co-
infection with A. marginale and B. 
bigemina resulted in significantly lower silk 
mRNA levels in ticks fed on infected 
animals (Fig. 5A), suggesting a different 
role for this molecule in tick response to 
infection with A. marginale and B. 
bigemina. As previously shown for SUB 
[17], ticks fed on cattle vaccinated with 
TROSPA and SUB/Q38 showed lower 
mRNA levels for trospa and sub, 
respectively when compared to ticks fed on 
placebo control cattle (Fig. 5B). Ticks fed 
on SILK-vaccinated cattle showed higher 
silk mRNA levels when compared to ticks 

fed on placebo control animals (Fig. 5B). 
Altogether, these results suggested that co-
infection with A. marginale and B. 
bigemina and vaccination in cattle had an 
impact on the expression of genes encoding 
for vaccine antigens in fed ticks.  

3.4. Tick-pathogen interactions and vaccine 
efficacy. 

3.4.1. SUB and Q38. 

SUB was used in these experiments as a 
positive control because previous results 
demonstrated the effect of the vaccination 
with this antigen on the control of R. 
micropolus infestations and infection with 
A. marginale and B. bigemina [17]. Q38 is 
a chimera containing protective epitopes 
identified in SUB and the mosquito 
ortholog, Akirin that has been shown to 
protect against tick, mosquito and sand fly 
infestations [29, 32, 33]. The reduction in 
sub mRNA levels in ticks fed on SUB and 
Q38 vaccinated cattle resulted in lower tick 
infection levels for A. marginale and B. 
bigemina. These results are similar to those 
previously obtained by vaccination and/or 
RNA interference (RNAi) in Dermacentor 
variabilis for A. marginale [34], in Ixodes 
scapularis for Anaplasma phagocytophilum 
[34] and in R. microplus for both pathogens 
[17]. SUB is involved in the control of 
various tick physiological processes 
including the immune response to pathogen 
infection and the expression of genes that 
are important for pathogen infection and 
multiplication and for tissue structure and 
function [10, 15, 16, 35-37]. SUB is also 
involved in the regulation of its own 
expression [16]. Therefore, as discussed in 
previous reports [17, 18, 21, 38-40], the 
effect of vaccination on sub expression and 
possibly on SUB function could result in 
the ingestion of less infected blood and 
interference with pathogen infection and 
multiplication in ticks fed on vaccinated 
cattle. The sub mRNA levels were also 
lower in ticks fed on Q38 vaccinated cattle. 
As expected, vaccination with Q38 had an 
effect on tick infestation and oviposition 
similar to SUB. However, vaccination with 
Q38 had an effect on B. bigemina but not 
on A. marginale infection in ticks. This 
difference between SUB and Q38 suggested 
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that the protective epitopes included in Q38 
are not relevant for interfering with A. 
marginale infection and/or multiplication, 
strongly suggesting that different epitopes 
are responsible for the effect of SUB 
vaccination on tick infestation and pathogen 
infection. 

3.4.2. TROSPA. 

TROSPA was first described in I. 
scapularis as a receptor for Borrelia 
burgdorferi showing potential as a vaccine 
antigen to control bacterial infection in ticks 
[41, 42]. Anti-TROSPA antibodies or gene 
knockdown by RNAi reduced B. 
burgdorferi adherence to the I. scapularis 
gut in vivo, preventing efficient 
colonization of the vector and subsequently 
reducing pathogen transmission to the 
mammalian host [41]. In I. scapularis and 
R. annulatus, trospa mRNA levels 
increased in response to B. burgdorferi and 

B. bigemina infection, respectively [20, 41]. 
After gene knockdown by RNAi, B. 
bigemina DNA levels were 17% and 30% 
lower in R. annulatus and R. microplus, 
respectively [20]. These results together 
with the results of the vaccination 
experiment shown here suggested that 
while TROSPA is not involved in tick 
infestation and oviposition, it is involved in 
B. bigemina infection and/or multiplication 
in R. microplus. Considering TROSPA 
function as a tick receptor for B. 
burgdorferi [41, 42], it may be possible that 
B. bigemina uses TROSPA for infection of 
Rhipicephalus ticks and antibodies may 
block this process resulting in lower 
infection levels in ticks fed on TROSPA 
vaccinated cattle. Reduction in trospa 
mRNA levels in ticks fed on vaccinated 
cattle also suggested an effect of 
vaccination on gene expression that could 
also affect pathogen infection in these ticks. 

Figure 5. Gene expression in ticks fed on vaccinated and control cattle. (A) Effect of A. marginale and B. bigemina 
infection on gene expression. The mRNA levels of genes encoding for vaccine antigens, sub, silk and trospa was 
characterized by RT-PCR in ticks fed on placebo and uninfected control cattle. The mRNA levels were normalized 
against tick 16S rRNA, compared between ticks fed on placebo and uninfected control animals by Student’s t-Test 
(*p≤0.05; N=10) and shown as the Ave±S.D. placebo/uninfected control normalized Ct ratio. (B) Effect of vaccination on 
gene expression. The mRNA levels of genes encoding for vaccine antigens, sub, silk and trospa was characterized by 
RT-PCR in ticks fed on vaccinated (vaccine antigen shown in parenthesis) and placebo control cattle. The mRNA levels 
were normalized against tick 16S rRNA, compared between ticks fed on vaccinated and placebo control cattle by 
Student’s t-Test (*p≤0.05; N=10) and shown as the Ave±S.D. vaccinated/placebo control normalized Ct ratio. 
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3.4.3. SILK. 

The flagelliform SILK protein was 
identified previously in ticks and orb 
weaving spider salivary glands [43-45] and 
was suggested to play a role in A. 
marginale infection and/or multiplication in 
R. microplus [19]. It was shown that silk 
mRNA levels increase in response to A. 
marginale infection of R. microplus 
salivary glands and RNAi experiments 
showed 74% tick mortality and 63% 
reduction in A. marginale DNA levels [19]. 
Herein, silk expression levels decreased in 
ticks fed on A. marginale and B. bigemina 
co-infected cattle and vaccination resulted 
in higher silk mRNA levels in ticks fed on 
SILK vaccinated cattle when compared to 
controls. Additionally, Mulenga et al. [46] 
demonstrated that SILK may be involved in 
tick attachment. Altogether, these results 
demonstrated a role for SILK in tick-
pathogen interactions. However, because 
SILK function is still unknown in ticks, it is 
difficult to explain the effect of vaccination 
on tick feeding and reproduction and for A. 
marginale infection and/or multiplication.  

4. Conclusions

The results reported herein proved our 
hypothesis by showing that cattle 
vaccination with proteins involved in tick-
pathogen interactions controls tick 
infestations and pathogen infection. The 
positive correlation between antigen-
specific antibody titers and reduction of tick 
infestations and pathogen infection strongly 
suggested that the effect of the vaccine was 
the result of the antibody response in 
vaccinated cattle. These results have 
important implications for tick vaccine 
research because they provided additional 
support for the possibility of using proteins 
involved in vector-pathogen interactions for 
the dual control of tick infestations and 
pathogen infection. However, experiments 
are required to confirm the effect on 
pathogen transmission in vivo.  
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Abstract 
Ticks are a threat to human and animal health worldwide. Ticks are considered to be 
second worldwide to mosquitoes as vectors of human diseases, the most important 
vectors of diseases that affect cattle industry worldwide and important vectors of 
diseases affecting pets. Tick vaccines are a cost-effective and environmentally friendly 
alternative to protect against tick-borne diseases through the control of vector 
infestations and reducing pathogen infection and transmission. These premises stress the 
need for developing improved tick vaccines in a more efficient way. In this context, 
development of improved vaccines for tick-borne diseases will be greatly enhanced by 
vaccinomics approaches starting from the study of tick-host-pathogen molecular 
interactions and ending in the characterization and validation of vaccine formulations. 
The discovery of new candidate vaccine antigens for the control of tick infestations and 
pathogen infection and transmission requires the development of effective screening 
platforms and algorithms that allow the analysis and validation of data produced by 
systems biology approaches to tick research. Tick vaccines that affect both tick 
infestations and pathogen transmission could be used to vaccinate human and animal 
populations at risk and reservoir species to reduce host exposure to ticks while reducing 
the number of infected ticks and their vectorial capacity for pathogens that affect human 
and animal health worldwide. 
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1. Introduction

Diseases caused by arthropod-borne 
pathogens account for over 20% of all 
emerging infectious diseases recorded 
between 1940 and 2004 [1]. Ticks are 
considered to be second worldwide to 

mosquitoes as vectors of human diseases, 
the most important vectors of diseases that 
affect cattle industry worldwide and 
important vectors of pet diseases [2-6] and 
thus a good arthropod vector model for 
vaccinomics. 
Vaccinomics was defined by Poland et al. 
[7] as “the integration of immunogenetics 
and immunogenomics with systems biology 
and immune profiling”. Vaccinomics is 
based on the use of "omics" technologies 
and bioinformatics for the development of 
next-generation vaccines and they 
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emphasized on the impact of this approach 
in individualized medicine [7-9]. However, 
the possible impact of vaccinomics on 
arthropod vector vaccines and particularly 
on tick vaccines has not been considered.  
Control of tick infestations has been 
difficult because ticks have few natural 
enemies and chemical acaricides have been 
only partially successful with implicit 
drawbacks such as selection of acaricide-
resistant ticks and contamination of the 
environment and animal products with 
chemical residues [10]. Therefore, new 
strategies are needed for the control of tick-
borne diseases including vaccines targeting 
tick infestations and pathogen infection [11-
13]. 
Tick vaccines based on the recombinant 
Rhipicephalus (Boophilus) microplus gut 
glycoprotein BM86 were developed and 
commercialized in the early 1990s and 
proved to be a cost-effective alternative for 
the control of cattle tick infestations and 
pathogen infection [14]. However, some 
limitations associated with the BM86 
vaccines included limited efficacy against 
non-Rhipicephalus tick species reinforcing 
the need for new vaccines [12,15]. Since 
then, new tick antigens have been identified 
and proposed as candidate protective 
antigens for new vaccine formulations [13, 
15-19]. However, the BM86 vaccine 
remains the only commercially available 
vaccine against ectoparasites, stressing the 
need for new experimental approaches to 
develop effective vaccines for the control of 
ticks and tick-borne diseases. 
Tick research and vaccinology are at the 
point in which they could benefit from 
vaccinomics if we are capable of 
identifying and developing the tools needed 
to apply these technologies to develop new 
improved vaccines for vector and pathogen 
control. 

2. Factors affecting the epidemiology
and prevalence of ticks and tick-
borne pathogens.

The development and application of any 
control measure including tick vaccines 
requires the proper knowledge of the hosts 
and tick species involved in maintaining 
and transmitting pathogens in the region. 
This information together with the 
development of prediction models 
considering both biotic and abiotic 
variables to anticipate the expansion of 
host/tick populations and the possible risks 
associated with the outbreak of new 
epidemics is the first challenge for the 
successful development and 
implementation of control measures for 
tick-borne diseases. This area has been 
covered in recent reviews [20, 21] but is 
worth highlighting here its relevance as the 
first task for vaccinomics studies. 
Identifying relevant hosts and vectors is 
important not only for epidemiological 
studies, development of predictive 
algorithms and the implementation of 
control measures, but also to focus host-
vector-pathogen interactions and 
vaccination studies on the 
epidemiologically relevant models. 

3. Characterization of tick-host-
pathogen interactions

The characterization of the molecular 
mechanisms that mediate tick-host-
pathogen interactions identifies host/vector 
response and infection-transmission factors 
(Fig. 1A) and will likely provide new 
targets for the control of tick infestations 
and pathogen infection and transmission 
(Fig. 1B) [13,16,22,23].  
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Recently, nucleotide and protein databases 
from different tick-borne pathogens, hosts, 
tick tissues and developmental stages and in 
response to various stimuli (i.e., tick 
feeding or infection with pathogens) 
provide new possibilities for predicting, 
screening and identifying antigens 
protective against tick infestations [24]. The 
genome sequence of the first tick species, 
Ixodes scapularis, is an important source 
for the prediction of tick proteins that may 
serve as protective antigens [25].  

Recent publications illustrate the 
application of omics technologies to the 
study of tick-borne pathogens and tick-
pathogen interactions using transcriptomics 
or proteomics, but little has been done with 
the combination of both and nothing 
incorporating to the experiment other omics 
technologies such as metabolomics 
[16,22,23,26-32]. Recent publications have 
also reported on the application of omics 
technologies to the study of host-pathogen 
interactions for tick-borne pathogens but 
this area is also at its infancy [23, 33-35]. 
Furthermore, integrating the information 
generated using different omics 
technologies for the characterization of 

tick-host-pathogen interactions and the data 
obtained from different models [36,37] is 
challenging and the first obstacle for 
vaccinomics in this area (Fig. 2). 

4. Identification of protective antigens

The second major challenge in vaccinomics 
for tick-borne diseases is the development 
of algorithms to identify candidate tick and 
pathogen protective antigens using data 
generated from various omics technologies 
used to characterize tick-host-pathogen 
interactions (Fig. 2). Herein we will focus 
on tick protective antigens but the 
identification of pathogen protective 
antigens is also challenging and important 
for vaccines combining vector and 
pathogen derived antigens to improve their 
efficacy for the control of vector-borne 
diseases [38-40]. 
Prediction of tick protective antigens can 
now be attempted in silico using defined 
selection criteria and bioinformatics tools 
[41-44], but this discovery driven approach 
results in a large number of candidate 
antigens that require further screening using 
platforms capable of identifying the best 
vaccine candidates using hypothesis driven 

Figure 1. Characterization of tick-host-pathogen interactions. The characterization of the molecular mechanisms at the tick-

host-pathogen interface (A) identifies host/vector response and infection-transmission factors and (B) will likely provide new 

targets for the control of tick infestations and pathogen infection and transmission. 
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approaches. Screening platforms used for 
the identification of tick protective antigens 
include protein fractionation and testing in 
vaccinated hosts [45, 46], expression library 
immunization (ELI; [47]), suppression 
subtractive hybridization (SSH; [48]), in 
vitro tick feeding systems [49-52] and RNA 
interference (RNAi; [53-58]).  
RNAi has become the most important tool 
for genetic manipulation in ticks [55, 59], 
and this approach may also allow for 
identification of antigens that interfere with 
pathogen development and transmission 

(e.g. [26, 27, 29]). However, recent results 
showed that RNAi screening alone may not 
results in the selection of good tick 
protective antigens [54], suggesting the 
need for algorithms combining different 
screening platforms to increase the yield of 
viable vaccine candidates.  
An important consideration for arthropod 
vector vaccines in general and in particular 
for tick vaccines is the need to find antigens 
capable of protecting against different 

vector species while reducing pathogen 
infection and transmission. These vaccines 
could serve for the control of several 
vector-borne diseases without the need of 
using vaccines specific for each disease 
prevention [13]. This principle has been 
recently demonstrated using vaccination 
with tick Subolesin and its ortholog in 
insects, Akirin [18]. Subolesin was 
discovered by ELI as a tick protective 
antigen in a mouse model of I. scapularis 
infestations [47]. Vaccination trials with 
recombinant Subolesin/Akirin demonstrated 

effective control of arthropod vector 
infestations in various hard and soft tick 
species, mosquitoes, sand flies, poultry red 
mites and sea lice by reducing their 
numbers, weight, oviposition, fertility 
and/or molting and also reduced tick 
infection with tick-borne pathogens, 
Anaplasma phagocytophilum, Anaplasma 
marginale, Babesia bigemina and Borrelia 
burgdorferi [18]. Thus, algorithms for the 
screening of tick protective antigens need to 

Figure 2. Vaccinomics applied to tick vaccine research. The major challenges in vaccinomics are data 

integration analysis after systems biology approaches to the study of tick-host- pathogen interactions and 

the development of algorithms for the sembling closer vaccine protective capacity. 
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consider this requirement by including tick-
pathogen interactions and antigen 
characterization for sequence conservation 
in different tick and other arthropod species 
acting as natural vectors for these 
pathogens.  
One possibility that has been recently tested 
is the combination of RNAi and in vitro tick 
feeding as an algorithm to increase the 
efficiency in the identification of tick 
protective antigens (Fig. 3 and unpublished 
results). RNAi allows screening of a 
relatively large number of genes involved in 
tick-pathogen or tick-host interactions while 
in vitro feeding with antibodies against 
selected candidate antigens should provide 
results resembling closer vaccine protective 
capacity. However, limitations of in vitro 
tick feeding systems such as differences in 
pathogen infection between in vivo and in 
vitro tick feeding should be considered 
[60]. 
Finally, the combination of new algorithms 
for predicting candidate antigens together 
with more efficient screening platforms 
should improve the discovery of tick 
protective antigens.  

5. Validation of candidate protective
antigens 

Since the 1980s, many tick protein extracts 
and subunits have been proposed as 
protective antigens for the control of tick 
infestations [11, 12, 15, 16, 19]. However, 
only some of these antigens have been 
evaluated in vaccination trials, which are 
necessary for their validation as tick-
protective antigens [11, 12, 15, 16, 19]. In 
this phase, the main constrain is the fact 
that vaccine trials are expensive and time 
consuming and require studies to 
characterize both host and vector response 
to vaccination and the effect on pathogen 

infection and transmission.  
Even after effective selection of candidate 
protective antigens, some antigens could 
fail to protect hosts against tick infestations 
because they may be expressed at low 
levels or be inaccessible to host antibodies. 
Additionally, ticks evolved mechanisms to 
counteract the effect of host immune 
response, particularly for exposed antigens. 
These mechanisms may include the 
evolution of immunosuppressive molecules 
secreted during tick feeding and multigene 
families with redundant biological functions 
[61, 62].  Menten-Dedoyart et al. [63] 
recently demonstrated that tick feeding 
affects the host immune response by 
inhibiting differentiation of mature B cells 
into plasma cells at the feeding site while 
not altering the formation of memory B 
cells required for vaccine efficacy. 
Pathogens also manipulate tick and host 
responses to establish infection. For 
example, as recently shown for A. 
phagocytophilum, the bacterium inhibits 
cell apoptosis to establish infection using 
similar strategies for arthropod and 
mammalian hosts [36, 64]. 
Taken together, these results stress the need 
to conduct vaccination trials in the target 
host species to validate candidate tick 
protective antigens. 

6. Characterization of vaccine antigen
function and protective mechanisms 

Although by definition vaccinomics is a 
holistic approach to vaccine development 
because it is based on the integration of 
different omics technologies, a reductionist 
approach is finally needed to characterize 
the function and protection mechanisms 
elicited by tick protective antigens. These 
studies are important to improve vaccine 
efficacy using formulations and 
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immunization schemes that potentate 
protective responses and through the 
combination of antigens with synergistic 
activity.  
Amazingly, the function of the BM86 
antigen in the only tick vaccines 
commercially available is still unknown, 
but protection against R. microplus 
infestations occurs through a collaborative 
action between the complement proteins 
and anti-BM86 IgG antibodies [65-67]. 
Consequently, vaccine efficacy correlates 
with antibody titers in cattle [68]. For 
recently discovered candidate tick 
protective antigens such as 64P, Subolesin 
and Ferritin 2, protein function has been 
investigated and research is still ongoing to 
better understand their function [17, 69, 
70]. However, protection mechanisms 
elicited by these vaccines are likely 
mediated by vaccine-induced antibodies 

[17, 71-73], but research is needed to fully 
understand how these antigens protect 
against tick infestations and pathogen 
infection [18,72,74]. As part of 
vaccinomics, these studies could also use 
the strength of omics technologies to 
characterize both host and tick response to 
vaccination [75]. 

7. Future perspectives

Development of improved vaccines for 
tick-borne diseases will be greatly enhanced 
by vaccinomics approaches starting from 
the study of tick-host-pathogen molecular 
interactions and ending in the 
characterization and validation of vaccine 
formulations. The discovery of new 
candidate vaccine antigens for the control 
of tick infestations and pathogen infection 
and transmission requires the development 

Figure 3. Proposed algorithm for the identification of tick protective antigens. The combination of RNAi and in vitro tick feeding 
could increase the efficiency of the identification of tick protective antigens. RNAi allows screening of a relatively large number 
of genes involved in tick-pathogen or tick-host interactions while in vitro feeding with antibodies against selected candidate 
antigens should provide results resembling closer vaccine protective capacity. 
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of effective screening platforms and 
algorithms that allow the analysis and 
validation of data produced by systems 
biology approaches to tick research. Tick 
vaccines that affect both tick infestations 
and pathogen transmission could be used to 
vaccinate human and animal populations at 
risk to reduce host exposure to ticks while 
reducing the number of infected ticks and 
their vectorial capacity for pathogens that 
affect human and animal health worldwide. 
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CONCLUSIONES 

I. La vacunación con subolesin, una proteína involucrada en las interacciones garrapata-

patógeno, redujo las infestaciones por Rhipicephalus microplus y la infección de 

garrapatas con Anaplasma marginale y Babesia bigemina. 

II. Los experimentos con subolesin demostraron que es posible usar proteínas involucradas

en las interacciones garrapata-patógeno como vacunas con doble efecto controlando las

infestaciones en hospedadores y la infección de garrapatas por patógenos.

III. La identificación y caracterización de proteínas de garrapata involucradas en las

interacciones garrapata-patógeno resulto en el descubrimiento de nuevos antígenos

candidatos a vacunas para el control de infestaciones e infección de garrapatas por

patógenos

IV. La vacunación con proteínas involucradas en las interacciones garrapata-Anaplasma

(SILK) y garrapata-Babesia (TROSPA) redujeron las infestaciones por Rhipicephalus

microplus y la infección con Anaplasma marginale y Babesia bigemina.

V. La vacunacion con subolesin de garrapata/Akirin de mosquito quimera redujo las 

infestaciones por Rhipicephalus microplus y la infección de garrapatas con Babesia 

bigemina 

VI. El algoritmo propuesto en este estudio podría ser de utilidad para traducir los eventos

moleculares de la interfaz garrapata-patógeno en nuevas estrategias de vacunación para el

control de vectores y la infección de garrapatas por patógenos.
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CONCLUSIONS

I. Vaccination with tick subolesin, a protein involved in tick-pathogen interactions, reduced 

Rhipicephalus microplus infestations and tick infection with Anaplasma marginale and 

Babesia bigemina.

II. The experiments with tick subolesin demonstrated that it is possible to use tick proteins

involved in tick-pathogen interactions for vaccines with the dual effect of controlling

vector infestations and tick pathogen infection.

III. The identification and characterization of tick proteins involved in tick-pathogen

interactions resulted in discovery of new candidate vaccines antigens for the control of

vector infestations and tick pathogen infections.

IV. Vaccination with proteins involved in tick-Anaplasma (SILK) and tick-Babesia

(TROSPA) interactions reduced Rhipicephalus microplus infestations and tick infection

with Anaplasma marginale and Babesia bigemina.

V. Vaccination with the tick subolesin/mosquito Akirin chimera reduced Rhipicephalus 

microplus infestations and infection of ticks with Babesia bigemina.

VI. An algorithm was developed to translate molecular events at the tick-pathogen interface

into novel vaccines strategies for the control of vector infestations and tick pathogen

infection.
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RESUMEN 

Las garrapatas son ectoparásitos que afectan mundialmente animales y humanos, son 

considerados solo después de los mosquitos, como el segundo vector de enfermedades en 

humanos y el vector más importante de patógenos que causan enfermedades en ganado con 

repercusión en la industria ganadera y en los animales de compañía. La investigación presentada 

en esta tesis está enfocada en la caracterización de genes/proteínas de garrapata, como vacunas 

para el control de infestaciones por garrapatas y la transmisión de patógenos ya sea mediante la 

disminución en la exposición de hospedadores susceptibles a garrapatas infectadas o reduciendo 

la capacidad del vector para transmitir los patógenos. 

El uso de la proteína recombinante subolesin (SUB) en un ensayo de vacunación, resulto en la 

protección de ganado contra infestaciones por garrapata. En otro estudio se evaluó la 

combinación la vacunación con SUB y la iRNA utilizando ganado infectado naturalmente con 

Anaplasma marginale y Babesia bigemina, los resultados demostraron que  las garrapatas 

alimentadas sobre animales vacunados presentan niveles más bajos de SUB mRNA y una 

disminicion en los niveles de infección cuando se compararon con los grupos control. Estos 

resultados proveen importante evidencia que SUB tiene efecto controlando la infestación por 

garrapatas, la infección y la transmisión por patógenos. 

En el capítulo 3 se demostró que la alimentación capilar in vitro tiene posibilidades y 

limitaciones en la caracterización de antígenos de garrapata, no obstante  la alimentación de 

garrapatas con IgGs específicos anti SUB, TROSPA y SILK afectaron el peso y la oviposición. 

Por lo tanto, estos resultados sugieren que esas proteínas serian buenos antígenos candidatos para 
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el control de R. microplus y la reducción en la infección por Anaplasma marginale y Babesia 

bigemina y justificaron su uso en posteriores ensayos de vacunación. 

La vacunación de ganado con proteínas involucradas en las interacciones garrapata-patógeno 

resulto en una reducción de la infestación por garrapatas e infección por patógenos lo cual 

respalda el uso de proteínas involucradas en las interacciones garrapata-patógeno para el 

desarrollo de una vacuna con doble efecto: controlando las infestaciones por garrapatas y la 

infección por patógenos. Finalmente el descubrimiento de futuros antígenos candidatos a 

vacunas para el control de garrapatas y patógenos seria mejorado con la aplicación de algoritmos 

como el presentado en el capítulo 4, utilizando un enfoque de biología de sistemas. 

En conclusión los resultados de esta tesis suponen un avance en la investigación de garrapatas y 

patógenos mediante la presentación de nuevas estrategias para el desarrollo de vacunas. 

81



SUMMARY 

Ticks impact human and animal health worldwide, and they are considered to be second 

worldwide to mosquitoes as vectors of human diseases. Ticks are the most important vector of 

pathogens that cause disease in cattle, greatly impacting the global cattle industry. In addition, 

ticks also affect the health of companion animals because their capacity to transmit several 

disease-causing pathogens. Most notably, the cattle tick, R. microplus,  hinders  cattle production 

because heavy tick infestations that result in decreased weight gains and milk production, and 

this tick species also transmits Babesia bovis and Babesia bigemina,  that cause bovine 

babesiosus and Anaplasma marginale which is the etiologic agent of bovine anaplasmosis. 

The research presented in thesis is focused on characterization of the tick gene/protein 

subolesin in vaccines for control of tick infestations and pathogen transmission.  Discovery and 

characterization of other tick proteins that may be useful in development of tick-pathogen 

vaccines was also presented. The current literature on tick protective antigens as candidate 

antigens for development of tick and tick-borne pathogen vaccines was reviewed (Chapter 1). 

Tick antigens may also contribute to the reduction of tick-borne pathogens by either decreasing 

the exposure of susceptible hosts to infected ticks (i.e. BM86) or by reducing the tick vector 

capacity (i.e. TROSPA). Subolesin (SUB) was found in vaccination and RNA interference 

studies to reduce tick infestations, feeding and fertility. However, lower pathogen infection 

levels may also be obtained by targeting other genes important for tissue structure and function 

and/or pathogen infection, multiplication and transmission. 

 Use of the recombinant SUB protein in immunization trials resulted in the protection of 

hosts against tick infestations. In Chapter 2a, we demonstrated that SUB vaccination and release 

of tick larvae after SUB knockdown by RNA interference (RNAi) were effective for control of 
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R. microplus tick infestations in cattle and the combination of these methods may likely increase 

cattle tick control under some circumstances. The highest tick control was obtained when both 

SUB knockdown and vaccination were used concurrently. However, modeling studies suggested 

that vaccine efficacy could be increased if at least 80% of the ticks infesting cattle correspond 

with SUB-knockdown ticks. The results of a “proof-of-concept” vaccine trial demonstrated the 

efficacy of this sterile acarine technique (SAT) in which  SUB in knockdown larvae, produced 

by injection of SUB dsRNA into replete females,  were released  for the control of R. microplus 

tick infestations, alone or in combination with SUB vaccination. In chapter 2b, cattle naturally 

infected with Anaplasma marginale and Babesia bigemina were used to evaluate the effect of 

SUB vaccination and gene knockdown on the ability of ticks to acquire infection with  these two 

pathogens. Ticks fed on vaccinated cattle had lower SUB mRNA levels as compared with the 

controls, which was similar to the RNAi study results. A. marginale and B. bigemina infections 

in these cattle were determined by PCR and were found to have decreased by 98% and 99%, 

respectively in ticks fed on vaccinated cattle and by 97% and 99%, respectively after SUB 

knockdown. 

These results demonstrated that reduction of SUB expression by vaccination or RNAi 

resulted in lower SUB mRNA and pathogen infection levels, an effect that most likely resulted 

from the impact of the SUB downregulation on tick feeding, gene expression and gut and 

salivary glands tissue development and function. Importantly, these results provided evidence 

that SUB tick vaccines provide the dual effect of controlling tick infestations and pathogen 

infection and transmission, an approach which may also be useful for development of control 

measures for other arthropod vectors and the pathogens that they transmit. 
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The research presented in Chapter 3a demonstrated that in vitro tick capillary feeding 

has both possibilities and limitations in the characterization of candidate tick protective antigens. 

When ticks were fed with antibodies added to the bloodmeal by capillary feeding, a reduction in 

tick weights and oviposition was observed.  Nevertheless,  RNAi  studies in combination with  

the capillary feeding of ticks with antibodies against  proteins involved in tick-pathogen 

interactions provided more efficient selection of candidate vaccine antigens. In these studies, the 

feeding of ticks with SUB, TROSPA and SILK antigen-specific IgG affected tick weights and/or 

oviposition.  Therefore, the results of these studies together with those of the RNAi experiments 

suggest that these proteins would be good candidate vaccine antigens for R. microplus control, as 

well as for reduction of A. marginale and B. bigemina infections, and thus warrant the further 

testing of these antigens in vaccine trials. 

Vaccination of cattle with proteins involved in tick-pathogen interactions resulted in 

reduced tick infestations and pathogen infections. A positive correlation was observed in the 

antigen-specific antibody titers and vaccine efficacy in the test cattle (Chapter 3b). Finally, the 

results of this research also support use of proteins involved in vector pathogen interactions 

which would result in development of vaccine with the dual effect of providing control of tick 

infestations and pathogen infections. Discovery of future candidate vaccine antigens for tick and 

pathogen control would be enhanced by applying the algorithms presented in chapter 4 using a 

system biology approach.  Overall the results of this thesis advance tick and tick-borne pathogen 

research by presenting new strategies for vaccine development. 
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